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Abstract

Until recently, the reduction of U(VI) to U(IV) during bioremediation was assumed to produce solely the sparingly soluble
mineral uraninite, UO,,. However, results from several laboratories reveal other species of U(IV) characterized by the absence
of an EXAFS U-U pair correlation (referred to here as noncrystalline U(IV)). Because it lacks the crystalline structure of ura-
ninite, this species is likely to be more labile and susceptible to reoxidation. In the case of single species cultures, analyses of U
extended X-ray fine structure (EXAFS) spectra have previously suggested U(IV) coordination to carboxyl, phosphoryl or car-
bonate groups. In spite of this evidence, little is understood about the species that make up noncrystalline U(IV), their structural
chemistry and the nature of the U(IV)-ligand interactions. Here, we use infrared spectroscopy (IR), uranium Lyj-edge X-ray
absorption spectroscopy (XAS), and phosphorus K-edge XAS analyses to constrain the binding environments of phosphate
and uranium associated with Shewanella oneidensis MR-1 bacterial cells. Systems tested as a function of pH included: cells under
metal-reducing conditions without uranium, cells under reducing conditions that produced primarily uraninite, and cells under
reducing conditions that produced primarily biomass-associated noncrystalline U(IV). P X-ray absorption near-edge structure
(XANES) results provided clear and direct evidence of U(IV) coordination to phosphate. Infrared (IR) spectroscopy revealed a
pronounced perturbation of phosphate functional groups in the presence of uranium. Analysis of these data provides evidence
that U(IV) is coordinated to a range of phosphate species, including monomers and polymerized networks. U EXAFS analyses
and a chemical extraction measurements support these conclusions. The results of this study provide new insights into the bind-
ing mechanisms of biomass-associated U(IV) species which in turn sheds light on the mechanisms of biological U(VI) reduction.
© 2014 Elsevier Ltd. All rights reserved.

1. INTRODUCTION uranium aims at transforming the soluble and mobile hexa-

valent form of uranium, U(VI), to the reduced and relatively

Uranium contamination in the subsurface remains prob- immobile tetravalent form, U(IV) (O’Loughlin et al., 2003;
lematic in areas of active or historic uranium mining, milling Jeon et al., 2005; Wall and Krumholz, 2006; Burgos et al.,
or processing. One promising strategy for the remediation of 2008; Sheng et al., 2011; Zhang et al., 2011). Until recently,
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reduction of U(VI) to U(IV) was only found to produce the
sparingly soluble mineral uraninite, UO,, (Lovley et al.,
1991; Lovley and Phillips, 1992; Lovley, 1993; Burns, 1999;
O’Loughlin et al., 2003; Wall and Krumholz, 2006; Burgos
et al., 2008). However, recent research reveals that non-ura-
ninite species of U(IV), i.e., those lacking the 3.85 AU-U
pair correlation characteristic of UO, observed using X-ray
absorption spectroscopy (XAS), can form as the product of
U(VI) reduction by Gram-negative and Gram-positive bac-
teria (Bernier-Latmani et al., 2010; Fletcher et al., 2010;
Boyanov et al., 2011; Cologgi et al., 2011; Ray et al., 2011;
Sivaswamy et al., 2011), by biogenic Fe(II)-bearing minerals
(Veeramani et al., 2011, 2013; Latta et al., 2012), and in
biostimulated or naturally reduced sediments (Campbell
et al., 2011; Sharp et al., 2011). It is unknown if these
U(IV) species occurs as amorphous solids or coordination
polymers, as complexes sorbed to biomass functional
groups, or as a mixture of the above. Because of this ambigu-
ity, we will henceforth refer to this species as noncrystalline
U(IV). Its lack of crystalline structure and its susceptibility
to complexation by bicarbonate (Alessi et al., 2012), makes
it more labile and prone to reoxidation than U(IV) bound
in uraninite (Alessi et al., 2013; Cerrato et al., 2013). For this
reason, geochemical models that assume uraninite is the sole
product of U(VI) reduction may be critically flawed.

The microbial reduction of U(VI) to U(IV) produces
mixtures of nanoparticulate uraninite and noncrystalline
U(IV) species associated with bacterial biomass (e.g., Senko
et al., 2007; Bernier-Latmani et al., 2010; Boyanov et al.,
2011). The presence and relative abundances of U(VI),
UOys), and noncrystalline U(IV) species are typically esti-
mated using U Ly-edge EXAFS data. The presence of a
U-U pair correlation in these data at 3.85 A is indicative
(in our system) of the presence of uraninite (O’Loughlin
et al., 2003; Schofield et al., 2008; Boyanov et al., 2011).
In XAS spectra obtained from laboratory pure cultures
(Bernier-Latmani et al., 2010) and natural sediments biosti-
mulated with an electron donor (Sharp et al., 2011), there is
permissive evidence that noncrystalline U(IV) is at least in
part associated with phosphate groups on microbial bio-
mass. There is also evidence that the presence of inorganic
phosphate in the aqueous medium during microbial U(VI)
reduction significantly increases the fraction of noncrystal-
line U(IV) produced (Bernier-Latmani et al., 2010;
Boyanov et al., 2011). Boyanov et al. (2011) tested the
reduction of carbonate-complexed U(VI) by a variety of
Gram-positive and Gram-negative bacteria in the presence
and absence of solution phosphate (290 uM as KH,PO,).
The authors found that, regardless of bacterial species, a
noncrystalline U(IV)-phosphate species associated with
the solid phase was formed in the presence of solution
phosphate. In the absence of phosphate, nano-uraninite
was produced by Shewanella oneidensis MR-1 and
Anaeromyxobacter dehalogenans 2CP-C, while a mixture
of nanoparticulate uraninite and U(IV)-carbonate com-
plexes was formed by Desulfitobacterium spp. A recent sys-
tematic study of the influence of solution chemistry on the
nature of U(VI) reduction products shows that the presence
of orthophosphate in the medium is not a prerequisite for

noncrystalline U(IV) formation, thus indirectly suggesting
that phosphate presumed to bind U(IV) may be of biolog-
ical origin (Stylo et al., 2013). Previous results indicate that
the formation of noncrystalline U(IV) versus uraninite de-
pended strongly on the chemical environment in which
S. oneidensis was carrying out U(VI) reduction (Bernier-
Latmani et al., 2010). Hence, it is possible to modulate
the formation of uraninite versus noncrystalline U(IV)
based on solution composition.

