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PrsQ2, a small periplasmic protein involved in increased uranium resistance 
in the bacterium Cupriavidus metallidurans 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Cupriavidus metallidurans NA4 is able to 
adapt to toxic uranium concentrations. 

• A single mutation increased uranium 
resistance four times. 

• Uranium-phosphate precipitates are 
formed in the periplasm via an active 
mechanism. 

• We identified the central regulator and 
essential protein in the adaptive 
response.  
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A B S T R A C T   

Uranium contamination is a widespread problem caused by natural and anthropogenic activities. Although 
microorganisms thrive in uranium-contaminated environments, little is known about the actual molecular 
mechanisms mediating uranium resistance. Here, we investigated the resistance mechanisms driving the adap-
tation of Cupriavidus metallidurans NA4 to toxic uranium concentrations. We selected a spontaneous mutant able 
to grow in the presence of 1 mM uranyl nitrate compared to 250 µM for the parental strain. The increased 
uranium resistance was acquired via the formation of periplasmic uranium-phosphate precipitates facilitated by 
the increased expression of a genus-specific small periplasmic protein, PrsQ2, regulated as non-cognate target of 
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the CzcS2-CzcR2 two-component system. This study shows that bacteria can adapt to toxic uranium concentra-
tions and explicates the complete genetic circuit behind the adaptation.   

1. Introduction 

Microorganisms are able to survive in extreme environments 
including radionuclide-contaminated locations imposing a combined 
chemical and radiological pressure on the microbial community 
(Simonoff et al., 2007). The most contaminated areas result from nuclear 
accidents and nuclear weapon testing with Chernobyl, Fukushima or the 
Nevada test site as well-known examples (Unscear, 1988; Smith et al., 
2003; IAEA, 2018). However, contamination is still ongoing due to 
nuclear industries, but also industries such as mining, geothermal and 
phosphate industry result in increased concentrations of naturally 
occurring radionuclide materials (i.e. NORM industries) (IAEA, 2003). 
One of the principal contaminants of concern is uranium. It is a naturally 
occurring radionuclide used in industrial activities and it is one of the 
most important substances of nuclear waste. Environmental contami-
nation of uranium poses a threat when accumulated through the food 
chain (Reviewed in Ma et al., 2020). 

It is well known that microorganisms can influence uranium mobility 
through biomineralization with phosphates and carbonates, oxidation- 
reduction reactions, biosorption or uptake and intracellular accumula-
tion (Cologgi et al., 2011; Llorens et al., 2012; Yun et al., 2016; Rogiers, 
2022; Yu et al., 2022). However, the underlying molecular mechanisms 
that entail uranium resistance are largely unknown (Rogiers et al., 
2022b). It has been shown that various uranium detoxification mecha-
nisms exist and a single strain can harbor multiple systems (Theodor-
akopoulos et al., 2015; Yu et al., 2022). Furthermore, depending on the 
environmental conditions, distinct microbial interactions with uranium 
are expected to occur. In a reducing environment, uranium reduction is 
expected to be the dominant mechanism for which cytochromes are 
shown to be imperative. However, there is currently no model that 
completely explains the electron transport chain during uranium 
reduction (You et al., 2021). In oxidizing conditions, uranium resistance 
is mostly attributed to phosphatases forming needle-like uranyl pre-
cipitates at different cellular localizations (Yung and Jiao, 2014; Khare 
et al., 2020; Pinel-Cabello et al., 2021). Siderophores have been shown 
to form stable complexes with metals and some radionuclides, thus they 
could be important to protect cells from uranium stress through 
sequestration (Rajkumar et al., 2010). Recently, a single pass trans-
membrane protein, UipA, has been identified as a key protein in ura-
nium resistant strains. Although its precise role is not yet explicated, its 
affinity for both uranium and iron suggest a link between iron and 
uranium metabolism (Gallois et al., 2021). Next to precipitation, ura-
nium efflux has been shown to contribute to uranium resistance (The-
odorakopoulos et al., 2015; Khare et al., 2020). Nevertheless, no 
dedicated uranium efflux system has been identified to date. Putatively 
the outer membrane transporter RsaF of Caulabactor cresentus is involved 
in uranium efflux but a role in maintaining outer membrane integrity 
cannot be excluded (Yung et al., 2015). Understanding the detailed 
molecular mechanisms is important to correctly assess the impact mi-
crobes exert on the mobility of uranium. Furthermore, it can aid in 
exploiting bioremediation techniques. Investigating the adaptation po-
tential of bacteria to uranium further provides details on uranium 
resistance mechanisms. 

Recently, we showed that Cupriavidus metallidurans NA4 precipitates 
uranium from growth medium as uranium phosphate complexes that are 
associated with polyhydroxybutyrate (Rogiers et al., 2022a). 
C. metallidurans is a model organism for metal resistance and strains are 
usually isolated from industrially metal-contaminated sites (Mergeay 
and Van Houdt, 2015; Bobe et al., 2008). C. metallidurans species contain 
numerous mobile genetic elements allowing rapid adaptation to toxic 
circumstances (Mijnendonckx et al., 2011; Van Houdt et al., 2018). The 

adaptation potential of C. metallidurans NA4 has also previously been 
shown for silver and platinum (Ali et al., 2019; Mijnendonckx et al., 
2019). Here, we investigate the adaptation potential of C. metallidurans 
NA4 to toxic uranium concentrations and explicate the genetic circuit 
behind the increased uranium resistance. 

