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A B S T R A C T

Calcification of soft tissue leads to serious diseases and has been associated with bacterial chronic infections.
However, the origin and the molecular mechanisms of calcification remain unclear. Here we hypothesized that a
human pathogen Pseudomonas aeruginosa deposits extracellular calcium, a process requiring carbonic anhydrases
(CAs). Transmission electron microscopy confirmed the formation of 0.1-0.2 μm deposits by P. aeruginosa PAO1
growing at 5 mM CaCl2, and X-ray elemental analysis confirmed they contain calcium. Quantitative analysis of
deposited calcium showed that PAO1 deposits 0.35 and 0.75mM calcium/mg protein when grown at 5mM and
10mM CaCl2, correspondingly. Fluorescent microscopy indicated that deposition initiates at the cell surface. We
have previously characterized three PAO1 β-class CAs: psCA1, psCA2, and psCA3 that hydrate CO2 to HCO3

−,
among which psCA1 showed the highest catalytic activity (Lotlikar et. al. 2013). According to immunoblot and
RT-qPCR, growth at elevated calcium levels increases the expression of psCA1. Analyses of the deletion mutants
lacking one, two or all three psCA genes, determined that psCA1 plays a major role in calcium deposition and
contributes to the pathogen’s virulence. In-silico modeling of the PAO1 β-class CAs identified four amino acids
that differ in psCA1 compared to psCA2, and psCA3 (T59, A61A, A101, and A108), and these differences may
play a role in catalytic rate and thus calcium deposition. A series of inhibitors were tested against the re-
combinant psCA1, among which aminobenzene sulfonamide (ABS) and acetazolamide (AAZ), which inhibited
psCA1 catalytic activity with KIs of 19 nM and 37 nM, correspondingly. The addition of ABS and AAZ to growing
PAO1 reduced calcium deposition by 41 and 78, respectively. Hence, for the first time, we showed that the β-CA
psCA1 in P. aeruginosa contributes to virulence likely by enabling calcium salt deposition, which can be partially
controlled by inhibiting its catalytic activity.

1. Introduction

Soft tissue calcification is highly disruptive for cellular functions
and leads to severe human diseases such as arteriosclerosis and renal
stone formations. However, the origins and the contributing factors of
calcification are poorly understood. Initiation of calcification is com-
monly associated with misbalance of calcium ion (Ca2+) and activity of
human alkaline phosphatases and carbonic anhydrases (CAs) [1,2].
Several diseases lead to elevated levels of Ca2+ in different liquids of
the human body. For example, the levels of Ca2+ are increased in

pulmonary fluids and nasal secretions in cystic fibrosis (CF) patients
[3,4], in serum of patients with cardiovascular disease (CVD) and hy-
pertension [5,6], during arteriosclerosis [7], and chronic kidney disease
[8]. Furthermore, scattered calcium salt deposits have been observed in
calcified atherosclerotic lesions of endocarditis patients [9]. Calcium
deposition was also detected during late stages of long-term chronic
bacterial infections, such as CF, tuberculosis and infective endocarditis
[10–12]. The latter raises a possibility that bacterial pathogens may
contribute to the process of calcium deposition in soft tissues of the
host. This concept has been previously proposed in the context of
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atherosclerosis [13], however the mechanisms have not been char-
acterized. Here we hypothesize that Pseudomonas aeruginosa, a human
pathogen causing severe chronic infections, is capable of CaCO3 de-
position, which enhances the pathogenic impact of the organism.

Most commonly, soft tissue calcium deposits contain phosphates or
carbonates. Deposition of calcium phosphate salts have been associated
with metastatic calcification, hypervitaminosis D, tumoral calcinosis,
arteriosclerosis, venous calcifications, and dermatomyositis [14,15].
CaCO3 deposition has associated with collagen-vascular diseases [16],
gallstones and kidney stones [17]. Several factors may lead to soft tissue
CaCO3 deposition. The key chemical factors include concentrations of
Ca2+, carbonate (CO3

2−) and the availability of nucleation sites
[18,19]. Biological factors include the metabolic activity providing
CO3

2− and increasing pH [20]. Several bacterial processes may gen-
erate CO3

2−, including activity of CAs, nitrogen cycle, and urea hy-
drolysis [19,21,22]. Several studies have suggested that prokaryotes are
able to form CaCO3 precipitates in diverse natural environments such as
soil, seawater, saline lakes and geological formations [23–26]. Most of
these studies involve microbial communities, and only a few focus on
pure cultures. The latter include a soil bacterium, P. fluorescens [27] and
cyanobacterium Synechocystis sp. PCC 6803 [26]. The ability of P.
aeruginosa to deposit calcium was observed during growth at 15mM
CaCl2, however, the mechanisms of calcium salt deposition have not
been studied. [28]