Shell-by shell fitting of U Ljj-edge EXAFS data has
suggested the association of noncrystalline U(IV) with
phosphoryl moieties on biomass or mineral surfaces
(e.g., Senko et al., 2007; Bernier-Latmani et al., 2010;
Chakraborty et al., 2010; Veeramani et al., 2011). How-
ever, the inability to unambiguously distinguish between
U-P and U-C coordination pairs in the fitting and the po-
tential speciation complexity (i.e., the presence of several
species) of what is referred to as noncrystalline U(IV) call
for a more rigorous evaluation of this species. Bargar
et al. (2013) recently proposed that noncrystalline U(IV)
species found in biostimulated sediments may be com-
prised of a spectrum of species ranging from true mono-
mers to phosphate coordination polymers to which
U(IV) is bound. To our knowledge no experimental evi-
dence of these U(IV)-P associations in biomass is extant
outside of inferences from EXAFS fits (see above). Cru-
cially, the degree of polymerization of phosphate, if any,
cannot be determined using U EXAFS. To address these
questions, it is necessary to use spectroscopic techniques
such as FTIR or P XAS that directly probe the coordina-
tion environment around phosphate. Premised on these
studies and the hypothesis that a large fraction of noncrys-
talline U(IV) is bound to microbial phosphate functional
groups, we investigated the coordination environment of
noncrystalline U(IV) species associated with S. oneidensis
MR-1 bacterial cells. To provide a holistic structural pic-
ture of the U(IV) complexes, we used techniques capable
of directly characterizing the local structure of both the
functional groups (FTIR and P XAS) and U(IV) (U Lyy-
edge EXAFS). Anoxic cultures containing biogenic urani-
nite, noncrystalline U(IV), or no uranium were produced
as a function of pH and compared to standard materials
using four complementary techniques. U Ly edge EXAFS
and a bicarbonate chemical extraction method (Alessi
et al., 2012) were used to verify the reduction of U(VI)
and the production of noncrystalline U(IV) or biogenic
uraninite. Phosphorus K-edge XAS analyses provided
unambiguous evidence that noncrystalline U(IV) species
are associated with organic P functional groups. Infrared
spectroscopy (IR) allowed for more in-depth probing of
the types of functional groups with which noncrystalline
U(IV) is associated. Shell-by-shell fitting of the U EXAFS,
constrained by the FTIR and P XAS results, offer further
glimpses into the nature of U(IV) coordination. Our re-
sults show conclusively for the first time that noncrystal-
line U(IV) is coordinated to biomass phosphorus
functional groups, as inorganic U(IV) phosphate species,
and likely in the framework of phosphate coordination
polymers.
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2. MATERIALS AND METHODS
2.1. Media and cultures

S. oneidensis MR-1 was cultured, grown in Luria Bertani
(LB) medium, and processed as described previously (Ber-
nier-Latmani et al., 2010). All reagents used in the study
were of analytical grade or higher, and ultrapure water
(resistivity 18.2 MQ cm) was used in preparing all solutions.
All components of the growth media were sterilized by
autoclaving prior to use.

2.2. Uranium reduction

Bacterial uranium reduction experiments were con-
ducted in an anoxic chamber (Coy Laboratory Products,
Grass Lake, Michigan) containing 2-3% H, and a balance
of N,. After the cells were grown aerobically in LB medium,
they were washed once in an anoxic solution containing
30 mM NaHCO; and 20 mM PIPES buffer set to pH 6.8,
hereafter called BP medium. In order to favor the forma-
tion of nanoparticulate uraninite, cells were suspended in
BP medium to an optical density (ODggg) of 1.0, and the
system amended with 1 mM uranyl acetate and 20 mM
L(+)-lactic acid (Bernier-Latmani et al., 2010). To favor
the formation of noncrystalline U(IV) species, the same
components were suspended in Widdel low phosphate
(WLP) medium, the composition of which is listed in Sup-
plementary Information Table 1. WLP contains 220 uM
phosphate from potassium dihydrogen phosphate (KH,.
PO,). The pH of either experiment was adjusted to target
values (pH 5.5-8.5 in one pH unit increments) by adding
small volumes of concentrated NaOH and HCl immedi-
ately following the addition of bacterial cells and electron
donor to the reduction media, but prior to the addition of
uranyl acetate. pH measurements were conducted in an
anaerobic chamber containing 3% H, and 97% N,, and
measured continuously for 5 min until the pH value mea-
sured was constant to within +0.01 pH units. Although
reduction of U(VI) in the two media results in systems that
consist largely of either biogenic uraninite or noncrystalline
U(IV), the systems are not pure end members, and in fact
contain mixtures of both biogenic nano-uraninite and non-
crystalline U(IV) (Alessi et al., 2012).

Chemogenic U(IV)-phosphate precipitates were pro-
duced by dissolving 181 mg of biogenic uraninite nanopar-
ticles in a 40 ml solution of anoxic 6 M HCI, resulting in a
solution containing 16.8 mM U(IV). The absence of U(VI)
in the solution was verified using a Kinetic Phosphores-
cence Analyzer (KPA; Chemchek Instruments Inc., Rich-
land, Washington). The biogenic nanoparticles were
produced as described in the prior paragraph, and isolated
from the biomass according to the method in Schofield
et al. (2008) before being dissolved. The U(IV) solution
was passed through a 0.2 yum PTFE filter, and Na3zPOy4
was added to two 8 ml aliquots of the solution to a final
concentration of 100 mM. After the phosphate addition,
NaOH was added to each aliquot to achieve final pH values
of 5.5 and 8.5. The resulting precipitates were placed in
sealed Teflon®-coated tubes, centrifuged at 10,000g for

10 min, and the majority of the supernatant discarded.
The precipitates were kept in ~1 ml of supernatant inside
of gas-tight sealed serum bottles filled with Ny(g) during
shipping for U EXAFS and IR analyses.

