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ABSTRACT Cell suspensions of Pelosinus sp. strain UFO1 were previously shown, us-
ing spectroscopic analysis, to sequester uranium as U(IV) complexed with carboxyl
and phosphoryl group ligands on proteins. The goal of our present study was to
characterize the proteins involved in uranium binding. Virtually all of the uranium in
UFO1 cells was associated with a heterodimeric protein, which was termed the
uranium-binding complex (UBC). The UBC was composed of two S-layer domain pro-
teins encoded by UFO1_4202 and UFO1_4203. Samples of UBC purified from the
membrane fraction contained 3.3 U atoms/heterodimer, but significant amounts of
phosphate were not detected. The UBC had an estimated molecular mass by gel fil-
tration chromatography of 15 MDa, and it was proposed to contain 150 het-
erodimers (UFO1_4203 and UFO1_4202) and about 500 uranium atoms. The UBC
was also the dominant extracellular protein, but when purified from the growth me-
dium, it contained only 0.3 U atoms/heterodimer. The two genes encoding the UBC
were among the most highly expressed genes within the UFO1 genome, and their
expressions were unchanged by the presence or absence of uranium. Therefore, the
UBC appears to be constitutively expressed and is the first line of defense against
uranium, including by secretion into the extracellular medium. Although S-layer pro-
teins were previously shown to bind U(VI), here we showed that U(IV) binds to
S-layer proteins, we identified the proteins involved, and we quantitated the amount
of uranium bound.

IMPORTANCE Widespread uranium contamination from industrial sources poses
hazards to human health and to the environment. Herein, we identified a highly
abundant uranium-binding complex (UBC) from Pelosinus sp. strain UFO1. The com-
plex makes up the primary protein component of the S-layer of strain UFO1 and
binds 3.3 atoms of U(IV) per heterodimer. While other bacteria have been shown to
bind U(VI) on their S-layer, we demonstrate here an example of U(IV) bound by an
S-layer complex. The UBC provides a potential tool for the microbiological sequestra-
tion of uranium for the cleaning of contaminated environments.
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Uranium is highly toxic and is also a radionuclide with a long half-life (1). Uranium
mining, milling, and other anthropogenic industrial activities have led to wide-

spread environmental contamination with associated hazards to human health and to
the environment (2). In the United States, the U.S. Department of Energy (DOE) oversees
the monitoring and restoration of waste sites at 12 facilities contaminated with uranium
(3). Uranium is present in oxic fresh water as highly soluble U(VI). At pH values lower
than 5.0, U(VI) is predominantly found as the free uranyl ion (UO2

2�), and between pH
values of 5.0 and 7.5, U(VI) is predominantly complexed with carbonate. At pH values
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higher than 7.5, UO2(OH)3� is thought to be the predominant uranyl species (1). U(VI)
can also precipitate in the form of uranium phosphate minerals, such as autunite (4, 5).
Under anoxic fresh water conditions, U(IV) is the main oxidation state of uranium, and
U(IV) often precipitates as uraninite (UO2) (1). Uraninite readily oxidizes to U(VI) in the
presence of O2, NO3

�, and Fe(III) (6–8).
There is increasing interest in microbiological sequestration of uranium for the

cleaning of contaminated environments (3, 4, 9). Here, we focused on the effects of
uranium on Pelosinus sp. strain UFO1. This strictly anaerobic fermentative firmicute was
isolated from an uncontaminated background well at the Oak Ridge Reservation (ORR)
in Tennessee (10), one of the DOE facilities that has areas of uranium contamination (3).
The genome of strain UFO1 has been sequenced (11). Although the organism was not
grown in the presence of added uranium, cell suspensions of strain UFO1 were
previously shown to sequester uranium in two different oxidation states (12). When
incubated with uranyl acetate (U[VI]), approximately 17% of the uranium precipitated
on the cell surface. Using transmission electron microscopy with energy-dispersive
X-ray spectroscopy (TEM-EDS), it was identified as insoluble uranyl phosphate with a
U/P ratio of 1:1. The remainder of the uranium was present as monomeric complexes
associated with the biomass. Analysis by X-ray absorption spectroscopy showed that it
was U(IV) bound by carboxylate and phosphoryl functional groups and was not present
as UO2 (uraninite). When 100 �M anthraquinone-2,6-disulfonate (AQDS), a humic acid
analog with electron shuttling properties, was added to the cell suspensions of strain
UFO1, all of the uranium was sequestered as U(IV) (12). We hypothesized that this strain
UFO1-bound U(IV) is associated with a specific protein or proteins. In this study, we
grew strain UFO1 in the presence of uranium and analyzed the resulting biomass to
identify and characterize uranium-binding proteins. We show that virtually all of the
added uranium was bound by a heterodimeric protein located on the cell surface as
well as released into the extracellular medium.