2. Materials & methods 

2.1. Strains and growth conditions 

The list of strains used in this study is presented in Table 1. 
C. metallidurans strains were routinely cultured in RM medium (Mergeay 
et al., 1985) supplemented with 0.2% (w/v) sodium gluconate as a 
carbon source at 30 ◦C with shaking at 120 rpm. For culturing on solid 
media, 2% agar (bacteriological, OXOID, United Kingdom) was added or 
1.5% noble agar (MERCK NV, Belgium) when supplemented with metal 
salts. Metal salts used in this study included UO2(NO3)2.6 H2O (dissolved 
in 100 mM HCl, SPI chemicals, USA), CdCl20.2.5 H2O (Alfa Aesar, USA), 
CuCl20.2 H2O, NiCl20.6 H2O, Pb(NO3)2, CoCl20.6 H2O, AgNO3 (MERCK 
NV, Belgium) and ZnCl2. Escherichia coli strains were routinely cultured 
in LB medium at 37 ◦C. When appropriate, the following antibiotics were 
added to the growth medium at the indicated final concentrations: 
kanamycin sulfate (50 µg mL− 1 for E. coli or 1500 µg mL− 1 for 
C. metallidurans) (Km50; Km1500), tetracycline hydrochloride (20 µg 
mL− 1) (Tc20) and trimethoprim (100 µg mL− 1) (Tm100). 

2.2. Generation of the spontaneous uranium resistant mutant 

The spontaneous uranium resistant mutant C. metallidurans NA4U 
was obtained by exposing C. metallidurans NA4 to a toxic uranium 
concentration. To this end, a stationary phase culture of C. metallidurans 
NA4 was diluted 100 times in liquid RM medium supplemented with 
400 µM UO2(NO3)2•6 H2O. When growth was observed after one week, 
the culture was plated on non-selective RM agar medium. Finally, pu-
rified colonies were screened for uranium resistance. 

2.3. Metal resistance 

Metal resistance was analyzed by a spotting assay. To this end, a ten- 
fold dilution series from 100 until 10− 7 was prepared from three inde-
pendent stationary phase cultures with 109 cells/mL. The dilution series 
was spotted (10 µL) on RM noble agar plates supplemented with/ 
without 7.5 mM CoCl2, 20 mM NiCl2, 1 mM CdCl2, 6 mM ZnCl2, 0.5 mM 
CuCl2 or 500 µM UO2(NO3)2. Resistance to silver was scored on LB agar 
plates supplemented with 0.5 mM AgNO3. Spots were counted after four 
days at 30 ◦C. The % log survival was calculated by dividing the log 
(cells/mL) of the agar plates with metal salts by the log(cells/mL) of the 
agar plates without metal salts. 

In addition, three independent stationary phase cultures grown in 
RM medium for two days were pelleted for 5 min at 8 500 g, washed 
with 10 mM MgSO4 and diluted to a cell concentration of 107 cells/mL in 
a flat bottom 96-well plate (Cellstar 96 Well Cell Culture Plate, Greiner 
Bio- One, Belgium) that contained RM medium with or without different 
UO2(NO3)2 concentrations. Growth was assessed by monitoring OD595 
for three days at 30 ◦C, 300 rpm continuous shaking in a 96-well plate 
reader (Multiskan Ascent, Thermo Labsystems, USA). Growth curves 
were analyzed with the R Growthcurver package (version 0.3.1) 
(Sprouffske and Wagner, 2016; R Core Team, 2017) by dividing the 
empirical area under curve (auc_e) in the presence of uranium by the 
auc_e in the absence of uranium. 
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2.4. Interaction of C. metallidurans NA4U with uranium 

Growth of C. metallidurans NA4U was followed for 24 h in the pres-
ence of 0 µM, 100 µM and 250 µM UO2(NO3)2. Detailed protocols are 
described in Supplementary Information. 

2.5. Transmission electron microscopy 

Microscopic analysis was performed after 24 h growth in presence of 
either 100 µM or 250 µM UO2(NO3)2. The detailed procedure is 
described in Supplementary Information. 

2.6. Construction of insertional inactivation constructs 

Phusion High-Fidelity Polymerase (Thermofisher Scientific, 
Belgium) was routinely used for the amplification of DNA. Anza re-
striction enzymes and T4 ligase (Thermofisher Scientific, Belgium) or 
the GeneArt™ seamless cloning and assembly enzyme mix (GA cloning, 
Thermofisher Scientific, Belgium) were used for cloning purposes. 
Plasmids and primers used in this study are shown in Table 1 and Sup-
plementary Table 1 respectively. The tetracycline resistance cassette 
was amplified from pACYC184 with primers Ampli.tet-5 and Ampli.tet-3 
(1.3 kb) for GA cloning or with primers tet_FW and tet_RV (1.4 kb) for 
digestion with BcuI and BspTI. Antibiotic resistance genes dfr (trimeth-
oprim resistance, TmR) and km (kanamycin resistance, KmR) were 
amplified from pBBR1MCS2-dfr (originally derived from Kovach et al. 
(1995) and pACYC177 with primers dfr_5’_BcuI and dfr_3’_BspTI (0.4 
kb), and KmFOR-BcuI and Km_REV_BspTI (1.0 kb), respectively. 
Amplicons of dfr and km were afterwards digested with BcuI and BspTI 
for ligation with digested inverse PCRs. All intermediate and final con-
structs were transformed to either E. coli DG1 (Eurogentec, Belgium) or 
TOP10 (Invitrogen, Belgium) chemically competent cells. 

