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1. Supplementary materials and methods

1.1. Preparation of Eu™" and Cm"™" stock solutions

A stock solution of Eu™" was prepared by dissolving europium chloride (EuCls;-6H,0)

(Sigma-Aldrich) in 0.1 M HCI to a final concentration of 10 mM. For the experiments,

an Eu"

working solution was prepared diluting the stock in 0.1 M NaClO, to a final
concentration of 30 uM. Analytical grade 0.1 M NaClO,4 (Merck, Darmstadt, Germany)
was used as a background electrolyte. On the other hand, a stock solution of the long-
lived Cm isotope 2**Cm (half-life: 3.4x10° years) was used as described in Lopez-
Fernandez et al." This solution had the following composition: 97.3% ***Cm, 2.6%
25Cm, 0.04% 2**Cm, 0.02% 2*’Cm, and 0.009% 2**Cm in 1 M HCIO,. To prevent the
carbonate complexation of Cm"" carbonate-free water and NaOH solution were used.
The pH of the solutions was adjusted by addition of small volumes of acid (HCIO,4) or
base (NaOH) using an InLab Solids combination pH puncture electrode (Mettler-
Toledo, Giessen, Germany) and sterilized by filtration through 0.22 pum nitrocellulose
filters. In the case of anaerobic experiments, the solution was degassed with N, prior its
use in a glove box under a N, atmosphere at 25 °C.

1.2. Potentiometric titration of cell surfaces of S. bentonitica treated with Eu""
Potentiometric titrations were carried out to characterize the chemistry of S. bentonitica

"' under aerobic conditions. All titrations were performed

surfaces in presence of Eu
using a Metrohm Titrando 906 automatic titrator (Metrohm, UK) at 25 °C. The
temperature was kept constant and continuously monitored during the titration. The

titrator was set to add successive acid or base only after a drift equal or less than 5

mV/min was achieved.
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An amount of S. bentonitica equivalent to 0.4 g/L of dry biomass, previously washed

four times with 0.1 M NaClO4, was suspended in a vessel with 25 mL CO,-free 0.1 M

NaClO, solution containing 30 uM Eu™". Bacterial samples suspended in 0.1 M NaClO4

were employed as control. The suspension was titrated with 0.1 M HCI to pH 3.5 and
then with 0.1 M NaOH to pH 10.0. To test the reversibility of the protonation-
deprotonation behavior, the suspension was back-titrated with 0.1 M HCI from pH 10.0
to 3.5. All the experiments were carried out in triplicate. The HCI and NaOH solutions
were previously standardized against primary standards. To calculate the acidity
constant (pKa) values for the bacterial cells and the corresponding total concentration of
the binding sites, data from four replicates of each titration curve were fitted using the
program Protofit 2.1 rev1.? Variations in the experimental results are reported as the

average + standard derivation.

1.3. Eu" biosorption experiments
S. bentonitica cells were collected at the exponential phase of growth by centrifugation
(10000 x g; 10 min). The resultant pellet was washed three times with 0.1 M NaClO,4

and resuspended therein to obtain a final biomass concentration of 0.2 g/L. Then, the

samples were contacted with 30 uM Eu"™ solution and incubated at 120 rpm on a rotator

shaker at room temperature. The Eu -bacteria suspensions were harvested by

centrifugation (10000 x g; 10 min) after different incubation times (0, 0.5, 1, 2, 24 and
96 h for aerobic and 0, 1, 2, 18, 24 and 48 h for anaerobic experiments). Subsequently, 1

mL of the resultant supernatant was mixed with HNO3 and measured by inductively

coupled plasma mass spectrometry (ICP-MS) to estimate the Eu™ concentration. The

amount of Eu™" adsorbed to the cells was calculated by subtracting the amount obtained

in the supernatant from the initial Eu™ concentration. For the Eu-bacteria interaction
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under anaerobic conditions the samples were contacted with Eu™ under nitrogen

atmosphere within a glove box. Eu™ solution (30 uM) without addition of cells was

employed as control. All samples were performed in triplicate.

1.4. TRLFS experimental setup.

TRLFS studies were performed as described in Moll et al.®> The Eu"/Cm" single
luminescence emission spectra were recorded in the 570-650 nm (1200 line mm™
grating with 0.2 nm resolution) range. The time-dependent luminescence spectra were
detected in the 500-700 nm (300 line mm™ grating: high intensity with a lower

resolution >0.6 nm) range. For Eu""

an excitation wavelength of 394 nm was used. Due
to the high absorption of the F-band usually observed in Cm*®" excitation spectra, an
excitation wavelength of 396 nm was used. For time-dependent Cm emission decay
measurements, the delay time between laser pulse and camera gating was scanned with

time intervals between 10 and 25 ps. For Eu"

a dynamic step width was used to
describe species with a long emission life-time as well as species with short emission

life time. The following formula was used:

ti=totF 1+ F ox [1]
to initial delay, set to 1 ps

Fa factor 1, set to 5 ps

F, factor 2, setto 1 ps

i number of spectrum

X number of previous spectrum

The abatement of the luminescence was investigated over at least 40 time points,

meaning 40 spectra. The spectra of individual samples were averaged, base-lined and
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energy corrected as well as normalized using the ORIGIN 8.6G (OriginLab

Corporation, USA) code. The lifetime of luminescent species was obtained also with

this software. The Eu'" spectra were normalized to the area of the 'F; band of Eu'"".