RESULTS
Growth of strain UFO1 in the presence of uranium. To characterize the seques-

tration of U(IV) by strain UFO1, the organism was grown in modified R2 medium
supplemented with cysteine (0.5 g/liter). Cysteine was added as a reducing agent to
remove O2 from the anaerobic growth medium and to act as an electron shuttle similar
to AQDS (13, 14). AQDS was previously shown to result in the sequestration and
accumulation of U(IV) in cell suspensions of strain UFO1 (12). The medium used to grow
strain UFO1 in these experiments did not reduce AQDS chemically (see Fig. S1 in the
supplemental material), but strain UFO1 reduces AQDS during growth (14). The enzy-
matic mechanism by which strain UFO1 reduces U(VI) is unknown, but it is aided by
electron shuttles, such as AQDS and cysteine.

The oxidation state of the uranium associated with strain UFO1 grown in modified
R2 broth was further confirmed using a 2-(5-bromo-2-pyridylazo)-5-diethylamino-
phenol (bromo-PADAP)-based colorimetric assay that specifically detects U(VI) (15). The
U(VI)-specific assay showed that samples of strain UFO1 grown in the presence of 50
�M uranium and concentrated 10-fold contained 5.2 � 3.6 �M U(VI). Inductively
coupled plasma mass spectrometry (ICP-MS) showed that the same samples contained
357 � 70 �M uranium. This indicates that the bulk of the uranium in the strain UFO1
samples was in the U(IV) oxidation state. It is possible that U(V) was also present,
although U(V) disproportionates readily to U(VI) and U(IV), which, as opposed to U(V),
were previously seen in association with cell suspensions of strain UFO1 (12, 16).

Strain UFO1 was quite sensitive to the presence of uranium in the growth medium.
When grown in the presence of increasing concentrations of uranyl acetate (U[VI]) to
stationary phase (20 h) (Fig. 1A), growth was inhibited at concentrations of uranium
higher than 75 �M, and no growth was observed at a uranium concentration of 175
�M. The partitioning of uranium (using 25 and 50 �M in the medium) between
fractions at late log phase of strain UFO1 is shown in Fig. 1B. Total uranium was
measured (i) in the spent growth medium that passed through a 3-kDa filter (extracel-
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lular low molecular weight [LMW]), (ii) in the spent medium that could not pass through
a 3-kDa filter (extracellular high molecular weight [HMW]), and (iii) in the cell pellet (cell
associated). At concentrations of 25 and 50 �M uranium in the growth medium, more
than 80% of the uranium was located in the cell-associated fraction at the end of
growth, while less than 2% was found in the low-molecular-weight unbound fraction
or in the extracellular HMW fraction. Approximately 20% of the uranium added to the
cultures was unaccounted for, possibly due to adsorption to the 3-kDa filter or loss
during digestion of the cell material before ICP-MS analysis. Nevertheless, the vast
majority of the uranium added to growing cultures, even at the 50 �M concentration,
was associated with the cells at the end of the growth phase.

A 15-MDa uranium-binding complex is present in the membranes of strain
UFO1. The combined membrane and cytoplasmic fractions of cells grown in the
presence of 50 �M uranium were subjected to multistep column chromatography
combined with ICP-MS analysis to purify and detect uranium binding proteins (Fig. 2).
The uranium-binding proteins were likely either of high molecular weight, membrane
associated, or both, as ultracentrifugation of the cell extract at 100,000 � g removed
over 98% of the uranium from the soluble fraction. The uranium-binding proteins in the
combined membrane and cytoplasmic fractions failed to bind to either an anionic DEAE
fast flow (FF) column (pH 8.0) or a HiTrap sulfopropyl (SP) high performance (HP) cation
exchange column (pH 7.0), as the majority of the uranium was located in the flow-
through fractions from both columns. However, this was highly advantageous, as most
of the proteins in the membrane and cytoplasmic fractions bound to the ion exchange
columns, thereby significantly purifying the uranium-binding proteins (see Table S1).