Primer pair prsQ2_XbaI and czcS2_HindIII was used to amplify the 
C. metallidurans NA4 gene region of czcR2S2 including 2.5 kb upstream 
and 0.6 kb downstream providing an amplicon with a size of 5.3 kb and 
XbaI and HindIII restriction sites. The amplified region was cloned in 
pK18mob (Schafer et al., 1994) linearized with XbaI and HindIII. The 
resulting plasmid, pK18mob-czcR2S2, was used as PCR template with 
outward-oriented primer pair czcR2S2_inverse_3′ and czcS2_inverse_5′

(5.7 kb). Amplified product was digested with BcuI and BspTI and ligated 
with either BcuI/BspTI digested tet or dfr to create pK18mob-czcS2::tet 
and pK18mob-czcS2::dfr, respectively. Plasmid pK18mob-czcR2S2 was 
also used as template for the primer pair czcS2_Rv_HindIII and 
pK18mobInverse_GA_RV (4.2 kb). The amplicon was cloned in 
pSCK201, which was linearized with HindIII and SacI resulting in the 
construct pSCK201-czcR2S2. This plasmid was then used as template for 
inverse PCR with primers czcR2S2_inverse_5’ and czcR2S2_inverse_3’ 
(3.9 kb). The amplified product was BspTI/BcuI digested and ligated 
with the digested km, creating pSCK201-czcR2S2::km. 

The CmetNA4_v1_pA0288 and CmetNA4_v1_pA0287 (hereafter 
phoA1 and phoA2) gene region with 0.8 kb upstream and 0.5 kb down-
stream was amplified with primers phoA1_FW_EcoRI and phoA2_RV_-
BamHI, resulting in an amplicon of 4.2 kb with EcoRI and BamHI 
restriction sites. This was cloned into EcoRI and BamHI restricted 
pK18mob and the resulting plasmid, pK18mob_phoA1A2, was trans-
formed to E. coli DG1. Inverse PCR was performed on pK18mob_-
phoA1A2with primers phoA1_5’_inverse_BcuI and phoA2_3’_inverse_ 
BspTI, the resulted amplicon was restricted with BcuI and BspTI and the 
dfr trimethoprim resistance gene was cloned as a BcuI/BspTI fragment in 
the inverse amplified pK18mob_phoA1A2, resulting in pK18mob_-
phoA1A2::dfr. The prsQ2 gene region was amplified with prsQ2_5′_FW and 
prsQ2_3′_RV, followed by GA cloning with pK18mob_GA_Fw/ 
pK18mob_GA_Rv amplified pK18mob resulting in the construct 
pK18mob_prsQ2. This was used as template for inverse PCR was per-
formed with primers prsQ2-BspTI-INV-5′ and prsQ2_RV (6.6 kb). The 
amplified product was BspTI/BcuI digested and ligated with digested dfr 
to obtain the pK18mob-prsQ2::dfr construct. 

All created plasmids were confirmed by Sanger sequencing with 
outward oriented antibiotic resistance gene primers: tet-5_out and tet- 
3_out, dfrout_5′ and dfrout_3′, and Rev_Km_upstream and 
Rev_Km_downstream. 

For insertion mutagenesis, all constructs were conjugated in 
C. metallidurans NA4U or NA4 (for pK18mob-czcS2::tet and pK18mob- 
czcS2::dfr) via E. coli MFDpir as donor (biparental) (Ferrieres et al., 
2010). For each mutant, a trimethoprim resistant and kanamycin sen-
sitive exconjugant was selected (kanamycin resistant and tetracycline 
sensitive in the case of czcR2S2::km and a tetracycline resistant and 
kanamycin sensitive in the case of czcS2::tet) yielding NA4ΔczcS2

Tc, 

Table 1 
Strains and plasmid used in this study.  

Strains Genotype/relevant characteristics Ref. 

Escherichia coli   

DG1 
mcrA Δmrr-hsdRMS-mcrBC (rB

- mB
- ) 

Φ80lacZΔM15 ΔlacX74 recA1 araD139 
Δ(ara-leu)7697 galU galK rpsL endA1 nupG 

Eurogentec, 
Belgium 

MFDpir 
MG1655 RP4–2-Tc::[ΔMu1::aac(3)IV- 
ΔaphA-Δnic35-ΔMu2::zeo] ΔdapA::(erm- 
pir) ΔrecA 

(33) 

SoluBL21 F- ompT hsdSB (rB- mB-) gal dcm (DE3) Genlantis, USA 

TOP10 

F- mcrA Δ( mrr-hsdRMS-mcrBC) 
Φ80lacZΔM15 ΔlacX74 recA1 araD139 
Δ(araleu)7697 galU galK rpsL (StrR) endA1 
nupG 

Invitrogen, 
Belgium 

Cupriavidus metallidurans  

NA4 
Isolated from ISS SRV-K filter reactor 
effluent returned on Soyuz 10S (2004) 
(original code: 0502478–1) 

(23) 