P. aeruginosa is an opportunistic pathogen that invades human tis-
sues and cause life-threatening acute and chronic infections including
pneumonia, bloodstream infections, urinary tract and surgical site in-
fections. The best-studied cases are the infections of lung airways in CF
patients, and burn wounds infections. P. aeruginosa is also one of the
leading causes of infective endocarditis, particularly in intravenous
drug users, young children, and patients with prosthetic valve re-
placement [29,30]. P. aeruginosa infections are considered biofilm-as-
sociated, where bacteria colonize tissue surface [31] and form biofilms,
which have an increased resistance to antibiotics [32] and to host de-
fenses [33,34]. Importantly, several diseases caused by P. aeruginosa
chronic infections, including endocarditis, meningitis, and CF [35–39],
are associated with calcification during their advanced stages of de-
velopment.

The metalloenzymes, carbonic anhydrases (CAs), EC 4.2.1.1, cata-
lyze the reversible hydration of CO2 to HCO3

− (CO2 + H2O ⇌ HCO3
−

+ H+). They are present in all domains of life and are involved in
different physiological functions including pH homeostasis, CO2/
HCO3

− transport, and carbon fixation (reviewed in [40]). Due to their
catalytic activity, CAs may drive the formation of CaCO3 under ap-
propriate environmental conditions. The role of eukaryotic CAs in cal-
cification has been shown in mollusks shells [41] and fish otoliths [42].

Membrane bound α-CA from coral Stylophora pistillata [43] and bovine
CA [44] were shown to be involved in precipitation of CaCO3. Several
prokaryotic CAs including extracellular CA from Bacillus sp [45] and β-
CA from Citrobacter freundii SW3 [46] were suggested to contribute to
CaCO3 formation, however these studies aimed biotechnological ap-
plications and lacked molecular understanding. Previously, we showed
that P. aeruginosa PAO1 encodes three functional β-CAs designated
psCA1, psCA2, and psCA3 [47]. Metal and enzymatic analyses of the
His-tag purified β-CAs confirmed that the proteins contain zinc, re-
quired for catalytic activity, and catalyze the hydration of CO2 to bi-
carbonate [47]. We also characterized the crystal structure of psCA3
and identified several inhibitors binding the catalytic site that inhibit
the activity of the enzyme [48,49].

In this study, we identified the mechanism of calcium deposition in
a human pathogen, P. aeruginosa, by applying transmission electron
microscopy (TEM) with X-ray elemental analysis and gene deletion
followed by fluorescent microscopy. We also performed inhibition
studies and in -silicomodeling to characterize the role of the three β-CAs
expressed by P. aeruginosa PAO1 in the formation of calcium deposits
and virulence.

2. Materials and methods

2.1. Bacterial strains, plasmids, and media

The bacterial strains and plasmids used in this study are listed in
Table 1. All the cultures were stored in 10% (v/v) skimmed milk at
−80 °C. PAO1 was grown at 37 °C in biofilm minimal medium (BMM)
[50], which contained (per liter): 9.0mM sodium glutamate, 50mM
glycerol, 0.02mM MgSO4, 0.15mM NaH2PO4, 0.34mM K2HPO4, and
145mM NaCl, 20 μl trace metals, 1 ml vitamin solution. Trace metal
solution (per liter of 0.83M HCl): 5.0 g CuSO4.5H2O, 5.0 g
ZnSO4.7H2O, 5.0 g FeSO4.7H2O, 2.0 g MnCl2.4H2O. Vitamins solution
(per liter): 0.5 g thiamine, 1mg biotin (Goldbio). The pH of the medium
was adjusted to 7.0. When needed, 5mM CaCl2.2H2O (Sigma) was
added. All reagent-grade chemicals were purchased from Thermo-
Fisher Scientific (Waltham, MA) or Sigma-Aldrich (St. Louis, MO), un-
less otherwise indicated.

For DNA manipulations, E. coli and P. aeruginosa cultures were
grown in Luria–Bertani (LB) broth (per liter: 10 g tryptone, 5 g yeast
extract, 5 g NaCl) at 37 0C with shaking at 200 rpm. Antibiotics used for
E. coli were (per ml) 100 μg ampicillin (Ap) or 30 μg gentamycin (Gm);
for P. aeruginosa, (per ml) 300 μg carbenicillin (Cb), 60 μg tetracycline
(Tet) or 100 μg Gm.