After anion-exchange chromatography (with a DEAE FF column) (Fig. 2A), a portion
of the uranium-containing flowthrough material was concentrated and subjected to
Superose 6 size exclusion chromatography (Fig. 2B). At this point, the samples con-
tained two major proteins identified by SDS electrophoresis corresponding to masses
of 49.6 kDa and 45.4 kDa (Fig. 2C). These two proteins were identified by matrix-assisted
laser desorption ionization (MALDI) mass spectrometry of tryptic digests of the SDS-
PAGE gel bands as UFO1_4203 (AIF53746.1) and UFO1_4202 (AIF53745.1), respectively.
This uranium-binding complex, which we termed UBC, was extremely large with an
estimated size of 15 MDa. This is smaller than the exclusion limit (40 MDa) of the

FIG 1 Growth and uranium partitioning of Pelosinus sp. Strain UFO1. (A) Endpoint growth after 20 h of Pelosinus sp. strain
UFO1 grown in the presence of increasing concentrations of uranium. (B) Strain UFO1 was grown in the presence of 25
�M (black bars) or 50 �M (gray bars) uranium. After growth, cells were harvested and total uranium was measured in the
supernatant that could flow through a 0.22-�m filter (extracellular low molecular weight [LMW]), in the supernatant that
was retained from flowing through a 0.22-�m filter (extracellular high molecular weight [HMW]), and in the pellet (cell
associated). Values are reported as the percentages of total uranium added to the original culture. Error bars represent the
standard deviations of values from biological triplicates.
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Superose 6 column, but larger than the fractionation range of the column (5 kDa to 5
MDa). Analysis for conserved domains (http://www.ncbi.nlm.nih.gov) showed that both
proteins contained an S-layer-type domain (see Table S2). Additionally, UFO1_4202
contained an OprB or porin superfamily domain, and UFO1_4203 contained an outer
membrane channel superfamily domain and a conserved domain of unknown function
(DUF3373).

The calculated size of a single heterodimeric unit of UBC was 95 kDa (from the gene
sequences), and based on this value, each heterodimer contained 3.3 atoms of uranium
as determined by ICP-MS (see Table S1). Hence, the purified UBC of approximately 15
MDa in size was proposed to contain 150 heterodimers (UFO1_4203 and UFO1_4202)
and about 500 uranium atoms. A faint band with a mass of 25 kDa was also observed
on the SDS gel of the UBC sample, and this was identified as a flagellin domain protein
encoded by UFO1_4112. However, this was assumed to be a contaminant and not part
of the UBC. The two subunits of the UBC were analyzed for transmembrane helices
using TMHMM 2.0 (http://www.cbs.dtu.dk/services/TMHMM). Both subunits were pre-
dicted to have one transmembrane helix that spans amino acid residues 5 to 24,
indicating that the UBC is likely membrane associated at the N terminus and that the
bulk of the protein is exposed to the extracellular medium.

During the purification, it was possible that the U(IV) associated with the UBC
became oxidized to U(VI). While our yields of protein after the column chromatography
steps did not provide sufficient material for the bromo-PADAP colorimetric assay that
measures U(VI) specifically, we conducted the bromo-PADAP colorimetric assay on the
same strain UFO1 cells grown in the presence of 50 �M uranium after stirring the cells
aerobically for 2 h. A similarly small amount of U(VI) was detected in the bromo-PADAP
colorimetric assay on aerobically exposed cells as was measured from the anaerobic
cells, 6.8 � 4.4 and 5.2 � 3.6 �M U(VI), respectively. The association of U(IV) to the UBC
on intact strain UFO1 cells may protect the uranium from being oxidized by oxygen.
Regardless of the oxidation state of the uranium on the UBC after purification, it was
evident that, under physiological growth conditions, the UBC was binding U(IV).

UBC is present in the extracellular growth medium. The UBC was also purified
from the extracellular spent medium at the end of the growth phase (Fig. 3). This was
purified using the same procedure used to obtain the UBC from the membrane and
cytoplasmic fractions. However, in contrast to the membrane-associated UBC, the