2.3. X-ray absorption spectroscopy

Uranium Lyj-edge (17.2 keV) X-ray absorption spectra
were measured at beamline 4-1 of the Stanford Synchrotron
Radiation Lightsource (SSRL). Samples were placed in
glass serum bottles with butyl stoppers and aluminum
crimp seals. The serum bottles were shipped to SSRL in a
gas-tight sealed stainless steel canister (Schuett-biotec
GmbH, Géttingen, Germany) filled with N, to a slightly
positive pressure. Upon arrival the samples were centri-
fuged to wet biomass pellets and mounted in aluminum
holders with Kapton® windows inside an anoxic chamber
containing 2-5% H, with a balance of N,. The aluminum
sample holders were screwed to a fixture, mounted in a li-
quid nitrogen cryostat and cooled to 77 K. The space sur-
rounding the sample holder portion of this assembly was
evacuated during XAS analyses, preventing oxygen expo-
sure. The vacuum chamber is fitted with Kapton® windows
to allow for X-ray energy to pass to the samples and out to
the fluorescence detector or secondary ion chambers. Data
were collected using both transmission and fluorescence
detectors. A double-crystal Si (220) monochromator, de-
tuned 30% to reduce harmonics affecting the primary beam,
was used to reject higher harmonic intensities, and beam
line energy resolution was controlled at much less than
the U Lyjj-edge intrinsic line width by adjusting vertical slits
upstream of the monochromator. EXAFS data were nor-
malized, background subtracted, and analyzed using the
SixPACK (Webb, 2005) and Horae (Ravel and Newville,
2005) program packages. Backscattering phase and ampli-
tude functions used to fit the spectra were taken from
FEFF8 (Rehr et al., 1992). Linear combination fitting of
spectra was performed in k*-weighted k-space between
k=3 and 10.2, using three end-members: uranyl acetate
as a U(VI) reference, noncrystalline U(IV) associated with
biomass, and biogenic uraninite associated with biomass.
In the case of the biogenic uraninite sample, the noncrystal-
line U(IV) fraction of the total U (always present in biolog-
ical U(VI) reductions) was removed by Dbicarbonate
extraction (Alessi et al., 2012), and the resulting solids were
washed with anoxic water and pelleted for EXAFS analysis.

Phosphorus K-edge (2.1 keV) XAS measurements were
conducted at the PHOENIX beamline of the Swiss Light
Source (SLS). Samples were centrifuged and the resulting
bacterial pellets dried to powders under a N, atmosphere.
The dried samples were placed in serum bottles with butyl
stoppers, and transported to SLS in a stainless steel ship-
ping canister as described previously. Powders were
mounted for XAS analysis by pressing them into a small
strip of indium metal foil on a copper sample holder inside
an anoxic sample chamber filled with N,. Immediately prior
to analysis, mounted samples were transferred from anoxic
canisters to the XAS sample chamber. The chamber was
promptly evacuated to a pressure of a few 107> mbar,
and XAS data was collected by recording the intensity of
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the Ka fluorescence of the phosphorus with a silicon drift
detector as a function of the beam energy. Two plane par-
allel mirrors were used to suppress any higher harmonics
contribution from the undulator source. The energy was se-
lected with a double crystal monochromator using Si (111)
crystals. The energy resolution was approximately 0.6 eV at
the P K-edge. X-ray absorption near edge structure
(XANES) data were background subtracted and normal-
ized with a 3rd order polynomial in the post-edge region.

2.4. Infrared (IR) spectroscopy

IR spectroscopy was conducted using a VERTEX 80v
FTIR spectrometer (Bruker Optik GmbH, Ettlingen, Ger-
many) equipped with a single crystal zinc selenide attenuated
total reflectance (ATR) accessory (Harrick Scientific) and
operated in a room maintained at 25+ 0.2 °C. Prior to
mounting a sample, the ATR accessory was placed in a glove
bag containing an N, atmosphere for 30 min to remove oxy-
gen from the crystal surface. Bacterial suspensions contain-
ing U(IV) were centrifuged in sealed tubes containing a
headspace of Ny at 5000g for 20 min. Aliquots of the
resulting supernatants were pipetted onto the crystal surface
and analyzed to quantify aqueous organic species present in
solution. Wet bacterial pellets were mounted by spreading
them directly on the ATR crystal. A plastic cup with a rubber
seal was fastened over the crystal and sample prior to re-
moval from the anoxic glove bag, the ATR assembly placed
inside the spectrometer, and immediately evacuated to a
pressure of less than 5 mbar. 500 scans with a 4 cm™! resolu-
tion were collected between 550 and 7500 cm™ ", and aver-
aged for each analysis. The ATR crystal was cleaned with
methanol and distilled water between analyses. To isolate
the bacterial cell signal and to remove contributions from
bulk water and ions in solution, the supernatant spectrum
was subtracted from the corresponding bacterial paste
spectrum. The critical step was to remove the water peak
originating from the bending mode of bulk water. The
subtraction was achieved by matching the sharply increased
background between 800 and 1000 cm™", caused by water
libration modes, and ensuring that no negative absorbance
values were obtained in the region around the strong water
bending mode at 1638 cm™!; the subtraction factor varied
between 0.99 and 1.0. Finally, the difference spectra were
normalized to the same total area in the region 800-
1800 cm™" in order to correct for differences in the amount
of cells on the ATR crystal. Data were processed using the
Bruker OPUS spectroscopy software package.