NA4U Spontaneous uranium mutant of NA4, UR This study 
NA4ΔczcS2

Tc czcS2::tet, TcR This study 
NA4ΔczcS2

Tm czcS2::dfr, TmR This study 
NA4UΔczcR2S2 czcR2S2::km, KmR This study 
NA4UΔphoA1A2 phoA1A2::dfr, TmR This study 
NA4UΔprsQ2 prsQ2::dfr, TmR This study 
Plasmids Genotype/relevant characteristics Ref. 
pACYC177 p15A ori, AmpR, KmR Lab collection 
pACYC184 p15A ori, CmR, TcR Lab collection 
pBBR1MCS-2 pBBR1 ori, Mob+, lacZ, KmR (31) 
pBBR1MCS2-dfr pBBR1 ori, Mob+, lacZ, KmR, TmR Lab collection 
pBBR-prsQ2 prsQ2of NA4 in pBBR1MCS-2, KmR (26) 
pET-czcR2 CDS of czcR2 from NA4 in pET24a(+), KmR This study 

pET-czcR2
D51A pET24-czcR2 with D51A substitution in 

CzcR2, KmR This study 

pK18mob pMB1 ori, Mob+, lacZ, KmR (32) 
pK18mob_tet pMB1 ori, Mob+, lacZ, TcR Lab collection 

pK18mob-czcR2S2 
pK18mob with czcR2S2 gene region of NA4, 
KmR This study 

pK18mob-czcS2:: 
dfr 

pK18mob-czcR2S2 derivative with czcS2 

replaced by dfr, KmR, TmR This study 

pK18mob-czcS2:: 
tet 

pK18mob-czcR2S2 derivative with czcS2 

replaced by tet, KmR, TcR This study 

pK18mob- 
phoA1A2 

pK18mob with phoA1A2 gene region of 
NA4, KmR This study 

pK18mob- 
phoA1A2::dfr 

pK18mob- phoA1A2 derivative with 
phoA1A2 replaced by dfr, KmR, TmR This study 

pK18mob-prsQ2 
pK18mob with prsQ2 gene region of NA4, 
KmR (26) 

pBBR-prsQ2
SDM pBBR-prsQ2 harbouring a frameshift in the 

start codon of prsQ2, KmR (26) 

pBBR-prsQ2
ΔSP pBBR-prsQ2 with 26-bp deletion of the 

prsQ2 signal sequence, KmR (26) 

pK18mob-prsQ2:: 
dfr 

pK18mob-prsQ2derivative with prsQ2 

replaced by dfr, KmR, TmR This study 

pSCK201-czcR2S2 
pSCK201 with czcR2S2 gene region of NA4, 
TmR This study 

pSCK201-czcR2S2:: 
km 

pSCK201-czcR2S2derivative with czcR2S2 

replaced by km, TmR, KmR This study 

UR (uranium resistant); KmR and km (kanamycin resistance and resistance gene); 
TcR and tet (tetracycline resistance and resistance gene); TmR and dfr (trimeth-
oprim resistant and resistance gene) 
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NA4ΔczcS2™, NA4UΔczcR2S2, NA4UΔphoA1A2and NA4UΔprsQ2. 
Furthermore, plasmids pBBR1MCS-2, pBBR-prsQ2, pBBR-prsQ2

SDM 

pBBR-prsQ2
ΔSP (Mijnendonckx et al., 2019) were transformed by elec-

troporation in NA4UΔprsQ2. 

2.7. Construction of plasmids for heterologous expression 

The CDS of czcR2 was amplified by PCR using genomic DNA from 
C. metallidurans NA4 as template with the czcR2_FW-RV primer pair. The 
PCR product was cloned as NdeI/XhoI fragments into pET24a(+). The 
resulting pET24-czcR2 plasmid from E. coli DG1 transformants selected 
on LB Km50 were further confirmed by sequencing with the primers 
T7_FW and T7_term. Subsequently, pET24-czcR2 were transformed by 
electroporation into E. coli SoluBL21. In addition, a D51A mutation was 
introduced into pET24-czcR2 via site-directed mutagenesis (Phusion 
Site-Directed Mutagenesis Kit, Thermo Scientific, Belgium). Briefly, 
plasmid pET24-czcR2 was used as template for PCR amplification with 
the phosphorylated primer pairs czcR2_D51A_FW/ czcR2_SDM_RV. The 
resulting linear fragment was purified using the Wizard® SV Gel and 
PCR Clean-Up System (Promega, the Netherlands), DpnI treated, self- 
ligated and transformed to E. coli DG1. The resulting pET24-czcR2

D51A 

plasmid from transformants selected on LB Km50 were further 
confirmed by sequencing prior to transformation into E. coli SoluBL21. 

2.8. Whole genome sequencing 

Total genomic DNA of C. metallidurans NA4U and NA4ΔczcS2
Tc was 

extracted from liquid cultures using the QIAamp DNA Mini Kit (Qiagen 
Benelux, Belgium). Dropsense Lunatic chips (Unchained Labs, Belgium) 
were used to analyze the quantity and quality of the extracted DNA. 
Whole genome sequencing was performed with the Illumina MiSeq 
platform at Baseclear (Leiden, The Netherlands), paired-end sequencing 
reads were analyzed by alignment to the reference genome of NA4 using 
breseq version 0.25.0 (Heath et al., 2014). 