FIG 2 Purification of the uranium-binding complex from combined membrane and cytoplasmic fractions. The uranium-binding complex
(UBC) was purified from the combined membrane and cytoplasmic fractions by two column chromatography steps, anion exchange (DEAE
FF) (A) and size exclusion (Superose 6) (B). Fractions were then analyzed for protein (blue lines), uranium (red lines), and phosphorus (green
line). The flowthrough fraction from column 1 was used for the second purification step and is denoted by a box in panel A. (C) Denaturing
gel image for the purified UBC from fraction 6 of the Superose 6 column (arrow in panel B).
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extracellular UBC bound to the DEAE FF column and eluted at NaCl concentrations from
260 to 360 mM (Fig. 3A). Purified extracellular UBC also contained only two major
proteins that eluted off the Superose 6 column (Fig. 3B) at the same molecular masses,
and MALDI mass spectrometry showed that these were the same two S-layer-type
proteins (UFO1_4203 and UFO1_4202) identified in the membrane UBC (Fig. 2). How-
ever, the extracellular UBC contained only 0.3 uranium atoms per heterodimer (95 kDa),
about 10-fold less than the amount of uranium in the membrane-associated UBC (see
Table S3). The membrane and extracellular forms of the UBC were analyzed for
phosphorus to determine if the uranium is sequestered by complexing with phosphate.
However, no phosphorus was detected in the purified membrane UBC (Fig. 2), and,
although uranium and phosphorous appeared to copurify with the extracellular UBC,
the two elements did not overlap and were separated in the final purification step (Fig.
3B). Hence, uranium was not associated with phosphate in either the intracellular or the
extracellular UBC. This also suggests that the UBC accumulated U(IV), since the insol-
uble U(VI) that was previously accumulated by cell suspensions of strain UFO1 was
associated with phosphate in a 1:1 ratio (12).

A total of 14 other metals were also examined by ICP-MS on the extracellular UBC
fractions, including titanium, vanadium, manganese, iron, cobalt, nickel, copper, zinc,
molybdenum, and tungsten. Of these metals, titanium, vanadium, cobalt, and tungsten
were associated with the UBC in the peak fraction, although at much lower levels than
uranium (see Table S4). Significant amounts of iron, nickel, and zinc were also present
in the extracellular UBC peak fraction. However, as with phosphorus, the peaks of these
metals did not overlap the uranium peak (see Table S4).

To determine if the UBC could be purified from cells that were grown in the absence
of uranium, the membrane and cytoplasmic fractions were applied to a DEAE FF
column and the flowthrough and eluted fractions were analyzed by SDS-gel electro-
phoresis. In this case, the UBC was identified and bound tightly to the column and
eluted at a high NaCl concentration (�850 mM). This concentration is higher than that
needed to elute the extracellular UBC when purified from uranium-grown cells. These
data suggest that the uranium-free UBC is negatively charged and that it is neutralized
by uranium such that the extracellular UBC (containing 0.3 U atoms/heterodimer) is less
charged, while the membrane-associated UBC (from uranium-grown cells), which con-
tains 3.3 U atoms/heterodimer, does not bind to the anionic column. Surprisingly, the

FIG 3 Purification of the uranium-binding complex from the extracellular medium. The uranium-binding complex (UBC) was purified from
extracellular medium by two column chromatography steps, anion exchange (DEAE FF) (A) and size exclusion (Superose 6) (B). Fractions
were then analyzed for protein (blue lines), uranium (red lines), and phosphorus (green lines). The fractions from column 1 used for the
second purification step are denoted by a box in panel A. (C) Denaturing gel image for the purified UBC from fraction 6 of the Superose
6 column (arrow in panel B).
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calculated pI of UFO1_4202 was 7.7 and that of UFO1_4203 was 9.2 according to
ExPASy (http://web.expasy.org/compute_pi/), in which case, the heterodimer is pre-
dicted to have an overall positive charge at pH 8.0. However, the uranium-free protein
clearly behaved as an acidic protein. Nonetheless, a significant amount of the
membrane-associated UBC was produced by strain UFO1 even in the absence of
uranium. An analysis of the spent growth medium from strain UFO1 grown in the
absence of uranium by SDS-PAGE revealed that the extracellular UBC was also present
in the absence of uranium (see Fig. S2), and the molecular mass of the UBC without
uranium was determined by size exclusion chromatography to be the same as that of
the uranium-bound form (15 MDa).

Production of the UBC is independent of U. Genome-wide transcript profiling was
performed using transcriptome sequencing (RNA-Seq) of RNA isolated from strain UFO1
cells grown to late log phase on R2 media with and without 50 �M uranium. Both
UFO1_4202 and 4203 were among the most highly expressed genes under both
conditions (see Table S5). However, uranium did not change their expression levels as
seen by reverse transcription (RT)-PCR and RNA-Seq (see Fig. S3 and Table S2).
UFO1_4202 and UFO1_4203 were expressed at levels that were about 100-fold greater
than the expression levels of the other six genes in the UFO1 genome that encode
proteins with S-layer domains. Hence, UFO1_4202 and UFO1_4203 appear to encode
the main S-layer proteins in strain UFO1. The abundance of the transcripts from the
other 6 genes was also not significantly affected by the presence of uranyl acetate in
the growth medium (see Table S2). On the other hand, a total of 7 of the 4,793 genes
in the UFO1 genome were upregulated 8-fold or more during growth in the presence
of uranium. Unfortunately, all seven of these genes are annotated as encoding hypo-
thetical proteins (see Table S6), and their involvement in the uranium response is
unknown.