Table 1
Bacterial strains and plasmids used in this study.

Strain/plasmid Relevant Characteristics Source

Escherichia coli
E. coli DH5α General purpose cloning strain; Δ(lacZ)M15) New England Biolabs
ECOlot1 E. coli DH5α harboring plasmid pLOT1 This study
ECOlot2 E. coli DH5α harboring plasmid pLOT2 This study
ECOlot3 E. coli DH5α harboring plasmid pLOT3 This study
Pseudomonas aeruginosa
PAO1 Wild type prototype [126]
PAOsl2 PAO1 with unmarked Δ(PA0102-orf) This study
PAOsl4 PAO1 with unmarked Δ(PA0102 PA2053-orf) This study
PAOsl5 PAO1 with marked Δ(PA0102 PA2053 PA4676-orf) This study

pEX100T ApR; oriT+sacB+ gene replacement vector [54]
pPS856 ApR, GmR; 0.83-kb blunt-ended SacI fragment from pUCGM ligated into the EcoRV site of pPS854 [52]
pFLP2 ApR; 2.6-kb BamHI–SphI fragment from pALB2 ligated between the same sites of pPS908 [52]
pLOT1 Δ(PA0102-orf) gene-deletion plasmid This study
pLOT2 Δ(PA0102 PA2053-orf) gene-deletion plasmid This study
pLOT3 Δ(PA0102 PA2053 PA4676-orf) gene-deletion plasmid This study
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2.2. Standard DNA procedures

Established DNA manipulation procedures were performed as de-
scribed in [51]. Plasmid DNA was isolated using the QIAprep Mini-spin
kit, and chromosomal DNA was obtained using the Wizard® Genomic
DNA Purification Kit (Promega). DNA fragments were purified from
agarose gels using the QIAquick gel extraction kit. DNA concentration
was determined spectrophotometrically using NanoDrop 1000 Spec-
trophotometer (Thermo Scientific, Waltham, MA). DNA transformation
into E. coli DH5α and P. aeruginosa PAO1 was performed using heat
shock or electroporation protocols [51,52].

2.3. Generation of unmarked single, double, and triple gene deletions

Gene deletions were generated following the procedures in [52–54]
with modifications. To generate constructs for gene replacement, the
upstream (UP) and downstream (DN) gene flanking fragments as well
as gentamycin resistance cassette (GmΩ) were PCR amplified. The UP
and DN regions immediately flanking psCA1, psCA2, or psCA3 were
amplified using 50 ng chromosomal PAO1 DNA in a 50 μl PCR reaction
mix containing 5x Phusion® HFbuffer, 200 μM dNTPs, 0.5 μM of each
primer (Table 2, Fig. 1A.), 3% DMSO and 0.4 units of Phusion® High-
Fidelity DNA polymerase (New England Biolabs). The 5′ ends of the
primers contained 21 bases of the plasmid pEX100 T (UP forward), 25
bases of the GmΩ (UP reverse), 24 bases of the GmΩ (DN forward), or
23 bases of pEX100 T (DN reverse) (Table 2, Fig. 1A). The 3′ ends of the
primers contained 20–24 bases from the UP or DN regions of the cor-
responding target genes. The PCR conditions were 98 °C for 30 s, fol-
lowed by 30 cycles of 98 °C for 10 s, 60 °C for 30 s, and 72 °C for 30 s

and a final extension at 72 °C for 10min. To amplify the GmΩ with
flanking FRT sites, a similar PCR reaction was set using purified pPS856
as a template DNA [52] and Gm-F and Gm-R primers (Table 2, Fig. 1B.).
The PCR conditions were 98 °C for 30 s, followed by 30 cycles of 98 °C
for 10 s, 60 °C for 30 s, and 72 °C for 45 s, and a final extension at 72 °C
for 10min. The resulting PCR products were verified by gel electro-
phoresis and, when needed, purified using QIAquick gel extraction kit.

