UC Davis
UC Davis Previously Published Works

Title

Bioadsorption of Rare Earth Elements through Cell Surface Display of Lanthanide Binding
Tags

Permalink

https://escholarship.org/uc/item/2x24z0nt

Journal
Environmental Science and Technology, 50(5)

ISSN
0013-936X

Authors

Park, Dan M
Reed, David W
Yung, Mimi C

Publication Date
2016-03-01

DOI
10.1021/acs.est.5pb06129

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/2x24z0nt
https://escholarship.org/uc/item/2x24z0nt#author
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Environ Sci Technol. Author manuscript; available in PMC 2017 April 05.

-, HHS Public Access
«

Published in final edited form as:
Environ Sci Technol. 2016 March 01; 50(5): 2735-2742. doi:10.1021/acs.est.5b06129.

Bioadsorption of Rare Earth Elements through Cell Surface
Display of Lanthanide Binding Tags

Dan M. Park!, David W. Reed?, Mimi C. Yung?, Ali Eslamimanesh3, Malgorzata M. Lencka3,
Andrzej Anderko3, Yoshiko FujitaZ, Richard E. Riman?, Alexandra Navrotsky®, and Yongqin
Jiaol”

Physical and Life Science Directorate, Lawrence Livermore National Laboratory, Livermore,
California 92550, United States

2|daho National Laboratory, Idaho Falls, Idaho 83415, United States

30LI Systems, Inc., 240 Cedar Knolls Road, Suite 301, Cedar Knolls, New Jersey 07927, United
States

4Department of Materials Science and Engineering, Rutgers, The State University of New Jersey,
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Abstract

With the increasing demand for rare earth elements (REES) in many emerging clean energy
technologies, there is an urgent need for the development of new approaches for efficient REE
extraction and recovery. As a step towards this goal, we genetically engineered the aerobic
bacterium Caulobacter crescentus for REE adsorption through high-density cell surface display of
lanthanide binding tags (LBTS) on its S-layer. The LBT-displayed strains exhibited enhanced
adsorption of REEs compared to cells lacking LBT, high specificity for REESs, and an adsorption
preference for REEs with small atomic radii. Adsorbed Th3* could be effectively recovered using
citrate, consistent with thermodynamic speciation calculations that predicted strong complexation
of Th3* by citrate. No reduction in Th3* adsorption capacity was observed following citrate
elution, enabling consecutive adsorption/desorption cycles. The LBT-displayed strain was effective
for extracting REEs from the acid leachate of core samples collected at a prospective rare earth
mine. Our collective results demonstrate a rapid, efficient and reversible process for REE
adsorption with potential industrial application for REE enrichment and separation.

“corresponding author: Yonggjin Jiao, Physical and Life Sciences Directorate, Lawrence Livermore National Laboratory, L-452, 7000
East Ave, Livermore, CA 94550, Jiaol@lInl.gov, Phone: (925) 422-4482.

Supporting Information

Sequences of LBT constructs; detailed methods for the determination of thermodynamic model parameters; Figure S1, Th/Dy and
Th/Nd competition adsorption experiments; Figure S2, cell survival during Th adsorption; Figure S3, predicted relative amounts of Th
species in aqueous solutions in the presence of 45 mM sodium acetate; Figure S4, relative amounts of Th species in aqueous solution
in the presence of 10 mM sodium citrate; Figure S5, competition luminescence experiments with phosphate; Table S1, primers list;
Table S2, strains and plasmids list; Table S3. Sources and types of experimental data used for determining the thermodynamic model
parameters.
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Introduction

REEs are essential components of many high-tech electronics and low-carbon technologies,
including wind turbines, solar panels and hybrid/electric vehicle batteries. As such, the
current uncertainty in the supply of REEs hinders the growth of several renewable energy
technologies in the U.S. and Europe. 2 Five REEs (Th, Dy, Eu, Nd, and Y) in particular
have been highlighted by the U.S. Department of Energy for both supply vulnerability and
criticality to the development of emerging clean energy technologies.3 Conventional REE
extraction relies on energy- and/or chemical-intensive metallurgical techniques* ® that can
be expensive, environmentally harmful, and particularly inefficient for materials containing
low concentrations of REEs. The development of low-cost and environmentally friendly
approaches for ore processing/refining and recycling of REE-containing materials is crucial
for achieving a sustainable balance between REE supply and demand.1: 2