2.5. Chemical extraction of uranium species

Noncrystalline U(IV), uraninite, and traces of adsorbed
U(VI) associated with bacterial cells following microbial
uranium reduction were quantified by extraction with 1 M
bicarbonate (Alessi et al., 2012). The method selectively re-
leases solids-associated noncrystalline U(IV) and adsorbed
U(VI) into solution while leaving uraninite associated with
the extracted solids. Extracted U(VI) and noncrystalline
U(IV) are differentiated in solution through the use of a
KPA.

3. RESULTS AND DISCUSSION

3.1. Uranium reduction products, and their quantification
with bicarbonate extraction

To identify the conditions under which disordered non-
crystalline U(IV) species, and nanoparticulate uraninite are
formed by microbial reduction, U(VI) reduction was con-
ducted in two chemical media — WLP or BP - to favor
the formation of biomass-associated noncrystalline U(IV)
species or uraninite, respectively. Notably, U(VI) reduction
in either of these reduction media does not lead to the pro-
duction of samples containing either 100% uraninite or
100% noncrystalline U(IV). The contribution of noncrystal-
line U(IV) and uraninite to total U in each system was as-
sessed by applying a bicarbonate extraction method
selective for noncrystalline U(IV) species (Alessi et al.,
2012). Generally, the systems favoring the production of
noncrystalline U(IV) contained >70% noncrystalline
U(IV), with those at a higher uranium loading (1000 pM)
having a slightly higher fraction of uraninite than those
with less U (400 uM) at a given reduction pH (Table 1).

In the systems favoring uraninite production (BP med-
ium), those at circumneutral pH values (pH 6.5 or 7.5) were
found to contain approximately 80% uraninite. Of note, the
extractions indicate that the pH 5.5 system produced only
~48%  biogenic uraninite, and only a small fraction of
U(VID) (9.1%, 91 uM) was reduced in the pH 8.5 system.
In this latter system, the unreduced U(VI) fraction re-
mained in the reduction medium containing bicarbonate,
and was largely removed when the medium was decanted
following sample centrifugation to collect the microbial pel-
let. Thus, the resulting pelleted sample contained only 9.1%
of the initial 1000 uM uranium added, and the majority of
this uranium was as U(IV). The extraction results are de-
scribed in light of the U EXAFS results in Section 3.4.

3.2. Phosphorus K-edge XANES

Because U Ljj;; edge EXAFS data have suggested but not
conclusively shown that noncrystalline U(IV) is associated
with microbial phosphoryl moieties (e.g., Bernier-Latmani
et al., 2010; Boyanov et al., 2011), P K-edge XAS spectros-
copy was conducted. Analyses were performed on
S. oneidensis strain MR-1 cells with noncrystalline U(IV)
(400 uM), cells without uranium, and a chemogenic
U(IV)-phosphate precipitate. Fig. 1A displays the P K-edge
spectra. The post-edge area is illustrated in Fig. 1B. Pre-edge
peaks, the edge position, and post-edge features in P
XANES data can be used to probe phosphate speciation in
environmental samples (George, 1993; Toor et al., 2006). Or-
ganic P species such as those associated with biomass often
exhibit one broad post-edge peak centered between 2167
and 2170 eV, depending on the compound (Brandes et al.,
2007; Hesterberg, 2010). For example, the post-edge peak
for ATP (adenosine &'-triphosphate) is centered at
2170 eV, whereas O-phosphoryl ethanolamine, found in
lipopolysaccharides (Yeh et al., 1992), exhibits a peak cen-
tered at 2167 eV. Our cells-only experiments exhibit one
broad peak centered at 2168 eV (Fig. 1B), consistent with
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Table 1

Results of bicarbonate extractions and U EXAFS linear combination fits (LCF) to quantify % noncrystalline U(IV) and % uraninite in
experimental systems. Reductions were conducted to favor the formation of biogenic uraninite (BP medium) or noncrystalline U(IV) species
(WLP medium). Error ranges for the bicarbonate extraction method include the combined replicate and instrumental error, and errors for

LCEF fitting are generally accepted to be within 10%.

System EXAFS spectrum pH Bicarbonate extraction results EXAFS linear combination fits
Initial Final % noncrystalline U(IV) % uraninite % noncrystalline U(IV) % uraninite
1000 uM BP medium E 5.5 7.3 524433 47.6 473 52.7
F 6.5 7.8 207+ 1.3 79.3 26.3 73.7
G 7.5 8.6 206 +1.3 79.4 473 52.7
H 8.5% 8.9 12.5+0.8 87.5 57.6 424
1000 uM WLP medium A 5.5 5.7 829+7.0 17.1 90.3 9.7
B 6.5 6.6 889+ 7.6 11.1 96.6 34
C 7.5 7.2 72.3+3.8 27.7 84 16
D 8.5 7.9 81.1 +£3.8 18.9 92.4 7.6
400 uM WLP medium - 5.5 5.5 87.2+53 12.8 - -
- 6.5 6.3 92.44+0.9 7.6 - -
- 7.5 7.0 81.6+2.2 18.4 - -
- 8.5 7.8 99.5 +12.1 0.5 - -

? Note that for the pH 8.5, 1000 pM uraninite sample, only 9.1% of the total U (i.e., 91 uM) was reduced, however the majority of the
remaining U(VI) fraction was removed when the reduction supernatant was decanted to collect the microbial pellet. The percents reported in

the table refer to the largely reduced U remaining in this sample.
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Fig. 1. Phosphorus K-edge energy data comparing systems containing S. oneidensis MR-1 bacteria, the same bacteria with noncrystalline
U(IV) (400 uM) , and a chemogenic U(IV)-phosphate precipitate (A). Panel B illustrates the post-edge area (the region 2160-2175 eV) in the

left panel.

a mixture of several types of phosphorus-bearing organic
molecules found in bacteria.