To assemble the obtained DNA fragments into a construct, Gibson
cloning was used [55]. We used 5X buffer containing 25% PEG-8000,
500mM Tris-HCl pH 7.5, 50mM MgCl2, 50mM DTT, 1mM dATP,
1mM dTTP, 1mM dCTP, 1mM dGTP, 5mM NAD and nuclease free
water to make up to a total volume of 2ml. A 1.33X Gibson Cloning
Master mix was made by mixing 100 μl of 5X isothermal reaction
buffer, 2 μl of 1 U/μl T5 exonuclease, 6.25 μl of 2 U/μl Phusion DNA
polymerase, 50 μl of 40 U/μl Taq DNA ligase and 216.75 μl of nuclease
free water to make a final volume of 375 μl. Master mix was stored in
15 μl aliquots at -20 °C. For Gibson assembly, 5 ul of equimolar amounts
of the three gene specific DNA fragments (UP DN, and GmΩ, Fig.1C)
were mixed with 15 μl of 1.33 X master mix and incubated for 1 h at
50 °C. The assembled constructs LOT1 (1,793 bp), LOT2 (1,746 bp), and
LOT3 (1,750 bp) for psCA1, psCA2, and psCA3, correspondingly, were
purified by using QIAquick gel extraction kit and set for the second
Gibson assembly with the addition of 50 ng of XmaI digested pEX100 T
vector. Alternatively, the products were PCR amplified and ligated into
50 ng of SmaI digested pEX100 T using the Blunt/TA ligase master mix.
The resulting vectors were designated pLOT1, pLOT2, and pLOT3
(Table 1, Fig. 1D) and transformed into E. coli DH5α. The successful
transformants were selected on Gm containing LB agar plates and
verified by colony PCR using pEXUPseq_F/ pEXUPseq_R and pEXDN-
seq_F/pEXDNseq_R primers (Table 2) and sequenced. The confirmed
clones designated as EcoLot1, EcoLot2, and EcoLot3.

To delete the first gene, psCA1, the gene-knockout plasmid pLOT1
was transformed into P. aeruginosa PAO1 by electroporation. Successful
transformants were selected on LB-Gm agar plate. A SacB-based
counter-selection was used to select the double crossover events during
growth in 5–8 % sucrose resulting in GmR SucroseR phenotype. The
selected GmR SucroseR CbS colonies were considered as putative dele-
tion mutants, which were confirmed by colony PCR using three sets of
primers: Gm-F/Gm-R, pEX100TsacB-F/pEX100TsacB-R, and psCA1-F/
psCA1-R (Table 2, Fig. 1). The confirmed mutant strain lacking psCA1
was named PAOsl1 (Table 1). To remove the GmΩ cassette from PAOsl1
and generate an unmarked deletion, PAOsl1 was transformed with
pFLP2 encoding Flp recombinase [52]. The transformants were selected
on LB-Cb agar plate and subjected to SacB counter-selection for curing
from the plasmid. The clones with SucroseR GmS CbS phenotypes were
selected and PCR verified using Gm-F/Gm-R primers (Table 2) to con-
firm the loss of the GmΩ cassette. The final markerless psCA1 lacking
mutant was designated PAOsl2. The double mutant lacking psCA1 and
psCA2 designated as PAOsl4 and the triple mutant lacking all three
psCAs designated as PAOsl5, were generated following similar proce-
dures using PAOsl2 and PAOsl4 as the background strains, corre-
spondingly. For convenience, here we named the single, double, and
triple mutants as SM, DM, and TM, correspondingly.

2.4. Quantification of calcium deposition

To measure the quantities of Ca2+ ions from calcium salt deposits,
three approaches were applied: scraping deposits followed by solubili-
zation and Ca2+ quantification, measuring reduction of free Ca2+ in the
medium, and microscopy. For the first approach, cultures were grown
in glass tubes with 5ml BMMmedium with no added or 5–10mM CaCl2
for 24–48 h. The optical densities (OD600) of the cultures were mea-
sured, and the cells were pelleted for total protein yield measurements.
The glass tubes were rinsed three times with nano-pure water to remove
cells and air-dried at room temperature (RT). The material deposited on
the walls of the tubes was solubilized with 250 μl of 0.5M HCl. To

Table 2
PCR primers used in this study.