Microbially mediated surface adsorption offers a potentially cost-effective and ecofriendly
approach for metal processing. Microorganisms have long been exploited as bioadsorbents
for heavy metal extraction, most notably for bioremediation.® 7 More recently, studies have
shown significant REE adsorption capacity with various microbes,8-12 highlighting their
potential for REE extraction. However, the poor metal binding specificity of the cell wall
functional groups (e.g., carboxyl and phosphoryl)12-15 offers challenges for selective
enrichment of REESs. To improve specific binding of metal ions, bioengineering approaches
have been used as a cost-effective means to display selective metal-binding peptides and
proteins on the cell surface.1®: 17 This approach has enabled higher capacity bioadsorption of
a variety of metal ions, including Cd, Au, Pb, Mo, Hg, and uranyl ions.18-26 |n contrast,
research on specific REE bioadsorption remains limited!: 2: 8. 16 and bioengineering efforts
have not been attempted for REE adsorption.

The development of lanthanide binding tags (LBTS), short peptides that have high affinity
and specificity towards REEs, 2729 has enabled the bioengineering of a REE-specific
bioadsorbent. LBTs have been broadly used as REE-binding fusion proteins for biological
applications, including protein purification, biosensing, NMR spectroscopy, and X-ray
crystallography.2%-32 The short peptide-based nature of LBTs and high REE binding affinity
make them ideal for cell surface display to increase specific REE adsorption.

Environ Sci Technol. Author manuscript; available in PMC 2017 April 05.
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The bacterium Caulobacter crescentus is an ideal biological system for metal adsorption due
to its encapsulation by a S-layer that is highly amenable to bioengineering.33 The S-layer
protein, RsaA, is abundant with approximately 40,000 subunits per cell,34 3% providing a
convenient anchor for high-density cell surface display of foreign proteins and peptides.36-38
In this study, we used a bioengineering approach to display LBTs in high copy number on
the S-layer of C. crescentus. Our results showed that the LBT-displayed cells could
effectively extract REEs from REE-containing solutions.

Strain construction

Cell growth

The bacterial strains, plasmids, and primers used in this study are listed in the Supporting
Information (Tables S1 and S2). To make p4ArsaA(723A)-dLBTx1, we first PCR amplified
dLBT, a double lanthanide tag containing a tandem copy of SLBT327, using primers dLBT1
and dLBT2. Using InFusion cloning (Clontech In-Fusion HD Cloning Plus kit, Mountain
View, CA), the dLBT product was inserted at amino acid position 723 of rsaA in the plasmid
p4ArsaA(723A)GSCCA that was linearized using primers dLBT3 and dLBT4. The sequence
of cloned regions was confirmed by sequencing.

The number of dLBT copies within rsaA was exponentially increased following the method
of Nomellini et al®°. A synthetic dsDNA fragment containing a tandem repeat of dLBT3 and
the Muc1B spacer (dLBT3-muc1B-dLBT3-muclB, Supporting information) with Bglll and
Spel sites on the 5° end and Nhel and Pstl sites on the 3" end was digested with Bglll and
Pstl and cloned into the similarly digested p4ArsaA(723A)GSCCA, yielding
p4ArsaA(723A)-dLBTx2-MuclB. To construct p4ArsaA(723A)-dLBTx4-MuclB, the larger
fragment from an Nhel/HindllI digest of p4ArsaA(723A)-dLBTx2-MuclB was ligated to
the smaller fragment of a Spel/HindlIl digest of the same plasmid. p4ArsaA(723A)-
dLBTx8-MuclB was constructed by the similarly digesting and ligating p4ArsaA(7234)-
dLBTx4-MuclB. The dLBT-MuclB portion of each plasmid was confirmed by sequencing
and the nucleotide sequences of all constructs are provided in the Supplemental Information.
Plasmids were transformed into C. crescentus CB2A by electroporation.