2.9. Whole genome expression analysis 

Gene expression in the spontaneous uranium mutant NA4U and in 
the insertional deletion mutant NA4ΔczcS2

Tc was compared to that of the 
parental strain in non-selective conditions. First, three independent 
cultures were grown until stationary and diluted 1/500. Then, sub-
cultures were incubated at 120 rpm 30 ◦C and the OD600 was followed 
until 0.6. Hereafter, subcultures were centrifuged for 5 min at 12 000 g 
in 2 mL portions. The supernatant was discarded and pellets were snap 
frozen in liquid nitrogen before storage in − 80 ◦C. 

RNA was extracted from the pellets using the Promega SV total RNA 
isolation system (Promega, USA). RNA sequencing (directional mRNA 
library, RiboZero rRNA depletion and 2 × 125 bp paired-end 
sequencing) was performed by Eurofins Genomics GmbH (Ebersberg, 
Germany). RNA of NA4ΔczcS2

Tc and corresponding parental strain were 
extracted from the pellets using the mirVana™ miRNA isolation kit 
(Invitrogen™, USA) with the protocol for total RNA extraction. RNA 
sequencing was performed by Vertis Biotechnologie AG (Freising, Ger-
many). The RNA-seq datasets generated and analyzed for this study are 
available from the NCBI Sequence Read Archive under accession num-
ber PRJNA849803. Read alignment to the C. metallidurans NA4 genome 
(v2 MaGe platform (Vallenet et al., 2013) and strand-specific read 
counting (featureCounts) were done with the Rsubread package for R 
(Liao et al., 2019). Differential gene expression of the resulting count 
matrix was accomplished using edgeR (Robinson et al., 2009) and limma 
(Ritchie et al., 2015), using a Benjamini–Hochberg approach to control 
for Type 1 statistical errors. Genes were found to be differentially 
expressed if they showed a log2 fold change higher than 1 or lower than 
− 1 and a p-value value lower than 0.05. Further analysis was performed 

based on the eggNOG functional classification (Powell et al., 2012), 
downloaded from the MaGe platform (Vallenet et al., 2013), and 
p-values for classes with known function were calculated using the R 
MLP package (version 1.34.0) (Raghavan et al., 2019). 

2.10. Protein expression and purification of 6xHis-tagged proteins 

E. coli SoluBL21 containing pET24-czcR2 or pET24-czcR2D51A was 
cultured overnight at 37 ◦C and diluted 1:500 in 2 L LB broth containing 
50 μg/mL kanamycin. Cells were grown aerobically with vigorous 
shaking (180 rpm) at 37 ◦C to an OD600 of 0.6–0.8. Next, IPTG was 
added at a final concentration of 0.3 mM to induce protein expression. 
After overnight induction at 20 ◦C (180 rpm), cells were harvested by 
centrifugation (5000 g, 20 min at 4 ◦C) prior to lysis by sonication. 
Sonication and recovery were carried out in a lysis buffer (50 mM Tris- 
HCl, 100 mM NaCl, 5% glycerol, pH 7.5) supplemented with 1 mM 
PMSF (phenylmethylsulfonyl fluoride) and 1 mM benzamidine. The cell 
lysate was clarified by centrifugation (13 000 g, 45 min at 4 ◦C), loaded 
onto a HisTrap HP column (GE Lifesciences) in binding buffer (50 mM 
Tris-HCl, 100 mM NaCl, 30 mM imidazole, 5% glycerol, pH 7.5) and 
eluted with the same buffer supplemented with 500 mM imidazole. The 
proteins were subsequently purified by size-exclusion chromatography 
(SEC) on a HiLoad 16/600 Superdex 75 pg (16 mm x 600 mm) (GE 
Lifesciences). The purity of all protein preparations was determined by 
SDS-PAGE and protein concentrations measured with the Bradford 
protein assay (BioRad) using BSA (bovine serum albumin) as a standard. 
All protein concentrations are expressed in monomer equivalents. 

2.11. Electrophoretic mobility shift assays 

Single 5′-end radiolabeled [5 ́ -32P] DNA fragments were prepared by 
PCR amplification with GoTaq green master mix (Promega), genomic 
DNA from C. metallidurans NA4 and the CzcR2_EMSA_FW/RV or the 
v2_1370_FW/RV primer pair (Supplementary Table 1), one primer was 
[5′-32P] end labelled with [γ-32P]-ATP (3000 Ci/mmol; Perkin-Elmer) 
using T4 polynucleotide kinase (Fermentas) as described in (Nguyen 
Ple et al., 2010). EMSAs were performed according to Enoru-Eta et al. 
(Enoru-Eta et al., 2000) and in the presence of excess of non-specific, 
non-labelled competitor DNA (25 μg/mL sonicated herring sperm 
DNA). Complex formation was performed at RT (room temperature) and 
allowed to reach equilibrium for 30 min in phosphate binding buffer (25 
mM Na2HPO4, 150 mM NaCl, 0.1 mM EDTA, 2 mM MgCl2, 1 mM DTT, 
10% glycerol, pH 7.0). Protein-DNA complexes were separated from 
unbound DNA by gel electrophoresis on 6% polyacrylamide with TBE 
buffer (89 mM Tris-base, 89 mM boric acid, 2.5 mM EDTA) as running 
buffer. 

