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The role of extracellular DNA in uranium precipitation and
biomineralisation

Joseph Hufton ?, John Harding ® and Maria Romero-Gonzalez*°

Bacterial extra polymeric substances (EPS) have been associated with the extracellular precipitation of uranium. Here we
report findings on the biomineralisation of uranium, with extracellular DNA (eDNA) used as a model biomolecule
representative of EPS. The complexation and precipitation of eDNA with uranium was investigated as a function of pH,
ionic strength and varying concentrations of reactants. The role of phosphate moieties in the biomineralisation mechanism
was studied by enzymatically releasing phosphate (ePO,) from eDNA compared to abiotic phosphate (aPO,). The eDNA-
uranium precipitates and uranium minerals obtained were characterised by Attenuated Total Reflectance- Fourier
Transform Infrared (ATR-FT-IR) Spectroscopy, Scanning Electron Microscopy- Energy Dispersive X-Ray Analysis (SEM-EDX),
X-Ray Powder Diffraction (XRD) and X-Ray Photoelectron Spectroscopy (XPS). ATR-FT-IR showed that at pH 5, the eDNA-
uranium precipitation mechanism was predominantly mediated by interactions with phosphate moieties from eDNA. At
pH 2, the uranium interactions with eDNA occur mainly through phosphate. The solubility equilibrium was dependent on
pH with the formation of precipitate reduced as the pH increased. The XRD data confirmed the formation of a uranium
phosphate precipitate when synthesised using ePO,. XPS and SEM-EDX studies showed the incorporation of carbon and
nitrogen groups from the enzymatic orthophosphate hydrolysis on the obtained precipitated. These results suggested that
the removal of uranium from solution occurs via two mechanisms: complexation by eDNA molecules and precipitation of a
uranium phosphate mineral of the type (UO,HPO,)* xH,0 by enzymatic orthophosphate hydrolysis. This demonstrated that

eDNA from bacterial EPS is a key contributor to uranium biomineralisation.

constituents of bacterial extra polymeric substances (EPS) 238

Bacterial EPS consists of large quantities of biopolymers, such
as phosphorylated peptides, polysaccharides, lipids and nucleic

The use of nuclear power may present a solution to the global
problem of energy supply, since uranium fission can be used
for energy production. However the release of radionuclides,
either through large-scale accidents (such as the Chernobyl
nuclear disaster) or through leakage from underground stored
radioactive waste, is an environmental hazard. Therefore, the
safe removal, storage and detoxification of these
contaminants are of utmost importance. The
microorganisms may provide a cheap alternative to the
material-heavy and expensive physiochemical treatment
processes currently used 4 However, the biochemical
mechanisms and impact of solution chemistry involved in
bioaccumulation and biomineralisation of radiounuclides are
not fully understood which makes difficult their use and
application for remediation, extraction and reuse.

The complexation of soluble radionuclide species such as
the highly mobile uranyl ion (U022+), has been associated with
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acids that have either been secreted by the bacteria or
released into the surrounding environment from the lysis of
dead bacterial cells > °. Due to the complexity of bacterial EPS,
it is difficult to identify detailed mechanisms for extracellular
uranium biomineralisation. Merroun et al. (2011) suggest that
phosphate containing and phosphorylated biopolymers are
responsible for sequestering uranium through biosorption to
negatively charged functional groups, or through acid
phosphatase activity that liberates inorganic phosphate from
biological molecules to mineralise uranium.

Extracellular DNA (eDNA) is a major constituent of EPS and
for some species it could represent up to 50% of their EPS
components " Elevated levels of eDNA production have been
reported following investigations of metal interactions with
bacterial biofilms 2. In certain species, such as Pseudomonas
putida and Bacillus cereus, eDNA is fundamental to biofilm
formation 3. The main source of eDNA is likely to be from
the lysis of dead bacterial cells 117, However, additional eDNA
can be supplied via bacterial extrusion (as a survival or
enrichment mechanism). Deinococcus radiodurans secretes
damaged portions of genomic DNA into its EPS to be replaced
by de novo synthesis 18 \while other genera such as Bacillus and
Pseudomonas release eDNA into liquid media during bacterial
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growth 1 we hypothesise that the complexation of uranium
within EPS is facilitated by eDNA in acidic conditions through
phosphate interactions, due to the large amounts of
phosphate within DNA in comparison to that found in sugars
or lipids

Acid phosphatase activity has been associated with the
biomineralisation of uranium phosphate mineral-like phases 20
23 . . .
since this enzyme hydrolyses organic phosphate esters from
biological molecules 2
biomineralisation due to microbial acid phosphatase activity is
neither dependant on microbial structure, be it of gram

. . . . . 2
positive or gram-negative origin, but instead, depends on pH .

. It has been suggested that uranium

Enzymatic uranium biomineralisation occurs at mildly acidic to
circumneutral conditions producing uranium phosphate
mineral-like phases, such as meta-autunite, HUO,PO, and
NaUO,PQ,, both inside and outside the cell wall. By contrast,
the bioprecipitation with phosphate groups in biomolecules
more commonly occurs under mild to acidic conditions 220,25,
% This suggested that free phosphate from biogenic origin
plays an important role in the mineralisation of uranium. It has
been previously demonstrated that phosphate from DNA
released via phosphatase activity may be the sole source of
phosphorus involved in the precipitation of metals 2

This study aims to reveal the mechanism of the formation
of uranium-phosphate minerals in the presence of eDNA as a
key contributor to the biomineralisation of uranium
microbial systems. We have quantified the reaction
mechanism for the complexation and precipitation of eDNA
with uranium and the formation of uranium phosphate
minerals by enzymatically liberated phosphate (ePO,). We
hypothesised that enzymatically liberated phosphate would
bind to the highly mobile U(VI) species under acidic conditions.

The interactions of uranium with eDNA and ePO, were
studied using Fourier Transform-Infrared Spectroscopy (FT-IR),
Scanning Electron Microscopy- Energy Dispersive X-ray (SEM-
EDX) analysis, X-ray difrraction (XRD) and X-ray Photoelectron
Spectroscopy (XPS). FT-IR is a suitable tool to identify the
functional groups involved in binding since there are well-

in

defined changes in peak position and intensity upon uranium
binding to biomass. XRD is used to determine the mineral
structures of any uranium precipitates formed following
accumulation > 2% % We used eDNA as a model biomolecule
to represent uranium biomineralisation within complex
bacterial EPS for two reasons: i) it contains phosphate
moieties bound to organic compounds, which allow us to
quantify the efficiency of organic phosphate to precipitate
uranium, and ii) DNA-organic phosphate can be enzymatically
released as phosphate (ePO,) that could be used to form
uranium minerals.