Caulobacter crescentus CB2A was grown at 30°C in PYE40 with 1 pg ml~2
chloramphenicol. PYE was supplemented with 2.5 mM CaCl, for strain dLBTx4 and 2.5
mM CaCl, and 2 mL L~ Hutner’s trace metal solution*! for strain dLBTx8. Overnight
cultures were grown to late exponential phase prior to harvesting for REE adsorption assays.

Luminescence Titrations

Overnight cultures were washed once and resuspended in 10 mM MES (2-(N-
morpholino)ethanesulfonic acid) buffer pH 6.1 and 10 mM NaCl to a final density of 8x108
cells/ml). A Th3* stock solution (50 mM) was prepared by dissolving ThCl3 hydrate salts
(Sigma-Aldrich) in 100 mM HCI, and a Ca?* stock solution (1 M) was prepared by
dissolving CaCl, in ddH,0. Cells were incubated with varying Th3* concentrations for 20
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min prior to luminescence measurements (Ex/Em 280/544 nm)*2 using a 96-well plate
reader (Biotek, CA).

For competition experiments, 50 mM stock solutions of DyCls, EuCls, La(NO3)3, Nd
acetate, YCl3, YbCl3, CeCls, and FeCl3 were prepared in 1 mM HCI and 50 mM stock
solutions of NiSQy4, ZnSQ4, CuSO4, MnCly, MgSQy, CoCly, and AIK(SO4), were prepared
in ddH,0. Cells were initially loaded with 10 uM Th3* by incubation in Tb binding solution
(10 MM MES pH 6.1, 10 mM NaCl, 10 uM ThCls) in the presence of 150 mM Ca%* and
luminescence was measured after 20 min. Aliquots of each metal stock were then added and
luminescence was measured following a 5-min incubation. Min max normalization was used
to normalize the luminescence data to the O — 1 range using the luminescence signal of
dLBTx4 incubated with 10 uM Th3* as 1 and the luminescent signal of dLBTx4 with no
Th3* as 0. Titration data were analyzed and ICsq values determined using the drc (dose
response curve) package of R.43 The dissociation constant (Kg) for the binding of each REE
to LBTs was calculated from the 1Cs value using the Cheng-Prusoff equatiorn**

1C50

K=/

where L is the concentration of Th3* (10 uM) and Ky, is the binding affinity of LBT for
Tbs*.

For Th3* desorption experiments, 100 mM stocks (pH 6) of sodium acetate, sodium citrate
and sodium gluconate were prepared. Cells were incubated in Tb binding solution with or
without 100 mM CacCl, and then subjected to various concentrations of the organic acids.
Luminescence was measured after 20 min and fractional saturation was determined as
described above.

Quantifying REE adsorption

REE binding experiments were performed as described above for luminescence titrations.
For adsorption experiments at a pH other than 6, MES buffer was replaced with 5 mM
acetate buffer (pH 5, 4.5, 4). After REE adsorption, cells were centrifuged at 20,000 x g for
8 min and the supernatant was extracted. Ultrapure concentrated nitric acid was used to
acidify (1% v/v) the samples and the commercial standard stock solutions prior to
inductively coupled plasma mass spectrometry (ICP- MS) analysis. The instrument (iCAP
Q, Thermo Scientific) was standardized and operated in accordance with manufacturer’s
instructions. Total adsorbed REE was calculated by subtracting the REE concentration
remaining in the supernatant from the concentration of REE in the control without bacterial
cells.