When phosphate is coordinated with a metal, features in
the post-edge region may appear (Ingall et al., 2011). These
absorption resonances occur at higher energy than that of
the ionization energy (E,) of core (1s) electrons in P, and
are strongly controlled by internuclear distances, even in
condensed but non-crystalline systems comprised of P,O,,
chains (Franke and Hormes, 1995). The spectra of our chem-
ogenic U(IV) phosphate solid, found to be amorphous by X-
ray diffraction (XRD) analysis (data not shown), exhibit two
primary post-edge resonance peaks at 2165 and 2170 eV
(Fig. 1B), similar to other metal-coordinated phosphates.
When noncrystalline U(IV) is present in the bacterial system,
there is a significant shift in the shape of the energy curve

from the cells-only system towards that of the chemogenic
U(IV)-phosphate precipitate. In particular, a concave shape
more closely resembling the U(IV)-phosphate spectrum re-
places the convex shape of the resonance features past the
edge at energies between 2160 and 2175 eV. Notably, there
is little difference between the noncrystalline U(IV) samples
produced at pH 5.5 and 8.5, consistent with the U EXAFS
and infrared spectroscopy results (see below). In order to en-
sure the differences in the cells-only and noncrystalline U(IV)
systems were due to the addition of U and not other compo-
nents found in the WLP reduction medium (Supplementary
Information Table 1), we reacted S. oneidensis cells with
WLP medium (without U) and compared the results to those
from cells not reacted with WLP. Essentially no differences
in spectral shape emerge (Supplementary Information
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Fig. 1), indicating that the changes we observe are due solely
to the presence of U.

Linear combination fitting, using the bacteria-only and
U(IV)-phosphate precipitates as end-members, suggests
that the noncrystalline U(IV) samples contain approxi-
mately 50% of each end-member at both pH 5.5 and 8.5
(Fig. 2). This result suggests that a significant fraction of
the biomass phosphate groups are associated with U(IV).
The phosphorus XAS provide direct experimental evidence
that the noncrystalline U(IV) species associated with
bacterial cells is a phosphate-bound species.

3.3. Infrared spectroscopy of U(IV) species

IR spectroscopy can be used to probe changes in the
absorption bands of specific functional groups at the bacte-
rial surface under various experimental conditions. Here,
we aim at determining whether the presence of biogenic
uraninite and/or noncrystalline U(IV) species perturbs the
infrared spectrum, and if so, in which absorption bands.
Changes in the intensity and position of the absorption
band of a particular functional group that correlate with
the presence of U are taken to imply chemical bonding of
the U(IV) species with the corresponding group(s).

IR spectra were collected on U-free S. oneidensis MR-1
bacterial cells adjusted to pH 3-9 in 50 mM NacCl solutions
(Fig. 3) to provide a baseline to compare to the uranium-
containing systems. By comparing the IR spectra from
known standard compounds to those obtained from
Gram-negative and Gram-positive bacteria, Jiang et al.
(2004) established a series of absorption bands correspond-
ing to specific bacterial surface functional groups, and
Wang et al. (2010) determined IR bands associated with
S. oneidensis MR-1 cells during different growth phases.
We observe a similar series of absorption bands, which

Normailzed Absorbance

2130 2140 2150 2160 2170 2180 2190 2200 2210
Energy (eV)

Fig. 2. Phosphorus K-edge XAS linear combination fitting (LCF)
results for biomass noncrystalline U(IV) samples at (B) pH 8.5 and
(C) pH 5.5. End members used for fitting include (A) a chemogenic
U(IV)-phosphate, and (D) S. oneidensis MR-1 cells treated with
WLP medium (see Supplementary Information Table 1). The LCF
(dashed lines) calculates that the pH 8.5 system (B) can be modeled
using 44% of spectrum A and 56% of spectrum D, while the pH 5.5
system (C) is comprised of 54% of spectrum A and 46% of
spectrum D.

are labeled in Fig. 3. Systematic spectral changes occur as
a function of pH (marked with arrows in Fig. 3), and these
changes can be ascribed exclusively to the protonation and
deprotonation of carboxylic acid groups. At low pH the
presence of protonated carboxyls are indicated by vibra-
tions of COOH and C=0 at 1224 and 1720 cm™ !, respec-
tively. Increasing pH results in the appearance of a new
band at 1398 cm~! and concomitant decrease of the signals
from the protonated carboxyls. The new band originates
from a symmetric stretching vibration of the deprotonated
carboxylic group (Jiang et al., 2004; Leone et al., 2007). The
increase in pH is also accompanied by a change in the rel-
ative intensities of the amide I and II bands (Fig. 3). Most
likely this is not caused by changes of the amide bonds (in
cell proteins) but is a consequence of deprotonation of the
carboxyls and the overlap with the asymmetric carboxyl
stretching vibration that typically occurs in the same fre-
quency region (around 1550 cm™') as amide II (Leone
et al., 2007). The correlation between the observed spectral
changes and the protonation/deprotonation of carboxylic
groups is further corroborated by a principle component
analysis (PCA) of the spectra in Fig. 3 and subsequent mod-
eling assuming one pKa (see Supplementary Information
Fig. 2). The good match between this model and the exper-
imental data indicates that only one type of infrared active
functional group displays acid-base behavior in the pH
range 3-9, and the obtained pKa value of 4.6 is also in
agreement with protonation/deprotonation of carboxylic
groups. Accordingly, and of particular interest in this study,
only modest change is observed with pH in the phosphate
symmetric and asymmetric stretching bands between
approximately 1000 and 1250 cm™", an area in which we ex-
pect to observe changes if uranium is coordinating with
phosphate on microbial biomass.