The novelty of this work consists in the fact that, whereas
previous uranium biomineralisation experiments resorted to
investigating whole bacterial strains and their corresponding
EPS, this study aims to quantify the process by using
representative biomolecules (purified DNA and ePO,) to
investigate whether phosphate-containing biomolecules are
responsible for the uranium biomineralisation within EPS.
Understanding the mechanistic processes involved in uranium

2| J. Name., 2012, 00, 1-3

binding to eDNA provides insight on how bacterial EPS

interacts with uranium.

2 Experimental Procedures

2.1 Materials and stock solutions

The composition of eDNA obtained from bacteria was
comparable to the composition of DNA from other organisms
% In order to simplify the experiments, lyophilised DNA from
salmon sperm was obtained from Sigma-Aldrich (D1626) since
it was ready available. DNA stock solutions of 2 mg mL?
(referred to from here on as eDNA) were prepared using
DNase/RNase-free water. Purified acid phosphatase (6.3 units
mg"1 solid) was obtained from Sigma-Aldrich (P1146) and
solutions were prepared directly before use with
DNase/RNase-free water. U(VI) solutions were prepared using
0.1 M uranyl nitrate hexahydrate (UO,(NOs),.6H,0) in 1 %
HNO; (Fluka Analytical: 94270). The pH of solutions was
adjusted by the addition of HCl or NaOH while the ionic
strength was controlled by the addition of NaCl.

2.2 Uranium-eDNA complexation and precipitation

Uranium-eDNA complexation and precipitation experiments
were designed to determine the amount of uranium removed
from solution by a given quantity of extracellular DNA (eDNA).
1mg mL? eDNA was incubated with 0.5 mM U(vl) in 0.2 M
NaCl (pH 5). All experiments were carried out at room
temperature for 1 hour. The uranium concentration used
represented and exceeded a typical amount of uranium in
contaminated water ****. To investigate the effects of pH,
ionic strength and reactant concentrations on the precipitation
process, the pH range studied was 2-7, ionic strength was
varied between 1000 mM and 1 mM NaCl, DNA concentrations
ranged from 2.0 to 0.25 mg mL™" and U(VI) concentrations
ranged from 0.05 to 2 mM.

To quantify the free uranium remaining in solution,
residual DNA was removed from solution. The eDNA-uranium
complexes and subsequent precipitates were removed from
solution by centrifugation at 10,000 x g for 10 minutes (4 °C),
lyophilised and stored for spectral analysis. 50 pL 3 M sodium
acetate buffer (pH 5.0) and 550 puL of 2-propanol were added
sequentially to 500 pL of the supernatant to precipitate any
remaining DNA from solution. Samples were stored on ice for
15 minutes and centrifuged at full speed for a further 15
minutes (4 °C). Supernatants were acidified using 1 % HNO;
and uranium was quantified by Inductively Coupled Plasma-
Mass Spectrometry (ICP-MS) (ELAN DRC II, Perkin Elmer).

The Quant-iT™ PicoGreen® dsDNA reagent kit from Life
Technologies (P11496) was used to quantify free eDNA in
solution following the removal of the DNA-uranium
precipitate. Free DNA was diluted using 1 x TE buffer (10 mM
Tris-HCI, 1 mM EDTA, pH 7.5) to below 100 pug/mL while the
Quant-iT™ PicoGreen® dsDNA reagent (Component A) was
diluted 50 fold using 1 x TE buffer for analysis. 10 pL of free
DNA was added to 200 pL of reagent and analysed using the
FLUOstar OPTIMA fluorescent microplate reader with samples

This journal is © The Royal Society of Chemistry 20xx
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excited at 485 nm and fluorescence emission intensity
recorded at 545 nm. DNA was quantified by comparison to
known standards and relative fluorescence units to obtain a

linear calibration.

2.3 ATR-FT-IR

For spectroscopic analysis of wuranium precipitates and
minerals, samples were centrifuged at 10,000 x g for 15
minutes (4 °C), supernatant removed and the pellet lyophilised
(Alpha 1-2 LD Plus freeze dryer). Measurements were
performed using Attenuated Total Reflectance (ATR) — FT-IR.
These were obtained using a Silver Gate Evolution ATR
accessory, consisting of a germanium crystal, coupled to a
Perkin Elmer Spectrum One FT-IR spectrometer. A total of 30
scans were performed on each sample within the scanning
range 2000-800 em™. An average spectrum was obtained from
3 replicates and was normalised to 1.5 arbitrary units using the
1063 cm™ adsorption band from the control eDNA spectra,
corresponding to the vibrational stretching of phosphate
groups. All data acquisition and processing was performed
using PerkinElmer Spectrum version 3.3.

2.4 Uranium biomineralisation using enzymatically generated
phosphate

Enzymatic phosphate from eDNA (ePO,) was hydrolysed from
1 mg mL" DNA using 2 units mL™" acid phosphatase in the
presence of 0.1 M NaCl (pH 5) for 72 hours at 37 °C. Solutions
were centrifuged and membrane filtered (0.45 pum PES) to
remove the acid phosphatase and any other particulates. The
supernatant was quantified for enzymatic inorganic
orthophosphate (ePO,) using a modified molybdenum blue
method *. To 80 pL of sample, 100 pL of 0.1 M ascorbic acid
containing 0.5 M trichloroacetic acid (TCA), 50 uL 0.01 M
ammonium molybdate and 50 pL 0.1 M sodium citrate
containing 0.2 M sodium arsenite were added sequentially.
Samples were incubated at room temperature for 30 minutes
with gentle agitation and the absorbance of molybdenum blue
was measured at 850 nm.

eP0O, was incubated with uranium at varying molar ratios
(pH 5) for 24 hours at 37 °C. Minerals were removed by
centrifugation and stored for further analysis. The supernatant
was divided into 2 aliquots: one aliquot was used to determine
the remaining phosphate in solution, and an acidified aliquot
was used to quantify uranium.