Adsorption/desorption cycling experiments

Cells were incubated in Tb binding solution containing 150 mM CaCl, and luminescence
was measured after 20 min. Citrate was added to 5 mM for 5 min before cells were
centrifuged at 20,000 x g for 8 min. Th3* in the supernatant was quantified as described

Environ Sci Technol. Author manuscript; available in PMC 2017 April 05.
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above. The total Th3* in a solution lacking cells was used to calculate the fraction of eluted
Tb3*. The cell pellet was washed with 10 mM MES pH 6.1 to eliminate residual citrate,
centrifuged and suspended in Tb binding solution containing 100 mM CaCl,. Luminescence
was measured after 5 min and normalized by the optical density at 600 nm (ODgqg) to
account for any loss in cell density during wash steps. Fractional saturation was determined
as described above. Citrate elution followed by Tb3* reloading was repeated twice.

REE adsorption from Bull Hill core samples

REEs from Bull Hill borehole samples (43.5 m below land surface; Rare Element
Resources, Sundance, Wyoming, USA) were leached using aqua regia as follows: 300 mg of
sample and 5 mL Milli-Q water were combined with 1.8 mL HCI and 700 pL of HNOg3 in a
glass beaker. The beaker was covered with a watch glass and heated at 125°C for 8 h. An
additional 5 mL of Milli-Q water was added and the heating step was repeated once. The
total volume was adjusted to 30 mL with Milli-Q water and the pH was adjusted to 4.8.
Insoluble precipitates were removed by centrifugation at 7,000 x g for 10 min followed by
filtration using a 0.2 um filter and soluble REEs were quantified by ICP-MS. For LBT
binding reactions, the extracted REE solution was diluted 100-fold so that no individual
REE exceeded 20 uM and then adjusted to pH 6 using 10 mM MES. REE concentrations in
excess of the dLBTx4 binding capacity were used to determine whether there was
preferential adsorption of any REE. Strain dLBTx4 and control cells were used at a density
of 8x108 cells/ml. Where indicated, CaCl, was added at 100 mM. After a 20 min incubation,
the supernatant was collected following centrifugation as described above and Y, La, Ce and
Nd, the most prevalent REE in the leachates, were quantified by ICP-MS.

Thermodynamic modeling

Equilibrium speciation calculations were performed with the previously developed Mixed-
Solvent Electrolyte (MSE) thermodynamic model.#%: 46 Using the procedure described in the
Supporting Information, the necessary parameters of the MSE model>: 46 were determined
to reproduce the experimental thermodynamic data for solutions containing Th, Ca, citrates
and acetates as a function of pH. The individual Th3* species present in the aqueous solution
in the presence of acetate or citrate are shown in Figure S3 or Figure S4, respectively.

S-layer extraction

Assembled S layer was extracted using HEPES pH 2.0 buffer as previously described*” and
analyzed by SDS-PAGE (7%).

Results and Discussion

Genetic engineering

To effectively adsorb REEs from metal ion mixtures, we leveraged both the high affinity and
selectivity of LBTs and the attractive bioengineering properties of the C. crescentus S-layer
protein to display LBTs on the cell surface. A double LBT (hereafter dLBT) comprised of
tandem sLBT327 was inserted into the S-layer gene, rsaA, yielding strain dLBTx1 (Figure
1A). Extraction and visualization of S-layer protein from strain dLBTx1 indicated that the
fusion protein was displayed on the cell surface (Figure 1B).

Environ Sci Technol. Author manuscript; available in PMC 2017 April 05.
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To further improve REE adsorption capacity, the copy number of dLBT within RsaA was
increased exponentially up to 8 copies, 39 resulting in strains dLBTx2, dLBTx4 and dLBTx8
(Figure 1A). Duplication of dLBT (strain dLBTx2) did not perturb S-layer formation or cell
growth. However, both the dLBTx4 and dLBTx8 strains exhibited an S-layer shedding
phenotype accompanied with lower growth yields (data not shown). Since calcium ions
(Ca%*) are known to be critical for S-layer crystallization and attachment to
lipopolysaccharides on the cell wall,*8: 49 we supplemented the growth medium with
additional Ca2* (2.5 pM). The results showed that Ca2* addition restored normal growth
yield (Data not shown) and S-layer production for the dLBTx4 strain (Figure 1B). Although
some improvement was observed for strain dLBTx8 with the addition of Ca2* and trace
metals, significant S-layer shedding still occurred, resulting in reduced S-layer production as
shown by the fainter S-layer band (Figure 1B).