DISCUSSION

It was previously shown that cell suspensions of strain UFO1 sequester uranium in
two different forms, with about 20% as precipitated uranyl phosphate (U[VI]), as seen
in the mineral autunite (12). Other organisms have also been shown to immobilize
uranium as insoluble U(VI). For example, cell suspensions of Bacillus sphaericus JG-A12
were shown to bind U(VI) coordinated to carboxyl and phosphate groups on the S-layer
protein (17). B. sphaericus JG-7B and Sphingomonas sp. S15-S1 were also shown to
immobilize U(VI) as uranium phosphate minerals similar to autunite, but only under
acidic conditions, in a process relying on indigenous acid phosphatases (4).

The majority (80%) of the cell-associated uranium sequestered by cell suspensions
of strain UFO1 was previously shown to be U(IV) that was likely bound to carboxyl and
phosphoryl functional groups (12). Therefore, it seems that this is the same form of
uranium (U[IV]) that we have characterized herein, which is proposed to be taken up by
the UBC on the cell surface. Similar cell-surface U(IV) deposits were observed by Fourier
transform infrared spectroscopy (FTIR) when multiple anaerobic bacterial communities
were grown in the presence of U(VI). However, the identity of the proteins involved in
binding the U(IV) were not identified from the bacterial communities (18). Some
bacterial species, including Shewanella oneidensis MR-1 and Desulfovibrio vulgaris, have
also been shown to reduce U(VI) and accumulate U(IV) as nanocrystalline uraninite
(UO2) particles (19–21). However, this is not the case with strain UFO1 (12).

Herein, we characterized the uranium-binding complex (UBC) and showed that it is
composed of two subunits with S-layer domains, which are encoded by two of the most
abundant proteins in the cell. Indeed, transcriptional analysis indicated that the UBC is
the main protein component that makes up the S-layer of strain UFO1. In support of
this, the Mep45 protein that makes up the major outer membrane S-layer protein of the
firmicute Selenomonas ruminantium is a homolog of UFO1_4203 with 37% identity (22).
Unlike the S-layer of B. sphaericus JG-A12 that binds U(VI) (17), the strain UFO1 S-layer
appears to bind U(IV). In strain UFO1, the U(IV) is likely coordinated by carboxyl groups
from glutamic and aspartic acids, as well as phosphate groups from phosphorylated
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serine and threonine residues (12). Analysis of the amino acid composition of the
predicted extracellular exposed regions of the UBC heterodimer (UFO1_4202 and
UFO1_4203) showed a large amount of these amino acid residues accounting for
approximately 25% of the total amino acids.

S-layers provide a protective barrier for microorganisms, protecting them from a
wide array of environmental threats, including high temperatures, low pHs, gamma
radiation, and metals (23). The B. sphaericus strain JG-A12 S-layer has been shown to
bind a wide range of metals cations, including U(VI). In the case of strain UFO1, several
metals other than U, including Ti, V, Co, and W, were associated with the UBC, as
potentially were also Fe, Ni, and Zn, which were present in the peak fraction, but whose
chromatographs did not match the U chromatograph. No metals other than U were
directly added to the growth medium, but were present as trace contaminants in the
various medium components. It is possible that some of these metals accumulate on
the UBC if they are present at significant concentrations in the growth medium. A
potential mechanism was proposed for B. sphaericus strain JG-A12 in which U(VI)
adsorption might damage the S-layer, resulting in S-layer repair (17, 24). In the case of
strain UFO1, the S-layer protein was detected in the extracellular medium (see Fig. S2
in the supplemental material), a potential result of either a damaged S-layer sloughing
off growing cells or from the remains of dead cells that lysed during growth of the
culture. However, the presence of the UBC in the spent media did not depend on
the presence of uranium in the growth medium. In addition, the UBC isolated from the
spent medium of cells grown with uranium contained less uranium (0.3 U atoms/
heterodimer) than the UBC isolated from the membrane (3.3 U atoms/heterodimer).
This indicates that the loss and repair of the S-layer in strain UFO1 under the conditions
used herein were not primarily driven by U binding, but were normal physiological
processed that occurred in the absence of uranium. This is supported by the observa-
tion that uranium exposure during growth did not increase the expression levels of the
UBC genes. Although S-layer proteins were shown previously to bind uranium (17), the
uranium that was bound was in the U(VI) oxidation state, rather than the U(IV) state seen
here with the UBC from strain UFO1. The binding of U(IV) to cell surfaces was also seen from
bacterial communities grown in the presence of uranium (18). However, the proteins
involved and the amount of uranium bound per protein were not determined.