IR analyses focused on samples prepared at pH 6.5 or
8.5, where >79% of the total uranium associated with the
cells was present as the target U(IV) species (Table 1). IR
spectra from these samples are shown in Fig. 4 and com-
pared to the uranium-free spectra in Fig. 3. Generally,
changes observed in the IR spectra due to the addition of
uranium to the system are larger than those due to changes
in pH (Fig. 4). In the frequency region analyzed, the IR
spectra are “silent” to biogenic UO,, that is, UO, has no
infrared absorption bands. It has recently been shown that
stoichiometric UO, only displays increased IR absorption
below 600 cm ™!, whereas at higher oxygen content (and
thus the presence of U(VI)), bands appear between 700
and 800 cm™"' (Kim et al., 2012). Thus, the spectral changes
we reported above for the noncrystalline system must be
due to the formation of non-uraninite U(IV) products.
Accordingly, the samples containing predominantly bio-
genic UQO; are similar to the uranium-free samples in the re-
gion between approximately 950-1200 cm ™, i.e., no major
bands shift or new bands are detected. The following dis-
cussion focuses on the noncrystalline U(IV) spectra; further
information about IR spectra from the biogenic UO,-favor-
ing systems is in the Supplementary Discussion section.

The greatest changes in the spectra of the noncrystalline
U(IV) samples are observed as a strong increase in the
relative intensity of the bands in the region between
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Fig. 3. FTIR spectra of uranium-free Shewanella oneidensis MR-1 biomass as a function of pH values between 3 and 9. Arrows down indicate
decreasing amplitude with decreasing pH and arrows up indicate increasing amplitude with decreasing pH.

approximately 950 and 1200 cm ™~ (i.e., the region containing
the primary P-O modes) as altered band positions and
shapes in the same region, and in the suppression of a band
at ~1230 cm~'. These spectral changes suggest that U(IV)
bonds to phosphate groups, either biomass phosphoryl
groups such as those in lipopolysaccharides or phospholip-
ids, or to form inorganic U(IV) phosphate precipitates.

A strong and broad peak is observed in the region cen-
tered at 1070 cm™". In the presence of U, the apex of this
band is shifted to significantly lower frequency with respect
to the no-uranium control spectrum (Fig. 4A). This broad
band is in good agreement with previously characterized
U(IV) phosphate phases (Podor et al., 2003). Furthermore,
the primary IR peak from a chemogenic U(IV) phosphate
synthesized in this study aligns exactly with the peak in
the P-O region of the spectra from the 400 pM noncrystal-
line U(IV)-containing experiments at pH 6.5 and 8.5
(Fig. 4A and B). This finding is consistent with the forma-
tion of U(IV) phosphate solids, however it may also be
indicative of changes in protein concentration or increased
production of extracellular polymeric substances (EPS)
resulting as a bacterial toxicity response to the presence
of U. Finally, the high similarity of the spectra at pH 6.5
and 8.5 indicates that the same U(IV) phosphate species
form irrespective of pH. At higher U loadings (1000 pM)
under noncrystalline U(IV)-producing conditions at pH
6.5 and 8.5, the strong and broad band centered at
1070 cm™! has a slightly different shape as compared to
the lower loading (Fig. 4A and 4B). This implies that the
local structure and polymerization of phosphate depends
on the total uranium concentration.

The ~1230 cm™' band, attributed to phosphate diesters
(Jiang et al., 2004; Wang et al., 2010) provides further

information about the effect of U addition to the cells. In
all systems containing U, the intensity of the band is sup-
pressed (Fig. 3) to a degree that cannot be explained by
deprotonation effects (Fig. 4). This indicates that the phos-
pholipids responsible for this band are destroyed by the
addition of U to the system, or that the association of
U(IV) to phospholipids results in vibrational dampening
at this frequency. The presence of reduced uranium also
seems to affect the relative intensity of the amide I and
amide II bands. The consistent effect in all samples contain-
ing noncrystalline U(IV) suggests that reduction causes a
perturbation of the structure/composition of some proteins.
The changes in the amide bands indicate that some of the
U(IV) is coordinated directly to the biomass.

The overall speciation of uranium in noncrystalline
U(IV) samples in the present study indicates significant con-
tributions from U(IV) bonded to biomass phosphoryl
groups. Phosphoryl sites are expected to be present on cell
surfaces in lipopolysaccharides (Langley and Beveridge,
1999; Korenevsky et al., 2002). In addition, we expect
EPS to have been produced during our incubations (Stylo
et al., 2013). Recent studies show that EPS contains a mix-
ture of phosphate-bearing organic molecules and polymers
such as nucleic acids, proteins, lipids, and polysaccharides
(Flemming et al., 2007; Flemming and Wingender, 2010;
McCrate et al., 2013). Stylo et al. (2013) demonstrated that
during uranium reduction, cells in medium containing some
anions (e.g., phosphate, sulfate) produce more EPS than
those in medium devoid of these solutes, likely because they
are required for the cells to be in a viable physiological
state. Transmission electron microscopy (TEM) analyses,
conducted on microbial U(VI) reduction samples identical
to those studied here, indicated a spatial correlation
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Fig. 4. Infrared spectroscopy data for uranium-containing experiments conducted at (A) pH 6.5 and (B) pH 8.5. Dashed vertical lines indicate
alignment of noncrystalline U(IV) 400 uM bands with the main spectral feature of the chemogenic U(IV)-phosphate, at a wavelength of

approximately 1070 cm™".

between extracellular U and P (Bernier-Latmani et al.,
2010). Thus, the prevalence of U(IV)-phosphate associa-
tions may result from an increased production of EPS as
a toxicity response to the presence of U in the WLP reduc-
tion medium. Images of noncrystalline U(IV) showed pri-
marily the association of U with features of organic
origin (tufts) and contributions from discrete U(IV)- and
phosphate-containing phases such as ningyoite. Further-
more, scanning X-ray transmission microscopy (STXM)
studies of noncrystalline U(IV) show a marked correlation
between uranium and the presence of polysaccharides
(Stylo et al., 2013). Our P XANES and IR microscopy

findings here show conclusively for the first time that a
significant fraction of U(IV) is bound directly to biomass
phosphoryl groups.