Terbium adsorption onto LBT-displayed cells

As one of the five REEs of highest criticality3, Th3* adsorption onto the cell surface-
displayed LBTs was first examined. Conveniently, LBTs contain a strategically placed
tryptophan residue that sensitizes Th-luminescence, allowing Tb binding to surface-
displayed LBTSs to be assessed through luminescence measurements. 42 As expected, strain
dLBTx1 exhibited increased luminescence compared to a strain that expressed S-layer
protein lacking dLBT (hereafter control strain) (Figure 2A), suggesting that surface-
displayed dLBT was capable of binding Th3*. Moreover, the luminescence intensity
increased with increasing number of dLBT up to four copies, suggestive of greater Th3*
binding capacity. The luminescence intensity was not significantly improved in strain
dLBTx8, likely due to S-layer shedding. Therefore, we chose to use strain dLBTx4 for all
subsequent experiments, unless specified otherwise.

To confirm REE adsorption, suggested by luminescence measurements, we quantified Th3*
adsorption using ICP-MS. Initial measurements showed similar Th3*+ adsorption between
dLBTx4 and the control strain at all Th3* concentrations tested (Figure 2B). Both strains
adsorbed up to ~6.25x1078 nmole Th3* per cell, equating to 50 pM of Th3* at a cell
concentration of 8x108 cells per mL. A variety of other bacteria and algae species including
E. coli, Bacillus subtilis, and Pseudomonas species have been reported to adsorb REEs (e.g.,
Eu, Yb and Dy), with adsorption ranging from 1-100 yM at similar cell

concentrations.8-12: 17.50 The adsorption of rare earth ions by these native microbial systems
is mediated by the presence of functional groups (e.g., phosphates and carboxyls) on the cell
wall as well as through the cellular release of inorganic phosphate.® 12 Although the
background cell wall adsorption of Th3* may serve to further increase the REE binding
capacity, it is unlikely to possess the same level of specificity for REE that is characteristic
of LBTs. As such, cell wall adsorption is likely undesirable for the purpose of REE
enrichment.

To mitigate the background ion adsorption, we added Ca%* as a competitor. Rare earth ions
and Ca?* have a similar ionic radius and oxophilicity®! and a previous report suggested that
excess Ca2* blocks the formation of Th3* deposits on the bacterial membrane.52
Furthermore, Ca is a common metal present in REE-containing source materials.>3 With 100

Environ Sci Technol. Author manuscript; available in PMC 2017 April 05.
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mM Ca2*, although overall Th3* adsorption (2.6x10~8 nmole/cell capacity for dLBTx4) was
lower compared to conditions with no added Ca2*, dLBTx4 adsorbed a significantly greater
amount of Th3* compared to the control at all tested Th3* concentrations (Figure 2C and
2E). This suggested that while the vast majority of non-LBT sites on the cell wall were
occupied by Ca?*, the REE-selective LBT sites were still available for Th3* binding.
Consequently, a significant increase in apparent binding affinity of LBT for Tb3* was
observed in all engineered strains (Figure 2D). Higher Ca%* concentrations beyond ~100
mM did not further decrease background cell wall binding (Figure 2E), and thus, 100-150
mM Ca2* was used in the subsequent metal adsorption experiments described below. The
absence of a Ca2* effect on Th3*+ adsorption by dLBTx4 in Figure 2E is indicative of excess
LBT relative to added Th3* (10 uM); Figure 2C suggests that at the cell concentrations used
in these assays, surface displayed LBT can adsorb 12.9 + 4.6 uM Th3*,

Given the poor solubility of REEs at neutral and alkaline pH and the fact that REE-
containing aqueous solutions during REE processing tend to be acidic,l 4 we evaluated REE
adsorption within the pH range of 4-6 (Figure 2F). Th3* adsorption to dLBTx4 was
maximal at pH 6 (93% of Tb added), reduced to ~60% at pH 5 and to ~40% at pH 4.5 and 4.
Minimal adsorption was observed below pH 4 as evidenced by luminescence measurements
(data not shown). Thus, LBT-displayed cells are most effective in a pH range of 5-6.