The relative peak intensity ratio, which gives information about the ligand field of Eu""
and the coordination environment, was determined by forming the ratio for the integral

intensities of the ’F, to 'F1 band, as presented in Equation 2:

Rem = (Do > 'Fo) / (Do > "Fy) [2]

The intensities of | "Dy — 'F,) and | (°Dy — 'F;) were calculated from the
corresponding normalized peak areas. The number of coordinated water molecules was

determined based on the equations of Kimura and colleagues,*® which is presented in

Equation 3 and 4:
NH20 = 1.07 Keyp — 0.62 for Eu" [3]
NH,0 = 0.65 Key, — 0.88 for Cm"" [4]

nH»O = coordination number of water molecules

Kexp = reciprocal luminescence emission lifetime (ms)

The spectra deconvolutions of the pH-dependent Cm'' luminescence measurements

were performed using the factor analysis software HypSpec.’

TRLFS is a powerful technique for the direct identification of certain actinide and/or

lanthanide complexes resulting from various biogeochemical processes. Luminescent
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metal ions emit luminescence light (— emission spectra) and time-resolved
measurements enables to measure the luminescence decay behavior (— luminescence
lifetimes) of excited metal species after irradiated with laser pulses)®. This luminescence
phenomenon occurs because of their transition from electronically excited states to the
ground state. Each type of complex shows ideally a defined luminescence emission
spectrum and a certain lifetime and consequently, the analysis of the lifetimes allows
the identification of different chemical species produced of a luminescent metal ion.?
The following images taken from Moll et al. 2020 illustrate the method for a better
understanding:

Time resolved laser-induced fluorescence spectroscopy

Non invasive, selective and highly sensitive — detection of Cm?* speciation up to 10* M

Excited state

5928

8 Ao Cm?* 0.3 uM, pH=1.9

Nd-YAG OPO D e 655413 us)

(396 nm) /| ’ '
{\
of \
Ground state ig '.,'; ) 0 200 w0 610 i.n:':v-‘-;n
e

Emission wavelength / nm
Spiitting of energy levels and decay of excited state are dependent on the complexing agent

c Specific information about the complex species: changes to luminescence intensity,
spectral shape (emission maxima), and lifetimes

Schema to illustrate the Cm(I11) luminescence process (taken from Moll et al. 2020)
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Principal schema of a time-resolved luminescence measurement (sample: 0.88 uM Cm(lll), 5 g/l desalted
S-layer protein, 0.1 M NaCl, pH 4.0) [taken from Moll et al. 2020].
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1.5. STEM-HAADF analysis

The cellular location of Eu"

was analyzed by using scanning transmission electron
microscopy (STEM) equipped with energy dispersive X-ray (EDX) for elemental
composition analysis. EDX analysis was performed at 300 kV using a spot size of 4 A
and a live counting time of 50 s. The samples consisting of Eu'"'-treated cells (30 pM)
under aerobic and anaerobic conditions were prepared as described in Merroun et al.’
after 48 h of incubation. Finally, the samples were examined under high-angle annular
dark field scanning transmission electron microscope (HAADF-STEM) FEI TITAN G2
80-300. STEM specimen holders were cleaned by plasma prior to STEM analysis to

minimize contamination.
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2. Supplementary figures and tables
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Figure S1. Representation of the potentiometric titrations of S. bentonitica in
0.1 M NaClO, suspension (A) and in contact with 30 uM Eu"' solution (B) after
48 hours of incubation, compared with the background electrolyte. Closed
symbols correspond to the forward titration data and open symbols correspond

to back titration.
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Figure S2. Time dependence in the Eu"' removal capacity of S. bentonitica cells under

aerobic (A and B) and anaerobic (C and D) conditions. The Eu™" removal is expressed

as mg of Eu per g of dry biomass (A and B) and percentage (B and D).
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Figure S3. Total organic carbon as a function of time of supernatants obtained after

Eu''-S. bentonitica interaction under anaerobic conditions.
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Sample Rgm Lifetime (us) Proposed species Reference
Eu(I1I) control 0.495 1115 Eus* This work
Supernatants This work
Eu(III)-S. bentonitica

24 h incubation 0.822 126; 529 Carboxyl; phosphoryl

Cells This work
Eu(III)-S.bentonitica

24 h incubation 2.324 207; 516 Carboxyl; phosphoryl This work

Figure S4. Luminescence emission spectra of 30 uM Eu™" measured for the

supernatants after separating the S. bentonitica cells (0.2 g/L) and the re-suspended cells
under aerobic conditions at pH 6 and 24 h incubation in 1 M NaClO,4 (A). Spectroscopic

properties obtained from the Eu™"-S. bentonitica system (B).
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Table S1. Comparison of deprotonation constants and surface site concentrations for S.

bentonitica and other strains from different studies.