3.4. Uranium X-ray absorption spectroscopy

U Ly-edge X-ray absorption spectra was measured from
the 1000 uM U experimental systems and a U(IV)-phos-
phate precipitate produced at pH 7.0 (Table 1) to gather
structural information about the products of microbial U
reduction. Extended X-ray Absorption Fine Structure (EX-
AFS) data, and the corresponding Fourier transforms of
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the EXAFS are presented in Fig. 5 for the experimental sys-
tems containing 1000 uM U favoring the production of non-
crystalline U(IV) (spectra A—D) and uraninite (spectra E-H),
and U(IV)-phosphate precipitate (spectra I, J). The ampli-
tude of the ca 3.8 A (uncorrected for phase shift) peak in
the Fourier transforms of the biomass systems is an indica-
tion of the degree of U-U polymerization in each system
(O’Loughlin et al., 2003; Schofield et al., 2008; Boyanov
et al., 2011). Thus, this amplitude can be used to estimate
the relative contributions of ordered uraninite versus
noncrystalline U(IV), which does not exhibit a U-U pair
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correlation (Schofield et al., 2008; Alessi et al., 2012). No
significant differences are observed in the EXAFS of the
noncrystalline U(IV)-favoring systems (Fig. 5, spectra
A-D) suggesting that the relative abundance of uraninite
and noncrystalline U(IV) are similar regardless of pH values
and that the local structure around U(IV) is invariant in the
sample series. The abundance of noncrystalline U(IV) deter-
mined by linear combination fitting (LCF) of the U EXAFS
in these samples corresponds well with the results of the
bicarbonate extractions of the same samples (Table 1). This
result suggests that the extent of noncrystalline U(IV)
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Fig. 5. Uranium Ljj;;-edge EXAFS data (left panel) and Fourier transforms of the same data (right panel) for systems favoring noncrystalline
U(IV) formation at pH 5.5-8.5 (A-D), biogenic uraninite at pH 5.5-8.5 (E-H), and chemogenic U(IV)-phosphate precipitates produced at pH
5.5 (I) and 8.5 (J). Data for a U(IV)-phosphate precipitate produced at pH 7.0 is represented by spectrum I. Dashed lines indicate shell-by-
shell fits of each spectrum (see also Supplementary Information Tables 2-4). Fourier transforms were determined over the range 3 < k < 10.2.
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formation and the local structure around noncrystalline
U(IV) are not very sensitive to pH over the pH range tested
here (pH 5.5-8.5) at a constant uranium loading. The same
pH independence was observed for the IR spectra for pH
6.5 and 8.5 (Fig. 4). Based on the results of the IR and P
K-edge spectra, i.e., that indicated the coordination of non-
crystalline U(IV) to phosphoryl moieties, shell-by-shell fits
of the noncrystalline U(IV) EXAFS were performed. Aver-
age coordination numbers of 1.24+0.4, 1.6+0.5 and
3.0 £ 0.2 for the first U-P (3.1 A), the second U-P (3.7 A)
and the U-U (3.8 A) shells were obtained (Supplementary
Information Tables 2 and 3, and Supplementary Discussion).
The U-P coordination numbers suggest that, on average,
U(IV)is bound to at least one phosphate group in a bidentate
conformation, and to one to two additional phosphate
groups in a monodentate conformation. Thus, a significant
fraction of the U(IV) coordination sphere is occupied by
phosphate ligands. This conclusion is consistent with struc-
tures of inorganic U(IV) phosphates in which phosphate
occurs as a polymerized network (i.e., as U(IV) coordination
polymers). Finally, the U-U distance is consistent with bio-
genic uraninite nanoparticles (Bargar et al., 2008; Schofield
et al., 2008).

Linear combination fits of the EXAFS spectra, using
end-members described in Alessi et al. (2012), indicate that
contributions from noncrystalline U(IV) represent 90%,
97%, 84%, and 92% of the total U(IV) in order of increasing
equilibration pH value (Table 1). The bicarbonate extrac-
tion results for noncrystalline U(IV) in these samples are
systematically lower, but within the approximately 10% er-
ror often cited for EXAFS linear combination fits (Kelly
et al., 2008). However, there may be some fraction of
noncrystalline U(IV) that is not bicarbonate labile, indica-
tive of a spectrum of U(IV)-bearing products.

As discussed in Section 3.3, the infrared spectrum of the
biogenic UO,-favoring system at pH 8.5 (final pH 8.9) dis-
plays an unexpected increase in intensity and width between
900 and 1200 cm ™', which are attributable to traces of U(VI)
due to incomplete U reduction in this system. IR spectros-
copy is highly sensitive to trace amounts of U(VI), mani-
fested in the uranyl stretching modes centered around
920 cm ™! (Supplementary Information Fig. 3), whereas U
XAS is far less sensitive to these traces. We do not expect
uranyl sorption to the cells in this case (despite incomplete
reduction) because the reduction medium contained
30 mM bicarbonate, and U(VI) in the supernatant was re-
moved after the centrifugation step used to collect the bacte-
rial pellets for spectroscopic analyses. Additionally, a major
difference between the EXAFS LCF and the bicarbonate
extraction techniques for quantifying the amounts of urani-
nite and noncrystalline U(IV) is illustrated in the results for
this sample. According to the bicarbonate extraction meth-
od, 88% of the total uranium pool was as uraninite, but
the LCF indicates that only 58% is present as uraninite (Ta-
ble 1). Similarly in the pH 7.5 biogenic UO,-favoring system,
where the final pH of the system after U(VI) reduction was
8.6, the bicarbonate method suggests the sample contains
approximately 79% uraninite, whereas the LCF indicates
53% (Table 1). We suggest that this divergence from
expected behavior for IR, LCF and extraction data is

attributable to the formation of a U-phosphate phase at
higher pH that is more stable than U(IV) monomers, such
as U(IV) within phosphate coordination polymers such as
amorphous U(IV)-phosphate precipitates. This inference is
based on prior similar U(VI) reduction experiments with
S. oneidensis MR-1 cells (Bernier-Latmani et al., 2010), in
which these precipitates were observed as electron-dense re-
gions in TEM images, and determined to contain primarily
U and P using energy dispersive X-ray spectroscopy
(EDS). A fraction was identified to be ningyoite,
CaU(PO,),. Similar production of non-uraninite U(IV) pre-
cipitates, including ningyoite, was observed in the reduction
of U(VI)-phosphate by Thermoterrabacterium ferrireducens
(Khijniak et al., 2005), and by Bacillus subtilis (Rui et al.,
2013). Because these precipitated phases are not extractable
by the bicarbonate method and at the same time do not dis-
play a U-U shell, the uraninite fraction is overestimated by
bicarbonate extraction. The source of phosphorus in this
case is likely to be cell lysis as the pH reached a value of
8.9 (Table 1). This observation underscores the importance
of using multiple techniques to probe the system and con-
strain the speciation of the U(IV) products formed.