3. Results 

3.1. Selection of increased uranium resistance 

Although growth of C. metallidurans NA4 was not observed in liquid 
RM medium supplemented with 400 µM UO2(NO3)2 after a standard 
three-day growth assay, growth was visible after extended incubation (1 
week). The culture was streaked on non-selective RM agar and retested 
for its resistance. The latter, designated as NA4U, exhibited an increased 
and inheritable resistance to uranium. Growth of NA4U in the presence 
of uranium was only slightly hampered up to 500 µM and completely 
inhibited at 2 mM, while the parental NA4 strain showed growth 
impairment from 125 µM onwards and complete inhibition between 250 
and 500 µM (Fig. 1a). In non-selective conditions, no growth differences 
were observed between both strains (Supplementary Fig. 1). In addition, 
NA4U exhibited decreased resistance towards Co2+ and Ni2+, and 
increased resistance to Cd2+, Zn2+, Cu2+ and Ag+ (Fig. 1b). 
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3.2. Regulation of increased uranium resistance by the response regulator 
CzcR2 

Whole genome sequencing of NA4U revealed several single nucleo-
tide polymorphisms (SNPs) and indels (Supplementary Table 2). The 
largest deletion consisted of 55 consecutive genes (CmetNA4_v2_2332 – 
2386) belonging to a putative prophage (Van Houdt et al., 2018). In 
addition, czcS2 (1446 bp), coding for a sensor histidine kinase, was 
inactivated due to a large 999-bp deletion. The latter resulted in the 
overexpression of czcR2, encoding the response regulator of the 
two-component system (TCS) CzcR2S2, as evidenced by comparing the 
NA4U transcriptome to that of the parental strain in non-selective 
growth conditions (Supplementary Table 3). The NA4U transcriptome 
showed, with 587 up- and 416 downregulated genes, many changes but 
none of the other NA4U genes affected by SNPs and/or indels were 
differentially expressed (Supplementary Tables 2 and 3). The TCS 
CzcR2S2, which is located on the chromid (Cmet-
NA4_v1_pm0619-pm0620), regulates the efflux pump CzcC2B2A2 
(CmetNA4_v1_pm0612-pm0614) involved in cadmium, zinc and cobalt 
resistance (Nies et al., 1987; Diels et al., 1995). However, both 
C. metallidurans NA4 and NA4U have a 2-bp deletion in czcC2 resulting in 
a premature stop codon (Rogiers et al., 2022a). Combined with a com-
parable expression level of czcA2 in NA4 and NA4U (Supplementary 
Table 3), the CzcC2B2A2 pump is not considered as instigator for the 
increased uranium resistance. Nevertheless, deletion of czcR2S2 in NA4U 
decreased uranium resistance to that of NA4 and deletion of czcS2 in 
NA4 increased uranium resistance to that of NA4U (Fig. 2, 

Supplementary Fig. 2), corroborating a role for CzcR2 in the acquired 
increased uranium resistance. In addition, the resistance level of 
NA4ΔczcS2 to Ni2+, Co2+, Cd2+, Zn2+ and Cu2+ was not comparable to 
that of NA4U, indicating that these metal resistance determinants do not 
play a role in the increased uranium resistance. Only resistance to Ag+ of 
NA4ΔczcS2 was comparable to that of NA4U and not NA4 (Supple-
mentary Fig. 3). 

3.3. A key role for the small periplasmic protein PrsQ2 

Next, possible target genes of CzcR2 resulting in the increased ura-
nium resistance were identified by comparing the transcriptome of 
NA4U and NA4ΔczcS2 to NA4 in non-selective conditions. The latter 
revealed 62 and 10 genes that were commonly upregulated and down-
regulated, respectively. Noteworthy, in contrast to strain NA4U, for 
which the transcriptomic landscape in non-selective conditions strongly 
differed from that of NA4, only 86 and 201 genes were up- and down-
regulated in non-selective growth conditions in strain NA4ΔczcS2 
compared to NA4 (Supplementary Fig. 4, Supplementary Table 3). On 
scrutinizing the list of commonly upregulated genes, two genes attracted 
attention, namely, phoA1 encoding an alkaline phosphatase and prsQ2 
encoding a small periplasmic protein. Phosphatases have been shown to 
be involved in the precipitation of uranium in many strains (Beazley 
et al., 2007; Kulkarni et al., 2013; Macaskie et al., 2000; Nilgiriwala 
et al., 2008; Pinel-Cabello et al., 2021; Powers et al., 2002; Yung and 
Jiao, 2014). However, deletion of the phoA1A2 operon in NA4U did not 
affect uranium resistance (Fig. 2). The prsQ2 gene was one of the highest 
commonly upregulated genes in NA4U and NA4ΔczcS2 (Supplementary 

Fig. 1. Growth of C. metallidurans strains in different conditions. (a) Growth of 
C. metallidurans strains NA4 (red) and NA4U (green) in RM medium supple-
mented with different uranium concentrations. Data (average and standard 
deviation) is shown as the percentage of cumulative biomass based on the 
empirical area under curve after 72 h. (b) Comparison of metal resistance to 
7.5 mM Co2+, 20 mM Ni2+, 1 mM Cd2+, 6 mM Zn2+, 0.5 mM Cu2+ and 0.5 mM 
Ag+. Data (average and standard deviation) is presented as % survival. The 
detection limit is presented as a dotted line. All assays consist of three biolog-
ical replicates. 