REE adsorption specificity

Since REE sources frequently coexist with other metal contaminants in both ores and
recycled materials,>* we evaluated Th3* adsorption in the presence of various metal ions.
Competition experiments were performed by loading LBTx4 cells with Th3* followed by
monitoring the decrease in luminescence intensity in response to increasing concentrations
of other metal ions (Figure 3A). LBTx4 displayed high selectivity for Th3* over other metal
ions tested. With the exception of Cu?*, addition of metal ions up to at least 100 uM, an
order of magnitude higher than the Tb3* concentration, had minimal effect on Th3* binding.
Given that Cu?* was the most effective competitor based on luminescence, Th3* adsorption
was quantified by ICP-MS in the presence of Cu?* (Figure 3B). In agreement with the
luminescence data, higher Cu2* concentrations (1 mM) were inhibitory for Th3* adsorption.
However, the results observed with 100 uM Cu?* were inconsistent between the two
measurement methods: nearly 100% Th3* adsorption was measured by ICP-MS, whereas a
60% reduction in luminescence was observed, which could be due to luminescence
quenching by CuZ*-55 Overall, the weak affinity of surface displayed LBTs for non REE
metal ions suggests that REE adsorption is largely unaffected by the presence of commonly
occurring metal ions in source materials, at least at concentrations up to 100-fold higher than
REEs.

We also conducted experiments to determine adsorption selectivity among REESs. Due to
their similar physiochemical properties, it is very difficult to chemically separate REES from
one another, often requiring dozens of organic solvent extraction steps.* Competition
binding experiments revealed that dLBTx4 preferred REEs with smaller atomic radii (Figure
3C; Table 1), similar to results with LBT peptides in solution.42 Eu3*, Dy3* and Yb3* were
all effective competitors of Th3*, with binding affinities of ~3 uM, whereas Y3* and Nd3*
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were slightly poorer competitors. La3* and Ce3*, with the largest atomic radii among REES,
were the weakest substrates for LBT. Consistent with this data, ICP-MS measurements of
REE adsorption in the presence of equimolar Tb3*/Dy3* or Th3*/Nd3* mixtures revealed no
significant preference for one REE over the other (Figure S1). In contrast, Th3* was
preferentially adsorbed over La3* when both REESs were present in equimolar concentrations
(Figure 3D). Overall, our results suggest that the LBT-displayed strains have the potential to
selectively enrich for REEs with smaller radii, including all five REEs of high criticality.
This is an important feature given the high relative abundance of La and Ce in many REE
source materials.>

REE desorption

Since the ability to reuse the engineered cells for metal adsorption would lower the cost
associated with cell regeneration for industrial applications, we examined REE desorption
and subsequent re-adsorption (recycling) and established a general strategy for REE
recovery. A variety of chemicals including acids, salts and ligands have been used for metal
desorption from environmental surfaces.®0 In particular, some organic acids such as citric
acid are able to form strong complexes with REEs.56 We found that Tb3* was fully
recovered from the dLBTx4 cell surface with 1-5 mM citrate (Figure 4A). In contrast,
acetate or gluconate were much less effective, even at much higher concentration (45 mM;
Figure 4A). A higher concentration of organic acids was required when Ca2* was present in
the reaction mixture, presumably due to complexation of the organic acids with Ca2* (see
discussion in paragraph below). Importantly, the REE adsorption capacity is fully
maintained over at least two rounds of citrate-mediated desorption (Figure 4B).
Furthermore, cell viability was not significantly affected by Th3* adsorption (Figure S2),
suggesting that Th3* is not toxic on the timescale of adsorption experiments. The rapid and
reversible nature of REE-cell binding should facilitate efficient recovery of REEs, alleviating
the need for cell regeneration between extraction rounds.