3.5. Structural model for U(IV)-biopolymer complexes

Bernier-Latmani et al. (2010) showed that noncrystalline
U(IV) species were associated with hair-like structures
(“tufts”) on cell surfaces. Phosphoryl moieties associated
with structures such as glucosamines in lipopolysaccharides
located at the cell outer membrane could provide locations
for the formation of U(IV) complexes. Numerous Shewa-
nella spp. are known to contain lipopolysaccharides with
phosphoryl-poor O-antigens that extend from the core
polysaccharide at the cell membrane-solution interface
(Korenevsky et al., 2002). S. oneidensis MR-1 is notable
in that it lacks entirely the O-polysaccharides (Vinogradov
et al., 2003), leaving the phosphoryl-rich core regions rela-
tively exposed. Thus, binding of U(IV) to the phosphoryl
groups in the diglucosamine diphosphate core of the lipo-
polysaccharide may be more facile in strain MR-1. The
presence of phospholipid head groups at the cell membrane
outer surface provides another source of biological phos-
phate to which U(IV) could bind. Additionally, binding
to phosphate diesters in DNA or RNA is also likely due
to the reported secretion of extracellular DNA (eDNA)
by strain MR-1 cells exposed to U. eDNA could be associ-
ated with the extracellular polymeric matrix present in tight
association with the cells (Cao et al., 2011). In our experi-
ments, total U concentrations in the experiments were
either 0.4 or 1.0 mM, so the coordination of U(IV) to sev-
eral phosphate groups likely requires a cellular source of
phosphate, separate from orthophosphate found in the
WLP medium. The phosphate diester IR band is suppressed
in systems containing U(IV) (Fig. 4), suggesting possible
binding of U(IV) to DNA and/or phospholipids, providing
a source of orthophosphate for the formation of polymers.

The formation of larger phosphate coordination poly-
mers incorporating U(IV) requires a source of orthophos-
phate; possible sources include solution phosphate (220 uM
in the WLP medium used here), orthophosphate released
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by cell lysis or the phosphate-containing biomolecules
loosely associated with the cells. A conceptual model of non-
crystalline U(IV) associated with a phosphate coordination
polymer that originates at the cell membrane is illustrated
in Fig. 6. U(IV) produced from enzymatic U(VI) reduction
near the cell membrane would preferably bind to the excess
phosphate groups, precluding the precipitation of biogenic
uraninite nanoparticles and ultimately resulting in a phos-
phate coordination polymer decorated with U(IV).

4. CONCLUSIONS

It is now established that, in addition to crystalline ura-
ninite, noncrystalline U(IV) species may form as the prod-
uct of microbial U(VI) reduction in aquifers at uranium
contaminated field sites (Campbell et al., 2011; Bargar
et al., 2013). Due to the relatively higher lability of non-
crystalline U(IV) (Alessi et al., 2012), unraveling its struc-
ture is critical to providing some understanding of
conditions promoting its formation. Previous studies have
established that the ratio of uraninite to noncrystalline
U(IV) formed is strongly impacted by the ions present
in the reduction solution or medium (Bernier-Latmani
et al., 2010; Boyanov et al., 2011; Stylo et al., 2013) and
have hypothesized that noncrystalline U(IV) species were
coordinated to phosphate by inferring the possibility from
fitting of U Lyj-edge EXAFS spectra and evidence of
U(IV) and P co-occurrence from elemental mapping dur-
ing electron microscopy analyses (Bernier-Latmani et al.,
2010). Here, using combined spectroscopy and wet chem-
ical techniques, we have demonstrated unambiguously that
noncrystalline U(IV) is comprised of multiple U(IV)
species bonded to phosphate groups. Some species are

associated with phosphate functional groups in the micro-
bial biomass as either monomers or polymers while others
form through the precipitation of inorganic phosphate
polymers that are more difficult to extract using a concen-
trated bicarbonate solution. There is strong evidence that
U(IV) is coordinated to polymerized phosphate, i.e., that
U(IV) coordination polymers are present, based on com-
bined IR spectroscopy and P K-edge XANES analyses,
and supported by U Lj-edge EXAFS shell-by-shell fit-
ting. Because the FTIR analysis is sensitive to changes
in the relative intensity of the amide I and II bands, it
is also possible to detect a clear signal for a shift in pro-
tein composition as a result of the presence of U. This
finding echoes previous transcriptomic work (Bencheikh-
Latmani et al., 2005) and suggests a toxicity response of
S. oneidensis cells to U that includes increased production
of phosphate-rich EPS that contains binding sites for
U(IV) (Bernier-Latmani et al., 2013; Stylo et al., 2013).
Our work points to the simultaneous formation of a spec-
trum of U(IV)-containing species, including fractions of
biogenic uraninite as determined by combined U EXAFS
analyses and bicarbonate extractions (Alessi et al., 2012),
noncrystalline U(IV) species that occur as phosphate coor-
dination polymers or biomass-associated monomers,
and U(IV)-phosphate precipitates such as ningyoite
(Bernier-Latmani et al., 2010; Rui et al., 2013). Our work
provides a significant step in unraveling the nature of
biomass-associated noncrystalline U(IV) species.
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