2.5 Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy was carried out using an FEI
Quanta 650 Environmental Scanning Electron Microscope
(ESEM) with a tungsten thermionic emission gun equipped
with an Oxford Instruments Aztec EDX system. Lyophilised
uranium precipitate powders were immobilised on PELCO™
carbon conductive tabs (12 mm) and samples were carbon
coated to a 10 nm approximate thickness using a Quorum
Industries K150 carbon coating unit before analysis.

This journal is © The Royal Society of Chemistry 20xx
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2.6 X-ray powder diffraction (XRD) analysis

XRD patterns of lyophilised eDNA-uranium precipitates and
uranium minerals were recorded using a STOE STADI P
diffractometer with a molybdenum radiation source (A=0.71)
over the range of 3-40 (20) with a step length of 0.01°. Before
data acquisition, samples were flattened between 2 acetate
sheets using a hydraulic press (SPECAC) and placed in the
sample holder. The molecular structures of the eDNA-uranium
precipitates and uranium minerals were identified through
comparison with standard powder diffraction files (PDF-4+
International Centre for Diffraction Data’s (ICDD) database).

2.7 X-ray photoelectron spectroscopy (XPS)

For XPS analysis, uranium minerals formed from the reaction
of ePO, with uranium were immobilised on double-sided
carbon adhesive tape and mounted onto sample studs. XPS
analysis was conducted using a KRATOS AXIS 165 Ultra
Photoelectron spectrometer using an Al Ka X-ray source
(1486.6 eV). Each sample was analysed by a wide survey scan
(pass energy 160 eV, 1.0 eV step size) and a high resolution
scan (pass energy 20 eV, 0.1 eV step size) for carbon, oxygen,
phosphorus and uranium. Binding energies were determined
using the CasaXPS software (Version 2.3.16). The fitting of the
C,s peak was set at 285.0 eV and the full width half maximum
was kept constant for subsequent peak calibration.

3  Results and discussion
3.1 Uranium precipitation using eDNA

Uranium and eDNA precipitated from solution following their
interaction, were quantified by ICP-MS and PicoGreen
fluorescence, respectively. The percentage removals (eq. 1)
and maximum accumulation capacities were calculated for a

variety of pH values, ionic strengths and varying
concentrations of reactants in solution.
% Removal = ((C, - C) / Cp) x 100 (eq.1)

Figure 1 shows the percentage of uranium and eDNA
removed from solution as a function of the parameters
studied. Changes in pH affect the adsorption of uranium to
eDNA from aqueous solution, with an increase in the removal
of both reactants as the pH decreases to as low as pH 2, Figure
1A. Within a low pH environment, almost all the eDNA
(1 mg mL™) is removed from solution by 0.5 mM uranium.
99.9+0.244% of eDNA and 95.3+0.4% of uranium was
removed at pH 2, decreasing to 92.3 + 2.6 % eDNA and
88.2 + 0.7 % uranium removed at pH 4. As the pH increases to
5, the amount of uranium precipitation with eDNA decreased
substantially and 31.7 + 13.9 % of eDNA and 42.6 + 3.3 % of
uranium were removed from solution.

J. Name., 2013, 00, 1-3 | 3
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Figure 1. Uranium removal by eDNA as a function of pH, NaCl concentration, initial DNA concentration and initial uranium concentration.

DNA has a net negative charge in acidic solutions, due to its
negatively charged deoxyribose phosphate backbone 3.3 The
highly mobile positively charged U(VI) ion, UOZ2+ is the
dominant uranium (VI) species acidic environments. U022+
interacted strongly with eDNA at low pH. Results indicated
almost complete removal of both reactants between pH 2 and
pH 4. At pH 6 and 7 in the absence of any strong anion, U(VI)
was found in the form of larger species such as (UO,)3(OH)s"
(UO,)4(OH),". The difference in size and net charge of these
U(VI) species, in comparison to U022+, may have hindered
interactions with functional groups within the eDNA structure.
At circumneutral pH, uranium reached its solubility equilibrium
and was not present in solution. However, between 10 — 20%
of DNA was removed, possibly concomitant with the insoluble
U(VI) species.

The amount of eDNA interacting with U(VI) species
decreased as the solution pH increased. Although uranium
biosorption with EPS has been reported to take place over a
wide range of pH & 35, both precipitation and sorption may be
involved in the process resulting in higher removal of uranium
compared to our results. EPS is composed of various
biomolecules, including polysaccharides, nucleic acids,
peptides and lipids 910 Polysaccharides have previously been
shown to bind preferentially to uranium at closer to neutral pH
compared to other biomass present within bacterial EPS 3% At
low pH, uranium would interact more strongly with
components such as eDNA that have an overall net negative
charge at low pH. As the pH increases, the net positive charge
of eDNA increases; hence uranium prefers to bind to other
biopolymers. The carboxyl groups of polysaccharides are
deprotonated at pH higher than 5 and therefore, are more
likely to binding positively charged U(VI) species from solution.
These results indicated that there is preferential binding to
different biomass present within EPS as a function of pH.

Changes in ionic strength, obtained by varying the
concentration of sodium chloride with 0.5 mM U(VI) (pH 5),
affected the precipitation of eDNA-uranium complexes from
solution, Figure 1B. As the concentration of sodium chloride

4| J. Name., 2012, 00, 1-3

decreased in solution, there was a reduction in the formation
of eDNA-uranium precipitates. At 1 M sodium chloride and pH
5, the amounts of 1 mg mL" eDNA and 0.5mM uranium
precipitated from solution were 36.8 + 6.9 % and 56.3 + 2.2 %,
respectively. This precipitation decreased to 13.7 £ 4.1 % eDNA
and 10.6 £ 7.6 % uranium when no sodium chloride was
present in the solution. The increase in uranium precipitating
with eDNA was due to the increased ionic strength. As the
ionic strength increased there was an overall increase in the
negative net charge of the eDNA structure, facilitating the
interaction. This finding agrees with other studies that have
investigated the effect of ionic strength on the adsorption of
protons to biomass of bacterial origin 37,38

The uranium speciation also changed as a function of NaCl
concentration (Visual MINTEQ). In the presence of 1M NaCl,
the abundance of U(VI) species was 16.3% UOZ2+ and
40.9 % (UO,);(OH)s". As the NaCl concentration decreased to
zero, the relative abundances change to 7.3 % and 62.1 %
respectively, making (UO,);(OH)s" the dominant species. The
speciation of uranium hence controlled the reactivity of
uranium with eDNA.