The UBC of strain UFO1 bound U(IV), rather than the U(VI) that was added to the
growth medium in the form of uranyl acetate, indicating a system for reducing uranium
by growing strain UFO1 cells. The reduction of U(VI) by bacterial species does not
appear to be catalyzed by dedicated or specialized reductases, but rather by systems
that are primarily used for reducing other compounds (25). In D. vulgaris, tetraheme
cytochrome c3 together with a periplasmic hydrogenase, its electron donor, were
shown to be responsible for the majority, but not all, of the uranium reductase activity,
while the alternate uranium reductases have yet to be identified (21, 25, 26). In
Shewanella putrefaciens strain 200, a link between U(VI) reduction and nitrite reduction
was discovered in the form of a mutant that simultaneously lost the ability to use both
compounds as sole electron acceptors for growth (27). A transcription profiling exper-
iment in S. oneidensis MR-1 followed by loss-of-function mutant analysis identified
several proteins that were required for full U(VI) reductase activity, including cyto-
chromes MtrA, MtrC, and CymA, as well as the outer membrane protein MtrB and a
protein involved in menaquinone biosynthesis (MenC) (6). In strain UFO1, there are no
identifiable homologs of the tetraheme cytochrome c3 from D. vulgaris, or homologs of
MtrA, MtrB, MtrC, and MenC from S. oneidensis MR-1. However, there is a homolog with
25% identity to S. oneidensis MR-1 CymA (UFO1_4127), the tetraheme cytochrome
subunit of a membrane-bound nitrite reductase. The expression of this protein was not
significantly affected by the presence of uranium in the medium, but UFO1_4127 would
make an intriguing starting point for investigating the U(VI) reduction capabilities of
strain UFO1, since it has connections to nitrite reduction and shows homology to CymA.

The nonbiological cleanup of uranium by physicochemical methods is expensive,
and there has been great interest in biological methods to sequester uranium (4, 9). The
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in situ biostimulation of U(VI) reduction by amending groundwater with electron
donors such as ethanol has been shown to decrease soluble uranium levels to less than
the EPA drinking water standard (30 �g/liter) (4). However, the insoluble U(IV) is readily
reoxidized to soluble U(VI) once the electron source amendments are discontinued (8,
28). Uraninite is particularly susceptible to oxidation by O2, nitrate, and ferric iron (6–8).
Longer-term U immobilization has been achieved in situ through the use of long-lived
electron donors, such as emulsified vegetable oil (EVO). A single injection of EVO has
been shown to decrease soluble uranium concentrations to below the starting amount
for more than 4 months (29). Precipitation of U(VI) with phosphate has also been
explored. Due to mobility issues of phosphate in situ, organophosphates have been
used as phosphate sources with some success (5). In addition, B. sphaericus JG-7B and
Sphingomonas sp. S15-S1 have been shown to use internal phosphate sources to
mineralize uranium (4). The S-layer of B. sphaericus JG-A12 has been shown to bind
U(VI), and the use of S-layer proteins to immobilize uranium in contaminated environ-
ments has been proposed (17). The S-layer of strain UFO1, which contains the UBC and
binds U(IV), is another potential tool for U sequestration in contaminated environments.

MATERIALS AND METHODS
Growth conditions. Strain UFO1 was grown anaerobically under an argon atmosphere without

shaking at 25°C in a modified version of R2 broth. The medium contained the following components per
liter: 0.5 g peptone, 0.5 g casein hydrolysate, 0.5 g yeast extract, 0.3 g KH2PO4, 0.3 g sodium pyruvate,
0.25 g MgSO4·7H2O, 3.2 g sodium fumarate, and 0.5 g cysteine. Where indicated, uranium was added in
the oxidized form as uranyl acetate (U[VI]).