Thermodynamic speciation analysis based on the Mixed-Solvent Electrolyte (MSE)
thermodynamic model#°: 46 was used to quantitatively rationalize Th3* desorption by the
organic acids. If the desorption of Th3* is attributed to the complexation with organic acids
in solution, the amount of Th3* desorbed should be proportional to Th3* complexed in
solution. As expected, the predicted fraction of uncomplexed Th3* decreased with increasing
organic acid concentration (Figure 4C, D), corresponding with the observed decrease in the
fraction of Th3* bound to dLBTx4 (Figure 4A). It is also evident that citrate is a much
stronger complexant of Th3* than acetate (Figures 4C and 4D). Specifically, complexation of
Th3* with citrate is predicted to occur over a narrow range of citrate concentrations with 10
UM sufficient to complex almost all Th3*. In contrast, more than 45 mM acetate was
predicted to be required to complex the majority of Th3* and only at high pH (cf. pH=6.1 in
Figure 4C). Additionally, the predicted complex formation between Ca2* and acetate or
citrate explains, at least in part, the requirement for greater concentrations of these organic
acids for Th3* desorption in the presence of Ca2*, as shown in Figure 4A. This Ca2* effect
on desorption can also be attributed to the increased apparent binding affinity of LBT for
Tb3* in the presence of Ca2* (Figure 2D).
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REE adsorption from sediment core samples

As a preliminary step towards application, we tested REE adsorption from the acid leachate
of core samples collected from the Bull Hill Mine. The high relative abundance of Nd, a
REE of high criticality, and the low phosphate concentrations are attractive features for
bioadsorption at near neutral pH. We found that phosphate reduced REE adsorption capacity
(Figure S5), likely due to the formation of insoluble REE phosphate phases.>”: 58 For the
predominant four REEs in the leachate (Y, La, Ce, Nd), dLBTx4 outperformed the control
cells, even without exogenous Ca2* supplementation (Table 2). As expected, although the
total amount of the REE adsorption decreased with Ca2* addition, the relative disparity in
adsorption between dLBTx4 and control cells was enhanced by 100 mM Ca2* addition
(Table 2), consistent with reduced REE binding to the cell wall (Figure 2C). Furthermore, as
expected, dLBTx4 cells exhibited preferential adsorption of Nd3*, Y3* and Ce3* over La3*
(apparent in presence of excess Ca2*; Table 2). Together, these data demonstrate the utility
of LBT-displayed cells for REE extraction from minimally processed source materials.

We envision that the scalable and reusable bioadsorption platform for selective extraction of
REEs developed in this study may prove particularly useful for REE extraction from waste
streams with relatively low REE content (e.g., ore tailing, bauxite mine residues,
phosphogypsum, incinerator ash, metallurgy slags, acid mine drainage, and industrial and
municipal wastewaters).L: 2. 54 50 Following a minimal solution conditioning (i.e., pH
adjustment and potentially CaZ* addition), rapid, and reversible REE adsorption by LBT-
displayed strains could enable a low cost and environmentally friendly alternative for REE
extraction and processing.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Bioengineering of Caulobacter crescentus for REE adsorption
(A). Diagram of engineered S-layer gene (rsaA) constructs with dLBT insertions. A muclB

spacer, encoding the human mucin protein, was appended to the C-terminal end of dLBT.
The copy number of the resulting dLBT-mucR1 peptide was increased exponentially. The
number labels of the constructs correspond to the lanes described in (B). (B) SDS-PAGE of
S-layer extracted from the following strains:; 1) wild type CB2A, 2) CB2A rsaA (control), 3)
dLBTx1, 4) dLBTx2, 5) dLBTx4 and 6) dLBTx8. dLBTx4 and dLBTx8 cells were grown in
PYE medium supplemented with additional Ca2* (2.5 uM) and Ca2* (2.5 pM) with trace
metals, respectively. MW; molecular weight (kDa) markers. Arrows on the right indicate the
engineered RsaA protein expressed from each strain.
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Figure 2. Th3* adsorption to LBT-displayed cells
(A) Tb3* titration of dLBT constructs with no added Ca?*, measured by luminescence