Changes in the
determine the stoichiometry of the reaction suggested that
uranium precipitation with eDNA at pH 5 is not favourable. At
0.5 mM uranium initial concentration and 2 mg mL™" eDNA in
solution, a maximum of 64.5 * 6.9 % of uranium is removed by
16.0 £ 15.3 % of the eDNA. As this initial eDNA concentration
decreased, the amount of uranium removed from solution (by
68.0+ 7.2 % of 0.25 mg mL™ eDNA) decreased to 37.2+4.3%,
Figure 1C. The changes in the initial ratio of concentrations of
both reactants changed the efficiency of removal by changing
the number of available reaction sites.

initial concentration of reactants to

The increase of uranium concentration in solution resulted
in a higher percentage removal of eDNA, Figure 1D. When the
initial concentration of uranium was 0.25mM, 40.0+6.0%
was removed from solution by 16.3+3.4% of eDNA in
solution. This removal of both reactants increased with initial
uranium concentration. 75.0 £ 4.2 % of uranium was removed

This journal is © The Royal Society of Chemistry 20xx
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by 96.2 + 1.8 % of eDNA for an initial concentration of 2 mM.
We did not observe uranium precipitates on the control
samples, indicating that all uranium was soluble in solution at
the studied concentration range. Up to an initial concentration
of 1 mM uranium in solution, the removal of 1 mg mL™" eDNA
was higher than that percentage of uranium removal from
solution. At 2 mM uranium there was a higher percentage of
DNA removed than uranium. This could be due to changes in
the structural conformation. Increasing concentrations of
uranium and the size of U(VI) species could lead to the
deformation of any secondary structures and breaking of the
double helix structure. This change in structure could then lead
to an increase in the bioavailability of functional groups (that
were not located on the surface of the eDNA molecule in its
original conformation) for uranium binding ¥ At low
concentrations, the quantity of U(VI) species in solution would
result in mostly electrostatic interactions at the surface of the
molecule **.

From the quantification data obtained, we suggest that at
low pH, there is a higher percentage removal of both reactants
from solution due to the electrostatic interactions between
the positively charged uranyl ion and negatively charged
biomolecule. This removal is further enhanced by high ionic
strength, where ions in solution change the accessibility of
certain functional groups due to conformational changes of
the eDNA structure, leading to higher uranium binding and
removal from solution.

3.2 Characterisation of eDNA-uranium interactions using ATR-
FT-IR

FT-IR spectra were collected in triplicate between 2000 and
800 cm™ in order to identify changes in the functional groups
of eDNA involved in precipitating uranium from solution. The
shifts, changes in shape and intensity of adsorption bands can
be attributed to a number of different functional groups in
eDNA binding to uranium.

Table 1 summarises the adsorption band assignments for
the control eDNA as well as eDNA-uranium precipitates
prepared by interacting eDNA with 0.5mM uranium solution at
pH values 2-5. The changes in eDNA molecular vibrations
following their interaction with increasing
concentrations (up to 2 mM U(VI) at pH 5) was also
investigated (Table S1). The full spectral region for both

uranium

Table 1. Band allocation for FT-IR spectra of uranium binding with eDNA as
a function of pH.
Control pH 2 pH3 pH 4 pH 5

1700, 1689, 1700, 1700, 1700,
1649 , 1632, 1646, 1647, 1649,
1606 . 1599, 1600, 1602,  1606.
1579 1579 e
1529, 1529,
1486 1490,
1419, 1419,
1369, 1367 e

Allocation*

v (C-NH,) bases; Guanine/ Adenine
v (C=0)

Adenine/Cytosine
8 (NH)/ v (C=0), Cytosine/Guanine
C-NH, scissoring

1534
1478
1419
1366 w

1531
1482
1419 o
1365 w

1529 v
1483

1365 v (C=NH) nitrogenous bases

1230, 1209, 1212, 1214, 1218, Vv, (PO,)
1063 s 1059, 1061, 1064, 1060 v (POy), v (C-OH, C-0-C, C-C)
965 970 , 970 , 970,, 970 , v (P-0)

928, 927, 930, 918, v (U-Olgand)

" n - -
*Functional group allocation is based on 13983

This journal is © The Royal Society of Chemistry 20xx
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investigations is shown in Figure S1 and S2.

An increase in shape and a shift in adsorption band
position, corresponding to changes in vibrational stretching of
C-NH, groups of nitrogenous bases 34,90 \vere observed for the
eDNA- uranium precipitates at pH 2. The shift from 1700 cm™
to 1689 cm™ suggested binding to nitrogenous bases at very
acidic pH.

Shifts in the adsorption band position corresponding to the
vibrational stretching of the C=0 bond were observed as the
pH increases from 2 to 5. At pH 2, the stretching is observed at
1632 cm™. As the pH increases to 3, 4 and 5, the adsorption
band position shifts to 1646, 1647 and 1649 cm'l, respectively.
The vibrational stretching of C=0 groups within the eDNA
control spectra was observed at 1649 cm'l; therefore it was
suggested that the binding of uranium to carbonyl groups in
nitrogenous bases was pH-dependent “a Similarly, the
precipitation depended on the concentration of uranium. At
pH 5, there was a shift of the C-NH, band from 1649 cm™ to
1647 cm™ as the uranium concentration increases to 2 mM.
Changes in the region between 1550 and 1350 em™
corresponded to the binding of U(VI) species to the
nitrogenous bases of eDNA were also observed. A shift
occurred in adsorption band, corresponding to the changes in
the scissoring mode of C-NH, groups following uranium
interactions with eDNA at pH 2. This adsorption band shifted
from 1486 cm™ to 1478 cm™’. This change indicates higher
binding affinity at low pH. This is further supported by changes
in adsorption bands at 1529 cm™ (shifting to 1534 cm™ as the
pH decreases) and at 1369 cm™ (shifting to 1366 cm'l),
corresponding to 3 NH, v C=0 and v C=NH, respectively.34' 40,41
Furthermore, as the concentration of uranium increases in
solution at pH 5, the adsorption bands at 1529 cm™, 1486 cm™
and 1369 cm™ shift to 1525 cm'l, 1490 cm™ and 1365 cm'l,
respectively, further supporting the binding of uranium to
nitrogenous bases at higher concentrations.