Uranium partitioning experiment. To determine the cellular localization of uranium in strain UFO1,
cultures (300 ml) of strain UFO1 were grown to late log phase (20 h) in triplicate experiments on modified
R2 broth containing 25 and 50 �M uranium. To determine the amount of unbound and extracellular
high-molecular-weight (HMW) bound uranium, the supernatant was collected after 50 ml of culture was
harvested at 7,000 rpm. The supernatant was concentrated from 50 ml to 1 ml using a 3-kDa Amicon ultra
centrifugal filter (Merck Millipore Ltd., Billerica, MA). The flowthrough (extracellular low-molecular-weight
[LMW]) and retained (extracellular HMW) fractions were then analyzed by ICP-MS for uranium. To
determine the amount of cell-associated uranium, the remaining 250 ml of culture was harvested at
7,000 rpm, and the pellet was washed once with 50 ml of 50 mM Tris, pH 8.0, before suspending in 1 ml
of distilled water (dH2O) in a glass test tube. The sample was then evaporated to dryness in a 115°C oven
and suspended in 1 ml of concentrated nitric acid. The sample was again evaporated to dryness before
suspending in 2% nitric acid prior to ICP-MS analysis. Results were calculated as the percent of total
uranium in each of the fractions compared to the amount of uranium added to the original culture.

U(VI) quantitation. Cultures (50 ml) of strain UFO1 were grown to late log phase (20 h) in triplicate
experiments on modified R2 broth containing no added or 50 �M uranium. Cells were harvested in an
anaerobic chamber (95% Ar, 5% H2) (Coy Laboratory Products, Grass Lake, MI) and were suspended in 5
ml anoxic double-distilled water (ddH2O), thereby concentrating the cells 10-fold. A portion of the cells
was removed from the chamber and was stirred slowly in the presence of oxygen for 2 h. The amounts
of U(VI) in the anaerobic and aerobically exposed samples were colorimetrically determined using
2-(5-bromo-2-pyridylazo)-5-diethylaminophenol (bromo-PADAP) under anaerobic conditions as previ-
ously described (15). Briefly, the following were added to 100 �l of concentrated cells with mixing
between each addition: 200 �l complexing solution [68 mM (1,2-cyclohexylenedinitrilo)tetraacetic acid,
120 mM sodium fluoride, and 256 mM sulfosalicylic acid in ddH2O], 200 �l buffer (1 M triethanolamine,
pH 7.85), 1 ml ethanol (200 proof), and 200 �l 0.05% bromo-PADAP in ethanol. The volume of the assay
was then increased to 2.5 ml with ddH2O before incubation at room temperature for 40 min. The
absorbance (578 nm) was measured on a SpectraMax 190 microplate reader (Molecular Devices,
Sunnyvale, CA). The amounts of U(VI) in the samples were determined using a standard curve of U(VI) (0
to 100 �M) dissolved in the strain UFO1 cell suspension from the no-uranium-added culture to control
for interfering compounds, such as phosphate. The total amounts of uranium in the samples were
determined using ICP-MS as described below.

Protein purification and column chromatography. Strain UFO1 was grown in a 20-liter pH-
adjusted fermenter in modified R2 broth containing 50 �M uranium. The fermenter was stirred at 300
rpm, with an overlay of 20% CO2 balanced with N2 gas at 25°C. Cells were grown to late log phase (16
h) before harvesting using continuous centrifugation. Cells were frozen in liquid N2 and stored at �80°C
until use. A sample (3 liters) of the culture supernatant was retained for extracellular protein purification.
The spent medium was buffered with 50 mM Tris and the pH was adjusted with NaOH to 8.0 before
storing at 4°C. A cell extract containing both membrane and cytoplasmic components of strain UFO1 was
prepared by lysing 20 g of strain UFO1 in 60 ml of 50 mM Tris, pH 8.0, by sonicating in the presence of
50 mg/liter lysozyme and 50 mg/liter DNase. The extract was then centrifuged at 8,000 rpm for 30 min
and filtered through Whatman 1 filter paper and through a 0.22-�M Stericup vacuum-driven filter.

Anion exchange chromatography was carried with a 150-ml DEAE FF column (GE Healthcare Life
Sciences, Pittsburgh, PA) using an equilibration buffer of 50 mM Tris, pH 8.0. An NaCl gradient from 0 to
1 M was used to elute bound proteins at a flow rate of 10 ml/min. Cation exchange chromatography
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utilized a 5 ml HiTrap SP HP column (GE Healthcare Life Sciences) with 20 mM piperazine-N,N=-bis(2-
ethanesulfonic acid) (PIPES), pH 7.0, as the equilibration buffer. Proteins were eluted with an NaCl
gradient from 0 to 1 M at a flow rate of 10 ml/min. Size exclusion chromatography was carried out with
a Superose 6 column (GE Healthcare Life Sciences) using an equilibration buffer of 50 mM Tris, pH 8.0,
containing 150 mM NaCl at a flow rate of 0.5 ml/min. In each case, fractions were collected and analyzed
for uranium and phosphate by ICP-MS and for protein using the Bradford method (30).