Name Sequence (5’ → 3’)

psCA1-UpF-
pEX100T*

TCATTACCCTGTTATCCCTACtagctggctggcaccgggcggc

psCA1-UpR-Gm TCAGAGCGCTTTTGAAGCTAATTCGcatggttcggaacctcgatgag
psCA1-DnF-Gm AGGAACTTCAAGATCCCCAATTCGtagcggcggccgtgcgggccg
psCA1-DnR-

pEX100T*
TAGGGATAACAGGGTAATCCCGGcggcagggcgacgaggaacac

psCA2-UpF-
pEX100T*

TCATTACCCTGTTATCCCTACtcgccggcatcggtgggacgc

psCA2-UpR-Gm TCAGAGCGCTTTTGAAGCTAATTCGcatggcgctgggctcctggccg
psCA2-DnF-Gm AGGAACTTCAAGATCCCCAATTCGatcccttccctcacaaccac
psCA2-DnR-

pEX100T*
TAGGGATAACAGGGTAATCCCGGgccgccgggaatgctgccgc

psCA3-UpF-
pEX100T*

TCATTACCCTGTTATCCCTACgagtccccctggtggcgcttcg

psCA3-UpR-Gm TCAGAGCGCTTTTGAAGCTAATTCGcatggcatgcccctcgtttgac
psCA3-DnF-Gm AGGAACTTCAAGATCCCCAATTCGgagaggcggaagctctttc
psCA3-DnR-

pEX100T*
TAGGGATAACAGGGTAATCCCGGgacgagccgggcaacaagatcg

Gm-F§ CGAATTAGCTTCAAAAGCGCTCTGA
Gm-R§ CGAATTGGGGATCTTGAAGTTCCT
pEX100T-sacB-F TCGCGCGTTTCGGTGATG
pEX100T-sacB-R GCAGGCAAGACCTAAAATGTG
psCA1-F AGAGAGCATATGCCAGACCGTATG
psCA1-R AGAGAGGGATCCTCACGAGCTCAG
psCA2-F AGAGAGCATATGCGTGACATCATCG
psCA2-R AGAGAGGGATCCTCAGGCGAC
psCA3-F AGAGAGCATATGAGCGACTTGCAG
psCA3-R AGAGAGGGATCCTCAGCAGCAAC
pEXUPseq-F CGATTAAGTTGGGTAACGCCAG
pEXUPseq-R GCACATCAGCTTCAAAAGCGCTC
pEXDNseq-F CGAGCTATCCATTGCTGTTG
pEXDNseq-R GTTAGCTCACTCATTAGGCAC

Sequences in capital letters are common for all genes amplified and overlap
with the GmΩ or pEX100Tprimer sequences. Lower-case letters indicate UP or
DN target gene-specific sequence. *The overlap pEX100 T region in the primers
includes the recognition site for XmaI (underlined). §The Gm primer sequence is
obtained from [53].
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maximize the recovery, the mixtures were vortexed for 2min and
water-bath-sonicated for 5min. The amount of free Ca2+ was quanti-
fied using QuantiChrom™ calcium assay kit (Bioassay) following the
manufacture’s protocol. To measure total protein yield, the pelleted
cells were lysed by boiling at 90 °C for 10min in 100 μl of 1 N NaOH
and subjected to Modified Lowry Protein assay (Pierce) with bovine
serum albumin as a protein standard. The measured Ca2+ concentra-
tions were normalized by total cell protein (mM Ca2+/mg of protein).
Non-inoculated negative controls underwent the same treatment and
showed no calcium salt deposition. The data represent the mean values
of at least three biological replicates.

2.5. Measurement of free Ca2+ ions

To measure changes in free Ca2+, cultures were grown in glass tubes
at 370C with 5% CO2 with or without shaking in 5ml BMM medium
supplemented with 5mM or 10mM CaCl2. The optical densities (OD600)
of the cultures were measured, and the cells were pelleted for total
protein yield measurements. One ml of supernatant was saved in -200C
for subsequent estimation of free Ca2+ by using QuantiChrom™ calcium
assay kit following the manufacture’s protocol. The changes in free
Ca2+ were calculated as % of remaining Ca2+ (considering the initially
added Ca2+ from CaCl2 as 100%).

Fig. 1. Gene deletion strategy and verification of the mutants. A. Primer design for amplifying upstream and downstream regions of each of three carbonic anhydrase
(CA) genes (psCA1, psCA2, and psCA3). Primers bear portions specific for the cloning vector pEX100 T as well as for the gentamicin resistance cassette (GmR). B.
Primers design for amplifying GmR. C. The UP-GmR- DN construct for replacing each CA with GmR. D. The UP-GmR- DN construct cloned into XmaI restriction site of
pEX100 T. E. PCR verification of deletion of psCA1, psCA2 and psCA3.
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2.6. Transmission electron microscopy (TEM) and X-ray elemental analysis