Fig. 2. Growth of different C. metallidurans insertional knockout mutants on 
uranium. Tenfold serial dilution of a stationary phase cultures spotted on RM 
agar supplemented with 500 µM UO2(NO3)2 and incubated for four days at 
30 ◦C. The results are shown for one representative of three independent cul-
tures of NA4, NA4U, and all insertional knockout mutants (preceding Δ) and 
complementation strains (designated with pBBR). pBBR-prsQ2

SDM complemen-
tation of prsQ2 with a frameshift mutation in the start codon; pBBR-prsQ2

ΔSP: 
complementation of prsQ2 without signal peptide. 
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Table 3) and was previously shown to be involved in increased silver 
resistance (Mijnendonckx et al., 2019), which was also observed in 
NA4U and NA4ΔczcS2. Unlike the deletion of phoA1, deletion of prsQ2 
decreased uranium resistance to the parental level, which could be 
restored to that of NA4U by plasmid-based complementation of the 
full-length prsQ2 (Fig. 2). Furthermore, CzcR2 binding to the prsQ2 
promoter was confirmed by EMSA (Fig. 3). The latter also indicated that 
binding of dephosphomimetic CzcR2

D51A, reflecting the phosphorylation 
state of CzcR2 in the absence of CzcS2 (i.e. in NA4U and NA4ΔczcS2) 
occurred with higher affinity than binding of CzcR2 (Fig. 3). 

3.4. NA4U actively removes uranium but with a different subcellular 
localization at a higher concentration 

Next, we investigated the removal of uranium by strain NA4U in the 
presence of 100 and 250 µM UO2(NO3)2. After 24 h NA4U removed 
96.7 ± 0.3% and 98.2 ± 0.0% of 100 and 250 µM uranium, respectively 
(Fig. 4a). When CCCP, a chemical known to inhibit the proton motive 
force (Ikonomidis et al., 2008), was added to metabolically inactivate 
the cells, uranium removal was not observed (Fig. 4a). It should be noted 
that addition of CCCP also affected the total cell number, which 
increased gradually in the presence of 100 and 250 µM UO2(NO3)2, but 
remained constant for the CCCP-treated controls (Fig. 4b). 

To visualize possible uranium precipitates, TEM analysis was per-
formed after 24 h of growth of NA4U in the presence of 100 µM 
UO2(NO3)2. Similar to the parental strain, intracellular uranium pre-
cipitates were observed (Supplementary Fig. 5) (Rogiers et al., 2022a). 
However, when the uranium concentration was increased to 250 µM, 
uranium-phosphate precipitates were formed in NA4U as well as 
NA4ΔczcS2 that were mainly in the periplasm (Fig. 5, Supplementary 
Fig. 6). Noteworthy, as growth of the parental strain at 250 µM 
UO2(NO3)2 was limited, no TEM pictures could be obtained. 

4. Discussion 

The β-proteobacterium C. metallidurans harbors a wide plethora of 
metal resistance gene clusters and is typically found in metal- 
contaminated environments (Mergeay and Van Houdt, 2015). It has 
become a model organism to study metal resistance and applications for 
biosensing and bioremediation of metals have been developed (Corbis-
ier et al., 1999; Diels et al., 1999, 2009; Tibazarwa et al., 2001). 
Bioremediation is considered one of the most promising bio-based ap-
proaches for the remediation of uranium-contaminated sites (Newsome 
et al., 2014). The use of multiple-metal resistant bacteria would be an 
advantage as uranium contaminated soils are very often 
co-contaminated with metals such as cadmium, zinc and copper (Li and 
Krumholz, 2009; Bigalke et al., 2017; Lu and Liu, 2018). However, 
detailed knowledge on the interaction of C. metallidurans with uranium 
is lacking. In this study, we showed that C. metallidurans NA4 is able to 
adapt to toxic uranium concentrations. The obtained spontaneous 
mutant NA4U exhibited an active uranium accumulation mechanism by 
forming uranium-phosphate precipitates, similar as the parental strain 
(Rogiers et al., 2022a). Notably, the uranium resistant mutant harbored 
a second mechanism to cope with higher uranium concentrations, 
probably by relocating the uranium-phosphate precipitates to its peri-
plasm. In general, uranium-phosphate precipitation is a known resis-
tance mechanism for bacteria towards uranium but localization of the 
precipitates can be strain specific or even dependent on the pH or 

Fig. 3. Electrophoretic mobility shift assays. EMSA corresponding to the 
binding of CzcR2-6xHis and CzcR2

D51A-6xHis with the control region of prsQ2 
(upper panel) and v2_1370 (lower panel). The latter was used as a negative 
control. Protein concentrations (expressed in monomer equivalents) extended 
from 3.13 µM to 50 µM with a stepwise two-fold increase. The small vertical 
line indicates no protein. The position of free DNA (F) and protein-DNA com-
plexes (B) are indicated. 

Fig. 4. Uranium removal by C. metallidurans NA4U. Concentration of uranium 
in the supernatant (a) and total counts (b) after growth of NA4U without ura-
nium (blue), in the presence of 100 µM (green) and 250 µM UO2(NO3)2 (red) 
with (dark) and without CCCP (light). Results of the growth medium without 
cells are presented in brown. Values represent the average and standard devi-
ation of three biological replicates. 