ICP-MS analysis. Samples for ICP-MS analysis were diluted 1:15 with 2% (vol/vol) nitric acid. All
samples were centrifuged at 2,000 � g for 10 min in a Beckman Allegra 6R centrifuge at 25°C. Metal
analyses were performed in triplicate experiments using an Agilent 7500ce octopole ICP-MS in FullQuant
mode using an internal standard with inline addition and a multielement external standard curve as
previously described (31). Samples were loaded via a Cetac ASX-520 autosampler. Sample introduction,
data acquisition, and processing were performed using Agilent Mass Hunter version B.01.01.

Identification of proteins by MALDI-MS. Proteins identified by MALDI-MS were separated using
denaturing SDS-PAGE (4 to 20% Criterion gels; Bio-Rad). Gel bands of interest were cut out and digested
for 16 h at 37°C with recombinant porcine trypsin (Roche Applied Science, Indianapolis, IN). Digested
peptides were dissolved in 30% acetonitrile (vol/vol), 0.1% trifluoroacetic acid (TFA) (vol/vol) and were
spotted onto a MTP 384 Massive MADLI target (Bruker Daltonics, Billerica, MA). Peptides were analyzed
using a Bruker Daltonics Autoflex MALDI–time of flight mass spectrometer in reflection mode using
positive ion detection. The mass list was analyzed using Mascot’s peptide mass fingerprint tool (version
2.1, Matrix Science) against the published genome sequence of strain UFO1 (11).

Transcript profiling using RNA sequencing. Cultures of strain UFO1 (50 ml) were grown to late log
phase (20 h) in modified R2 broth without (in triplicate experiments) and with (in duplicate experiments)
50 �M uranium added to the growth medium. RNA was isolated from the cultures and reverse
transcription-PCR (RT-PCR) was performed as previously described (32). Primers for RT-PCR are listed in
Table 1. Two micrograms of each RNA sample was subjected to rRNA depletion with the ScriptSeq
Ribo-Zero (bacteria) kit (Epicentre, Madison, WI) according to the manufacturer’s instructions, followed by
ethanol precipitation. The samples were loaded on an RNA 6000 Pico chip (Agilent Technologies, Santa
Clara, CA) and analyzed on a Bioanalyzer 2100 instrument (Agilent Technologies) to ensure the removal
of rRNA. Samples that showed residual DNA contamination were subjected to additional DNase treat-
ment with the Turbo DNA-free DNase kit (Life Technologies, Carlsbad, CA), followed by ethanol
precipitation and a Bioanalyzer quality check to ensure no DNA contamination remained. A 4.4-ng
sample of RNA was used to generate di-tagged cDNA libraries with the ScriptSeq v2 RNA-seq library
preparation kit (Epicentre). The cDNA was purified with AMPure XP beads (Beckman Coulter, Indianapolis,
IN), and the library was amplified with FailSafe PCR enzyme (Epicentre) with an index added to each
sample (ScriptSeq Index Primer set 1; Epicentre). The amplified library was purified with AMPure XP
beads. The samples were analyzed on the Bioanalyzer 2100 with a high sensitivity DNA chip (Agilent
Technologies). The libraries were quantified with the Quant-iT PicoGreen DNA assay kit (Life Technolo-
gies, Carlsbad, CA). The libraries were pooled and sequenced on a MiSeq platform (150 cycles, single
read) following the manufacturer’s protocol (Illumina, Inc., San Diego, CA).

The resulting reads in FASTQ format were mapped onto the genome of strain UFO1 (GenBank
accession no. GCA_000725345.1) using EDGE-Pro version 1.3.1 (33). The GenBank annotations in generic
feature format (GFF) were converted to a PTT format for use with EDGE-Pro using a custom perl script.
Differential expressions of genes in response to the presence of uranium in the growth medium were
assessed using the DESeq package available in Bioconductor version 2.13 (34). The P values that we
reported were adjusted using the Benjamini-Hochberg procedure for multiple hypothesis testing.

SUPPLEMENTAL MATERIAL
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TABLE 1 Reverse transcription-PCR primers

Primer Sequence (5=–3=)
UFO1_4202 F GGAAAGTTTGTCGATGGTA
UFO1_4202 R GGTCCTATGATGCTGTAA
UFO1_4203 F CCGTAAGTAATTGTACCC
UFO1_4203 R CCCTAAAGCTTATACAACTC
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