Figure 2 shows characteristic adsorption bands in the
spectral region between 1300-900 cm™ as a function of pH and
uranium concentration. Figure 2A shows the effect of pH on
the precipitates formed when precipitating eDNA with 0.5mM
solution. Figure 2B shows the effect of the
precipitates formed when interacting 1 mg mL"' eDNA with
increasing uranium concentrations at pH 5.

At 1230 cm™, vibrational asymmetric stretching of
phosphate is observed within the eDNA control spectra. A
strong shift in adsorption band position was observed in the
presence of uranium at different pH (Figure 2A). At pH 5 the
adsorption band is observed at 1218 cm™ compared to pH 2
where it has changed to 1209 cm™. A similar shift was
observed in the complexes formed at increasing uranium
concentration Figure 2B. In the presence of 0.25 mM uranium
at pH 5, this adsorption band shifted strongly to 1218 cm™ and
to 1206 cm™ as the concentration increases to 2 mM. This
change in adsorption band position was attributed to the
weakening of P-O bond due to uranium accumulation % 42,
indicating uranium binding to phosphate groups at relatively
low concentrations of uranium. This was due to the
electrostatic interactions between positively charged uranyl

uranium

J. Name., 2013, 00, 1-3 | 5
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Figure 2. 1300-900 cm™ FTIR region of uranium binding to eDNA as a
function of pH [A] and initial uranium concentration [B].

ions and negatively charged phosphate groups located on the
surface of the eDNA. These results are in agreement with
molecular dynamics simulation studies investigating the
sensitivity of the asymmetric stretching of phosphate, where a
red shift was observed for the vibrational frequency of the
(PO,) groups 4344 Similar shifts were also observed in the 2D
infrared spectra of dioleoylphosphatidylcholine (DOPC) reverse
micelles 43, supporting the hypothesis that uranyl ions are
complexed with eDNA via electrostatic interactions.

A shift in the 1063 cm™ adsorption band of the eDNA
control spectra, corresponding to vibrational symmetric
stretching of PO, and the vibrations of C-OH, C-0-C, C-C, was
observed following uranium interactions with eDNA. This
adsorption band position shifts to 1060 cm™ when the solution
pH of the eDNA-uranium interaction experiment increased to 5

6 | J. Name., 2012, 00, 1-3

34, Figure 2A. This smaller shift in adsorption band position was
most likely due to the lack of uranium interactions with C-OH,
C-O-C and C-C from deoxyribose sugars “a

Changes in adsorption band position within the eDNA
control spectra were observed at 965 em™ following uranium
interactions with eDNA at pH2-5. In the presence of
uranium, the adsorption bands shifted to 970 cm™ for all pH
investigated 3492 This change in adsorption band position was
explained as U(VI) species binding to phosphate through the
changes in vibrational frequency of the P-O single bond. A shift
in adsorption band position of this functional group suggested
preferential binding to phosphate groups over a wide range of
acidic pH. As the pH decreased, the highly mobile UOZ2+ u(vl)
species would further bind to other functional groups within
the eDNA, such as those present within the nitrogenous bases.
Additional adsorption bands were observed within the region
of 928-918 cm™ as the pH increases from 2 to 5 corresponding
to vibrations of the U-O ligand 45,46

3.3 The proposed precipitation of uranium to eDNA

Overall, FT-IR was found to be a suitable technique to
investigate the interactions between eDNA and uranium as a
function of pH and initial uranium concentration. Results
suggest that at very low pH, coordination of the U(VI) species
with eDNA occurs predominantly through interactions with
phosphate groups and the nitrogenous bases. As the pH
increased to 5, phosphate groups alone mediate U(VI)
coordination at a starting concentration of 0.5 mM uranium.
At low U(VI) concentration, i.e. 0.25 mM, coordination with
eDNA occurred through the negatively charged groups of the
deoxyribose-phosphate backbone. Rare earth metal recovery
using salmon milt DNA indicated adsorption of dysprosium and
lutetium through phosphate groups, as determined using
EXAFS *,

Coordination with other chemical moieties such as the N-H,
C=0 and C-N of nitrogenous bases occurred more frequently as
the uranium concentration increases, suggesting a preferential
binding to phosphate groups until the bioavailability of these
groups decreases due to uranium saturation. Thereafter,
uranium accumulation would occur through less preferred
functional groups. This has been demonstrated when
investigating the binding of cadmium to DNA to elucidate the
toxic effects of the metallic species. At low concentrations cd*
primarily interacted with phosphate groups, with further
coordination with guanine and adenine as the cd*
concentration increases **. Similar interactions were observed
following single and double stranded DNA interactions with
transition metal species. Transition metal species, including
Mn*" and C02+, readily interacted with the N7 atom of guanine
in dsDNA and phosphate groups, N1 and N7 atoms of purines
and N3 atoms of pyrimidines of ssDNA, as well as other metal
specific interactive sites 47, Furthermore, chelation of heavy
metal species between phosphate groups and N7 atoms of
purines has been proposed in the application of DNA-based
biosensors for the determination of heavy metal species 3

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. U(VI) interactions with eDNA phosphate groups within acidic conditions

The predominant interaction of U(VI) species with eDNA
phosphate groups would depend on the net charge of the
U(VI) species. The proposed U(VI) interactions with eDNA
phosphate groups as a function of U(VI) species is shown in eq.
2. w is the overall net charge of the U(VI) species, y is the
number of uranyl ions in the U(VI) molecule and L, is the
number of additional ligands, e.g. OH groups present in U(VI)
species such as (UO,);(OH)s".

w(eDNA-PO, ) + (UOz)y(Ll)w* = w(eDNA-PO4)(UOz)y(LZ) (eq.2)

U(VI) species with an overall net charge of +1 would
interact with one phosphate group in the eDNA structure
(Figure 3A). U(VI) species with an overall net charge of +2 can
interact with eDNA phosphate groups in more than one way;
binding with two phosphate groups of multiple eDNA
molecules (Figure 3B) or with 2 phosphate groups of one eDNA
molecule (Figure 3C).