K. Mijnendonckx et al.                                                                                                                                                                                                                         



Journal of Hazardous Materials 444 (2023) 130410

7

incubation time. For example, membrane-associated precipitates were 
found in Caulobacter crescentus NA1000 at circumneutral pH or for 
Myxococcus xanthus at pH 4.5, but uranium-phosphate complexes were 
also observed in the bulk medium (Jroundi et al., 2007; Yung and Jiao, 
2014). Serratia sp. strain OT II 7 formed extracellular precipitates at pH 
7 and pH 9. In contrast, uranium-phosphate was associated with the 
outer membrane after 10 h incubation at pH 5 but moved intracellularly 
at later time points (Chandwadkar et al., 2018). Membrane associated 
uranium accumulation was observed in Bacillus sphaericus JG-7B while 
both membrane associated and intracellular accumulation was observed 
in Sphingomonas sp. S15-S1 for a single concentration of UO2(NO3)2 
(Merroun et al., 2011). Our results show that localization of 
uranium-phosphate precipitates within a single strain can also depend 
on uranium concentrations. 

Whole genome and transcriptome sequencing and insertional 

mutation revealed a role for the two-component system CzcR2S2 and a 
small periplasmic protein PrsQ2 in the formation of the periplasmic 
precipitates. Deletion of czcS2 resulted in transcriptional activation of 
the corresponding response regulator CzcR2, which on its turn cross- 
activated the expression of the non-canonical target prsQ2, resulting in 
the increased uranium resistance. A uranium responsive TCS system 
UzcRS was identified in Caulobacter crescentus and upstream the recently 
identified uranium binding protein UipA of Microbacterium, a TCS sys-
tem UipRS is located (Park et al., 2017; Gallois et al., 2021). However, 
insertional mutants refuted a role for UzcRS in uranium resistance (Park 
et al., 2017). Moreover, the role of UipRS in uranium resistance is also 
unclear as the TCS is absent or not induced at proteomic level in uranium 
tolerant UipA positive strains (Gallois et al., 2021). In fact, no TCS 
system or regulator involved in uranium resistance was identified to 
date. 

Notably, our observations are strikingly similar to the adaptive silver 
resistance mechanism observed in C. metallidurans NA4 (Mijnendonckx 
et al., 2019). Here, a mutation in the TCS AgrRS resulted in an increased 
resistance to silver without the involvement of the canonical silver 
resistant mechanisms. Rather, the unphosphorylated response regulator 
AgrR activated non-cognate targets, including prsQ2 enabling the strain 
to withstand much higher silver concentrations (Mijnendonckx et al., 
2019; Ali et al., 2020). PrsQ2 is a member of an uncharacterized protein 
family of secreted intrinsically disordered proteins, whose members are 
restricted to the genera Cupriavidus and Ralstonia (Janssen et al., 2010; 
Mijnendonckx et al., 2019). Although their precise mode of action is not 
yet resolved, it seems that they are key proteins in adaptive resistance to 
metals including uranium and silver. The 62-AA long protein harbors 8 
threonine and 3 serine residues, which are possible phosphorylation 
sites. Putatively, these residues play an important role in the formation 
of the periplasmic uranium phosphate precipitates. A different affinity 
for uranium explained by a distinct C-terminal region containing 
significantly more serine and threonine residues was also observed in an 
S-layer protein of Bacillus sphaericus where the SlfB S-layer protein of 
B. sphaericus JG-A12, isolated from a uranium mining waste pile 
expressing is much more effective in uranium binding than the SlfA 
S-layer protein of the reference strain B. sphaericus NCTC 9602 (Poll-
mann et al., 2005). 

5. Conclusion 

We showed that a single mutation in a sensor kinase increased the 
resistance of C. metallidurans NA4 to uranium four times. The increased 
uranium resistance was acquired via the formation of periplasmic 
uranium-phosphate precipitates facilitated by the increased expression 
of a genus-specific small periplasmic protein, PrsQ2, regulated as non- 
cognate target of the CzcS2-CzcR2 two-component system. A more 
detailed study of members of this protein family can benefit the search of 
novel biological routes for metal remediation. 

Environmental implication 

Cupriavidus metallidurans is a model bacterium to study molecular 
mechanisms of metal resistance and its application as bioreporter for 
and in bioremediation of several metals has been shown. However, its 
molecular response towards radionuclides, which are often found in 
metal-contaminated environments, remains largely unexplored. We 
showed that a single mutation increased uranium resistance of strain 
C. metallidurans NA4 four times. The mutation resulted in the activation 
of a small periplasmic protein, which played a central role in the 
adaptation process by relocating uranium-phosphate precipitates in the 
periplasm. Understanding the detailed molecular resistance mechanisms 
can aid in exploiting bioremediation techniques. 

Fig. 5. Electron microscopy images of C. metallidurans NA4U in the presence of 
uranium. a) HAADF-STEM micrograph together with distribution analysis of b) 
uranium (purple) and phosphorus (green), c) uranium and d) phosphorus of 
C. metallidurans NA4U grown 24 h in presence of 250 µM UO2(NO3)2. e) EDX 
spectra of a uranium structure at the cell membrane. The characteristic peaks of 
copper in the EDX spectra are caused by fluorescence excitation of the TEM 
support grid. 
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