Species pK, pK, pK, C, C, C, Model* | Reference
(x10"molig) | (x 10 molig) | (x 10 molig)
S. bentonitica + 497+0.08 | 6.88+0.02 | 9.43+0.02 5.05+0.31 10.78 £ 0.31 16.93+1.45 NEM | This study
Electrolyte solution
S. bentonitica + 478+0.06 | 6.75+0.13 | 948+0.11 5.31+0.22 7.56 +0.56 13.99+1.12 NEM This study
Eu(I1l) solution
Aquabacterium 35+08 57+09 91+16 46+15 1.9+0.6 7331 NEM Ojeda et
commune, Gram- al.®
negative
B. sphaericus JG- 437+027 | 6.37+0.31 | 9.95+0.16 4.70+0.55 2.19+0.25 456 +0.77 NEM Merroun
7B, Gram-positive etal.!t
Sphingomonas sp. 427+045 | 7.03+0.86 | 9.92+0.32 4.91+1.04 3.16 £0.56 9.24+£2.97 NEM Merroun
S15-S1, Gram- etal.t
negative
Enterobacteriaceae, 4302 6.9+05 89+05 50+0.7 22+0.6 55+22 CCM Ngwenya
Gram-negative etal?
Synechococcus 4.85+0.31 6.56+0.2 | 8.76 £0.06 26+04 1.9+05 25+04 CCM Dittrich
Green, Gram- and
negative Sibler®
Synechococcus 498+0.16 | 6.69+0.39 | 8.66+0.21 74116 44+0.8 48+0.8 CCM Dittrich
Red, Gram-negative and
Sibler'®
Calothrix sp., 47104 6.6+0.2 9.1+0.3 3.28+0.27 4.14+0.31 7.16 £0.97 NEM Yee et
Gram-negative alX
S. putrefaciens, 516+0.04 | 7.22+0.15 10.04 + 0.32+0.02 0.09+0.01 0.38+0.01 CCM Haas et
Gram-negative 0.67 al®®
B. subtilis, Gram- 48+0.14 6.9 0.5 9.4+0.6 12+1 44+0.2 6.2+0.2 CCM Fein et
positive al 6
Sporomusa sp. MT- 4.8 £0.06 6.68+0.06 | 9.01+0.08 53+0.8 3503 48+05 - Moll et
2.99, Gram-positive alY’

’ CCM = Constant Capacitance Model; NEM = Non-electrostatic model
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Table S2. Main

groups 10,13,14,18-20

infrared absorption bands of the bacterial cell functional

Wavenumber (cm™)

Functional group assignment

1745 Stretching C=0 of ester functional groups from membrane lipids and fatty acids; stretching
C=0 of carboxylic acids.

1635 Stretching C=0 in amides (amide | band)

1531 N-H bending and C-N stretching in amides (amide Il band). Asymmetric stretching for
deprotonated Ccoo groups.

1404 Symmetric stretching for deprotonated Ccoo group.

1455 Bending CH,/CH, (scissoring)

1308 Bending CH,/CH,

1300-1250 Vibrations of C-O from esters or carboxylic acids

1240 Vibrations of -COOH and C-O-H; Double bond stretching of >P=0 of general phosphoryl
groups and phosphodiester of nucleic acids.

1225 Stretching of P=0 in phosphates.

1200-950 Asymmetric and symmetric stretching of POZ> and P(OH), in phosphates; vibrations of C-
OH, C-O-C and C-C of polysaccharides.

1070 Stretching P=0 of phosphodiester, phosphorilated proteins or polyphosphate products.

933 Symmetric stretching vibration of phosphoryl groups.
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Table S3. Luminescence emission data of the Cm™-S. bentonitica system including

those of relevant model systems for comparison.

Emission peak
Species Lifetime (ps) Reference
maximum (nm)

cm' (aq) 5935 68+5 This work
Cm'""-S.bentonitica BII-R7 species 1 599.6 290 + 23 This work
Cm'"'-S.bentonitica BII-R7 species 2 601.1 120+ 8 This work
cm'" -R. mucilaginosa B11-R8 species 1 599.6 240 + 50 Lopez-Fernandez et al.*
Ccm"'-R. mucilaginosa B11-R8 species 2 601.5 123+ 11
Cm'"'-Sporomusa sp. MT-2.99 complexes Moll et al.”
R-0-POsH-Cm** 599.8 252 + 46
R-COO-Cm* 601.6 108 + 15
Ccm'' -Pseudomonas fluorescens complexes Moll et al.#
R-0-POsH-Cm** 599.6 390+ 78
R-COO-Cm* 601.9 121+10
Cm'"" -Paenibacillus sp. complex Liitke?
R-0-POsH-Cm** 598.8 477 +73
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