3.4 Uranium biomineralisation using enzymatically released
phosphate

The formation of uranium phosphate minerals was identified
as the primary mechanism for the removal of uranium from
solution, due to the low solubility of uranium phosphate
complexes. The stoichiometry of the reaction was studied
using enzymatically-released phosphate from eDNA (ePO,) and
uranyl ion at different (Figure 4). The
experimental parameters maximum
orthophosphate release for subsequent interactions with
uranium, Figure S3. Enzymatic phosphate (ePO,) was
hydrolysed from 1 mg mL™" eDNA using 2 units mL™ acid
phosphatase (0.1 M NaCl, pH 5) for 72 hours and interacted
with uranium (pH 5) at various molar ratios. The ePO, obtained

molar ratios

were optimised for

using this method was comparable to the organically bound
phosphate released by bacteria using indigenous acid
phosphatase for the biomineralisation of uranium 2

After 72 hours ~2000 puM of ePO, was released from eDNA.
The stoichiometry of the biomineralisation reaction using ePO,

This journal is © The Royal Society of Chemistry 20xx
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and uranium was studied using varying molar ratios of both
reactants. ePO, and uranium were quantified to determine the
amount remaining in solution and, by mass balance, the
amount accumulated in the precipitates formed, Figure 4.
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Figure 4. Uranium and phosphate removal as a function of

H,PO, : (UO,)3(OH)s molar ratio and phosphate origin.
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(UO,)3(0OH)s* was used as the predominant uranium species as
calculated by Visual MINTEQ *8 The fraction of (UO,)5(0OH)s*
was estimated from the total uranium quantified by ICP and
the stoichiometry of the reaction was calculated assuming that
the complexation reaction takes place primarily with this
species. These findings were compared with the formation of
an abiotic precipitate (aPO,) in which the phosphate in
solution originated from 2000 puM sodium phosphate
(NaH,P0O,). At pH 5, the dominant U(VI) species present within
solution was (UO,)3(OH)s" at concentrations higher than 0.25
mM U(VI). The dominant phosphate species at pH 5 was
determined to be H,PO, at approximately 86 %, according to
Visual MINTEQ calculations *®. The molar ratios of reactants
were calculated accordingly using these dominant species,
Figure 4.

At a molar ratio of 1.8:1 H,PO, : (UO,)3(OH)s*, uranium
was the limiting reactant, and hence it was completely
removed from solution and converted into a precipitate using
both ePO, and aPO,. At this molar ratio, 72 % of the uranium
was precipitated from solution using ePO, and approximately
28 % of unreacted uranium remained in solution, Figure 4A. At
a molar ratio of 3.8 : 1 H,PO, : (UO,)3(OH)<", almost all of both
reactants were completely removed from solution, with
approximately 6.5% of H,PO, remaining in solution. This
suggested that a molar ratio of approximately 3.5:1 (H,PO,
: (UO,)3(OH)<") could precipitate all reactants from solution.

There were noticeable differences in H,PO, removal
depending on the molar ratio and H,PO, source, Figure 4B. At
a molar ratio of 1.8:1 H,P0O, : (UO,);(OH)s", there was no
ePO, and aPO, remaining in solution. In the presence of an
excess of H,PO, in solution, for example at a molar ratio of
37.6: 1 H,PO, : (UO,);(OH)s", only 45 % of ePO, was removed
from solution. No differences in orthophosphate remaining in
solution were observed when the concentration of uranium
decreased in the starting solution. On the other hand, there
was a relative decrease in aPO, removal up to a molar ratio of
150.4 : 1 H,PO, : (UO,)3(OH)s" where 96 % aPO, remained in
solution following the biomineralisation of uranium. The
results suggest that all the uranium is incorporated into the

Figure 5. Scanning electron micrographs of carbon coated uranium
precipitates using ePO, [A] and aPO, FB].
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minerals formed, with an excess of orthophosphate liberated
from eDNA for uranium biomineralisation and subsequent
remediation, thus suggesting that uranium was the limiting
factor in this reaction. Differences in phosphate precipitation
between ePO, and aPO, suggested the presence of other
particulates from the enzymatic hydrolysis of eDNA which may

interact with reactants removing excess quantifiable
phosphate.
3.5 Characterisation of uranium minerals

3.5.1 SEM-EDX

SEM coupled with EDX was used to identify differences in
structural morphology between the uranium minerals formed
using enzymatic (ePO,) or abiotic (aPO,) phosphate. The SEM
micrographs showed that the particles produced by ePO,
(Figure 5A) appeared to be of varying shapes and sizes (but
under 20 um in diameter) with irregular surfaces and large
amounts of aggregation. Particles produced using abiotic
phosphate (Figure 5B) were much smaller and of irregular
shape with fewer areas of aggregation in the sample windows
examined. The aggregates examined appeared to be made of
particles less than 5 um in diameter.

EDX analysis of particles and aggregates of both samples
indicates similar chemical composition of the precipitates
formed but with one noticeable difference, the presence of
nitrogen within the precipitates formed with ePO,. This peak is
absent in the EDX spectrum of the aPO, precipitate. The
presence of nitrogen in the ePO, precipitate was due to
impurities in the enzymatic phosphate following enzymatic
hydrolysis of the eDNA in which residual soluble components
of the eDNA remain in solution. This could explain the
differences in particle size, shape and aggregation between
the two precipitates. Other impurities could include carbon
from the enzymatic phosphate hydrolysis of eDNA. However, it
was impossible to distinguish this incorporation due to the
adherence of the samples to carbon tape and subsequent
coating.

3.5.2 XRD

Samples of ePO, and aPO, uranium minerals obtained at
varied molar ratios of H,PO, : (UO,)3(OH)s" were analysed by
XRD (Figure 7). The XRD patterns of all samples showed the
same peaks when overlaying the patterns. This result revealed
that they were the same uranium mineral phase at varying
levels of crystallinity. At a molar ratio of 7.5:1,
ePO, : uranium, the diffraction pattern showed poorly defined
and broad peaks, suggesting an amorphous phase or poorly
crystalline material. As the initial concentration of uranium
increased to a molar ratio of 1.8 : 1, the diffraction peaks were
better defined with a greater intensity. This suggested an
increased structural ordering and therefore a more crystalline
% The differences in crystallinity between the
uranium precipitates formed using ePO, or aPO, could have

material
been due to the incorporation of impurities from the ePO,

synthesis, such as nitrogen- and carbon-containing compounds
arising from the enzymatic hydrolysis of eDNA.