(ex/em 280/544). ICP-MS quantitation of Th3* adsorption by dLBTx4 and control cells at
increasing Th3* concentration in the absence (B) or presence (C) of 100 mM Ca2*. The
adsorption contribution of LBT in dLBTx4 was approximated by subtracting the total
adsorbed Th3* by the control strain from that adsorbed by dLBTx4, yielding 12.9 + 4.6 uM
Th3*. The uncertainty in this expression was determined using error propagation. (D) Th3*
titration of dLBT constructs with 100 mM Ca?*. The data from (A) were plotted as dotted
lines for comparison. (E) ICP-MS quantitation of Th3* (10 uM added) adsorption by
dLBTx4 and control cells at different Ca2* concentrations. (F) ICP-MS quantitation of Th3*
(10 uM added) adsorption by dLBTx4 and control cells within the pH range of 4-6 in the
presence of 100 mM Ca?*.
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Figure 3. REE adsorption specificity

(A) Competition binding experiments with dLBTx4 cells preloaded with 10 uM Th3*
followed by addition of various metal ions at concentrations up to 10 mM. Normalized
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luminescence was calculated as described in methods. (B) Th3* adsorption to dLBTx4 and
control cells at increasing Cu?* concentrations. The fraction of Tb3* adsorbed was
determined by quantifying the soluble Th3* concentrations before and after incubation with
cells using ICP-MS. (C) Competition experiments with dLBTx4 cells preloaded with 10 uM

Th3* followed by addition of REE ions up to 352 pM. Normalized luminescence was

calculated as described in methods. (D) Th3* and La3* (20 uM each) adsorption to dLBTx4
and control cells. The fraction of REE bound was determined by ICP-MS. All experiments
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were performed in the presence of 150 mM Ca2*. Error bars represent standard deviations of
three replicates.
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Figure 4. Citrate-mediated REE desorption
(A) REE desorption and recovery were performed by pre-loading dLBTx4 cells with 10 uM

Tb3* in the presence or absence of 150 mM Ca2* followed by the addition of increasing
concentrations of citrate, gluconate or acetate. Normalized luminescence was calculated as
described in methods. (B) Three cycles of Th3*+ adsorption and desorption were performed
with citrate (5 mM) in the presence of 150 mM Ca?*. Gray bars depict the normalized
luminescence signal for Th3* loading and blue bars depict the fraction of Th3* eluted using
5 mM citrate during each cycle as quantified by ICP-MS. (C) and (D) The predicted fraction
of Th3* that was not complexed with acetate or citrate, respectively, using the
thermodynamic model. Results are shown for pH 5 and 6.1 within the range of acetate and
citrate concentrations used in (A). Note that the concentration scale in Fig. 4D is expanded
to focus on the rapid decline in uncomplexed Th at low citrate concentrations. The
individual Th3* species present in the aqueous solution in the presence of acetate or citrate
are shown in Figure S3 or Figure S4, respectively.

Environ Sci Technol. Author manuscript; available in PMC 2017 April 05.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Park et al.

Table 1

REE specificity of strain dLBTx4.

REE | KD (uM)
Eu | 25(0.2)2
Yb | 31(03)
Dy | 32(0.7)
Th | 3.8(0.3)
Yy | 5701
Nd | 13.3(3.8)
ce | 114(3)
La | 153(55)

a . " .
numbers in () represent standard deviations of 3 replicates.
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Table 2

REE adsorbed from the acid leachate of soil samples from the Bull Hill Mine.

Sample Y (UM) Ce (UM)  Nd (M)
Bull Hill leachate? 1.1 (0.1)0 19421 153(L7)
Control 0.4 (0.0) 9.4(0.3) 7.8(0.2)
dLBTx4 0.8 (0.0) 147 (0.3) 12.1(0.2)
Control +100 mM CaCI2 0.1 (0.0) 35(0.1) 3.0(0.2)
dLBTx4 +100 mM CaCI2 0.4 (0.0) 7.7(09) 6.7(0.7)

aSqubIe REE concentrations after acid dissolution and pH adjustment to 6.0

b . - .
numbers in () represent standard deviations of 3 replicates.
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