This journal is © The Royal Society of Chemistry 20xx
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phosphorus, sodium and chlorine. Additionally, nitrogen was
present in the minerals produced using ePO,. It was difficult to
347 I:IaPO4 identify the presence of carbon in the uranium minerals

D ePO4 2

491 o] C1s

-.C-C

.8:1

Intensity

Diffraction angle, 20 [Mo K o]/ degree

Figure 6. XRD patterns of uranium precipitates formed using aPO4 and
ePO4 at varying molar ratios of H,POy : (UO,)3(OH)s".

The XRD pattern of the aPO, samples showed an increase
in intensity of the peaks. This suggested the formation of the
same mineral phase, but with a higher degree of crystallinity.
Similar results were obtained for the low uranium
concentration samples where poor crystallinity shown by the
poorly defined diffraction peaks was observed (Figure S4). o Ugf

The XRD patterns and corresponding d-spacing values
obtained are comparable to those from minerals such as meta- ]
autunite (Ca(U0,),(P0O,),, (ICDD PDF 00-039-1351 and 04-012-
5106) and other uranium phosphate hydrated minerals (ICDD ]
PDF 00-037-0373 and 00-064-0815). However, in the absence »
of calcium in the sample, the calculated d-spacing values of "] ‘
8.45, 4.91, 3.47 and 2.20 may be attributed to a uranium-
phosphate mineral.

uo2*

at.

s+

Sat.

\U-O-[R]

Sat.

3.5.3 XPS

A wide scan spectrum of the uranium minerals produced using 4o % P By B % o

Binding Energy (eV)
ePO, and aPO, indicated the presence of uranium, oxygen, o

Figure 7. XPS high resolution spectra of uranium minerals synthesised
using ePO,4
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Table 2. Binding energies (eV), % areas and assignment of XPS spectral
bands of uranium minerals synthesised using ePO,;, aPO, and from
UO;(NO3),.6H,0 (U(VI1))

Binding energy (eV) % Area

Assignment
ePO, aPO, u(vI) ePO, aPO, u(vI)
Cls
285 285 285 52.67 69.66 69.45 C-C, H*
286.48 286.49 286.67 23.78 16.44 20.57 C-0*C-N
287.91 10.26 C=0, 0-C-0, COOR
288.93  288.88  289.23 13.28 139 9.98 COOH*, 0-C=0
293.24 N/A Satellite
295.95 N/A Satellite
O1s
531.38 531.37 80.86 83.78 P=0, C=0
533.1 533.13 533.17 15.59 12.07 100 U-O, P/C-OH
536.29  536.35 3.56 4.15 P-O-[R], U-[R]
P2p
133.23 133.3 4826  64.55 P=0, P-OH
134.16 134.19 32.86 35.45 P-O-[R]
13531 10.8 [R]-P-O-[R]
136.32 8.08 [R]-P-O-[R]
U 4f
380.5 380.56 3.16 1.93 u*
382.21 38225 38299 3786 4247 4261 Uo,™", U-0
383.53 383.58 384.89 8.8 6.14 8.43 U-O-[R], Satellite
384.73 384.81 386.7 4.49 373 5.83 U-O-[R], Satellite
386.1 386.07 2.79 2.46 Satellite
391.56 391.77 3.01 2.66 u*
393.08 393.12 393.84 30.16 31.95 3241 UOzb, u-0
39437 39438  395.68 5.47 4.43 6.27 U-O-[R], Satellite
395.58 395.62 397.52 2.57 2.65 4.45 U-O-[R], Satellite
396.87 396.89 1.7 1.57 Satellite

* Carbon tape associated peaks

produced by ePO, due to contamination from the carbon tape
used during sample preparation.

A high-resolution scan of the Cl1s region showed additional
carbon-related peaks in the ePO, minerals (Figure 6) that were
absent within the aPO, minerals (Figure S5). Since there was
no carbon present in the reagents for the abiotic reaction
using uranium and aPQ,, the carbon XPS peaks at 285, 286.49
and 288.88 eV (Table 2) were assigned to the carbon tape. This
was confirmed by the spectral bands observed in carbon tape
control (Figure S6). The Cls peak at 287.91 eV observed in the
ePO, mineral corresponded to a carbon oxygen double bond.
Additional carbon satellite peaks were present at 293.24 and
295.95 eV. The peaks corresponding to carbon-related
compounds in the ePO, sample are from residual impurities
remaining after the ePO, synthesis.

The U4f XPS spectra of uranium minerals synthesised using
both ePO, and aPO, showed a peak separation of 10.87 eV
between 4f;/, and 4fs),. This peak separation was in agreement
with that of UO,(NO;),.6H,O (Table 2) and that reported in
previous literature %031 Aside from the main XPS peaks, there
were additional peaks 1.35-1.71 eV lower than and also up to
3.89 eV higher than the main 4f;, and 4fs;, peaks. The
additional peaks at higher energy are satellite peaks and arise
from the interactions of photoelectrons with valence electrons
during the photo-excitation process. The satellite binding
energy is much more sensitive to the oxidation state of the
uranium than that of the main U4f peaks 30,52

The U4f XPS region of UO,(NO;),*6H,0, a U(VI) species,
showed two additional peaks for both 4f;, and 4fs,, peaks
(Figure S5). Within both uranium minerals there are three
additional peaks at higher energy for both 4f;,, and 4f;, peaks.
The highest additional peak (~3.7 eV) is also a satellite peak
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indicating that the majority of the uranium in the mineral is in
oxidation state VI >>. The other two higher energy peaks (at
approximately +1.3 and +2.5 eV higher than the binding
energies of the two most intense peaks) could be either
satellite peaks or due to the interaction of uranium with the
phosphate. The latter hypothesis can be further supported by
the additional XPS peaks within the spectrum of the P2p region
for both samples, with further peaks observed in the ePO,
samples due to impurities.

Interestingly, the XPS results showed evidence that not all
the uranium minerals formed using ePO, and aPO, contained
the U(VI) oxidation state alone. The peaks at 380.56 and 391.6
eV do correspond to U(VI) 33, 34, However, using the U4f;),,
peak, the percentage of U as U(VI) (U022+) is 92.3% and 7.7%
as U(Iv) (U4+)) for ePO, precipitates. These percentages change
to 95.7 % and 4.3 % for the aPO, precipitates. These peaks
were not observed in the UO,(NOs),.6H,0 control, where only
peaks attributable to U(VI) were present.

Overall, the XPS data of uranium minerals formed at a
molar ratio of 1.8 : 1 H,PO, : (UO,);(OH)s" using ePO, and aPO,
suggested slight differences in chemical nature. The presence
of impurities of carbon and nitrogen on the ePO, changed the
mineral structure compared to the aPO, formed mineral.
Uranium minerals formed by bacteria outside and within the
cell wall have been reported as meta-autunite-like minerals.
For example, calcium- and sodium- bearing autunite minerals
have been reported for certain strains of bacteria 82022 Neta-
autunite-like precipitates were identified for the marine
bacterium Idiomarina loihiensis MAH1 3°. The presence of
nitrogen on uranium minerals formed by Bacillus thuringiensis
was reported as nano-uramphite ((NH,4)(UO,)PO,) > A clear
identification of these minerals was not possible due to the
presence of impurities, however the mineral formed can be
identified as a simple uranium phosphate mineral such as
UO,HPO,. Further spectroscopic characterisation of the
precipitates was investigated using ATR-FT-IR (Figure S7 and
S8, Table S2) that confirm the formation of a uranium
phosphate mineral of similar structure using enzymatic and
abiotic phosphate.

3.6 The proposed interaction of ePO, with U(VI)

Acid phosphatase (APase) hydrolyses phosphate esters from
biological molecules 24 Between pH 5 and 7, approximately 2
mM ePO, was hydrolysed from 1 mg mL? using 2 units mL*?
acid phosphatase. No ePO, was released from eDNA at pH 4
and below due to a depletion in acid phosphatase activity. This
is similar to that of microbial acid phosphatase activity in
which uranium biomineralisation does not occur at pH as low
as 2to 32"°% The proposed hydrolysis of ePO, (predominantly
in the form of H,PO, at pH 5) from eDNA using acid
phosphatase is shown in eq. 3 —5.

(APase) + eDNA-PO, + H,0 = (APase)-eDNA-PO, + H,0(eq.3)
(APase)-eDNA-PO, + H,0 = (APase)-PO3; + eDNA-O + H,0

(eq. 4)

(APase)-PO3;™ + eDNA-O + H,0 = (APase) + eDNA-O + H,PO,  (eq.5)

This journal is © The Royal Society of Chemistry 20xx
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The stoichiometric data obtained from the interactions of
eP0O, with uranium at varying molar ratios indicated that
approximately a 3.5: 1 H,PO, : (UO,)3(OH)s" molar ratio was
responsible for the removal of reactants from solution. All of
the uranium (in the form of (UO,);(OH)s’) was precipitated
using approximately 94 % of ePO, at an initial molar ratio of
3.8 :1 in the starting solution, Figure 4. XRD analysis of the
uranium minerals formed indicated that they were of uranium
phosphate origin. The uranium phosphate hydrated mineral
(UO,HPO,)* xH,O (ICDD PDF# 00-037-0373) displayed similar
diffraction patterns to both ePO, and aPO, minerals.
Therefore, we propose that the biomineralisation of uranium
with ePO, occurs as described in eq. 6. This proposed
biomineralisation reaction is based on a molar ratio of 3 : 1
H,PO, : (UO,)3(OH)s". The difference in the proposed molar
ratio and the recorded molar ratio (3.5 : 1) is probably due to
an overestimation of the ePO, removed by uranium from
solution. Phosphate is also removed from solution by
impurities from the organic material and nitrogen-containing
compounds from the enzymatic hydrolysis of eDNA which can
complex with the phosphate and remove it from solution.

3H,PO, + (UO,)5(OH)s" + 2H" = 3UO,HPO,¢1.67H,0

(eq. 6)

Enzymatic phosphate released from microbial acid
phosphatase has been associated with uranium
biomineralisation through the formation of uranium

phosphate bearing minerals (Martinez et al., 2007). These
include the precipitation of simple crystalline uranium
phosphate compounds such as (UO,);(PO,),*H,0 28,
chernikovite (H,(UO,),(P0O,),) *” and HUO,PO,*4H,0 2 The
incorporation of other elements into uranium phosphate
minerals has been documented for numerous strains of
bacteria in the precipitation of minerals such as meta-autunite

((Ca(U0,),(P0,),) *® 2! and nano-uramphite ((NH,)(UO,)PO,) **.

4 Conclusions

The present the mechanism whereby
extracellular DNA i) complexes uranium and ii) mineralise
uranium from solution. The complexation and precipitation of
eDNA with uranium is mainly mediated by negatively charged
phosphate groups within the eDNA structure, with a higher
percentage of eDNA complexed with uranium at very low pH.
This was due to an increased availability of phosphate groups
on the eDNA and the reactivity of uranium species. The
reaction depends on both pH and uranium concentration. Acid
phosphatase hydrolysed phosphate from eDNA making it
available for uranium biomineralisation. The biominerals
formed during this study were of phosphate nature and similar
to there abiotic proxies but contained a fraction of organic
components that made them less crystalline in their structure.
At circumneutral pH, the enzymatic release of phosphate from
acid phosphatase activity resulted in the formation of uranium
phosphate-like mineral phases in which the uranium oxidation

work reveals

This journal is © The Royal Society of Chemistry 20xx
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state was mainly VI. The structure of the mineral obtained was
similar to that of uranium phosphate-bearing minerals such as
(UO,HPO,)* xH,0. The stoichiometry of the reaction was 3:1
H,PO, : (UO,)3(OH)s" and the reaction occurred under mild
acidic conditions (pH 5). The results demonstrated that DNA
can mineralize uranium from solution via complexation and
precipitation after DNA-phosphate hydrolysis. Therefore DNA
could be considered a major contributor to the
biomineralisation of uranium within bacterial EPS. The results
presented here that phosphate-rich bio-
macromolecules affect the behaviour of uranium in the natural

demonstrate

environment.
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