Cultures were grown in 50ml BMM medium with no added or
10mM calcium for 12 h, pelleted at 2800 × g for 5min at 4 °C, and cell
pellets were discarded. The supernatants were spun at 116,666-x g for
15min at RT using the Beckman® L8-70M ultracentrifuge (Beckman
Coulter, Inc., Indianapolis, IN), and the pellets were collected and
mixed with 20 μl of the supernatants. Approximately 5 μl of the samples
was loaded on 150 mesh C-CO grid (Electron Microscopy Sciences,
Hatfield, PA) and allowed to air dry at RT for 15–20min. The remaining
liquid was removed gently by touching the grid at the bottom with a
filter paper. The subjected samples were observed using the JEOL JEM-
2100 200 KV Electron Transmission Microscope with Evex EDS (Evex
Analytical Instruments Inc., Princeton, NJ) at the Oklahoma State
University Microscopy Facility (Stillwater, OK) at a magnification of
8,000x-25,000x, and HV of 200KV. The detected deposits were then
subjected to Evex energy-dispersive X-ray (EDX) microanalysis with
fully quantitative analysis software package that includes X-ray map-
ping capabilities; Evex liquid-nitrogen-free Quantum Dot Detector with
energy resolution of 128 FWHM (Evex Analytical Instruments Inc.,
Princeton, NJ) to study their composition.

2.7. Fluorescence microscopy for detecting Ca2+ ion deposition

For fluorescence microscopy, bacterial biofilms were grown on
sterilized coverslips placed in 6-well plates, each containing 7ml BMM
supplemented (or not) with 10mM CaCl2 for 48 h at 5% CO2 without
shaking. At the end of incubation, the medium was removed, and the
coverslips in the wells were washed twice gently with 1ml of saline.
Each coverslip was then stained with 60 μl of stain mixture composed of
50 μl saline, 4 μl DAPI (4′,6-diamidino-2-phenylindole) (Invitrogen) and
6 μl Fluo-4 (1mM stock in water) (Invitrogen) for an 1 h in dark. DAPI
was used to stain cellular DNA, and Fluo-4 to stain Ca2+ [56]. Fol-
lowing staining, each coverslip was washed twice with saline, mounted
on top of a glass slide and examined using the Nikon NI-E epifluorescent
microscope equipped with a 100× 1.45 NA objective, Zyla 4.2plus
camera and DAPI, DIC, and GFP filers operating NIS Elements software.
The images were analyzed by using ImageJ version 2.0. Samples were
protected from light at all time to prevent photodegradation.

2.8. Gene expression analysis by RT-qPCR

To characterize the transcriptional profiles of psCA1 gene, RT-qPCR
was performed. Total RNA was isolated from P. aeruginosa PAO1 grown
in BMM with no added or 5mM calcium using RNeasy Protect Bacteria
Mini kit (Qiagen) following the manufacturer's protocol. PAO1 was
grown until middle-log phase (13 h; OD600 0.2), and 15ml of the cul-
ture was used for RNA isolation. DNase treatment was performed using
column-based kit (Qiagen) and Turbo DNase treatment (Ambion). The
absence of genomic DNA (gDNA) was confirmed by conventional PCR
and real time quantitative PCR (RT-qPCR) using 16SrRNA primers. RNA
yield was measured using NanoDrop spectrophotometer (NanoDrop
Technologies Inc.), and the quality of the purified RNA was assessed by
Bioanalyzer 2100 (Agilent) and 1% agarose gel electrophoresis.
Following the MIQE guidelines [57], only the RNA samples with an
OD260/OD280 ratio of 1.8–2.0 and an RIN value of ≥ 9.0 was taken for
further analyses. A total amount of 6 μg – 20 μg of RNA was purified
from each sample. RNA samples were stored at −80 °C.

Primers for psCA1 (PA0102) were designed using Primer3 Plus [58]
and Primer BLAST [59]. Primers were tested in-silico for secondary
structure formation using IDT oligoanalyzer. Their specificity was
tested by BLAST alignments against Pseudomonas genome available at
www.pseudomonas.com and confirmed by conventional PCR and RT-
qPCR melt curve analysis. Primer efficiency was calculated using linear
regression curve analysis. For this, RT-qPCR was performed for each
primer pair using 10-fold serial dilution of gDNA, and the obtained Cp

values were plotted. Primers with an R2 value of 0.99 and an efficiency
of 93 (efficiency of the primer for the control gene)± 10% were ac-
cepted for further work according to the MIQE guidelines [57]. The
efficiency of the selected primers was 97%. Four housekeeping genes,
rpoD, rpoS, proC and 16SrRNA [60,61] were selected and tested for their
transcriptional response to added Ca2+. The transcription of 16SrRNA
gene was not affected by addition of Ca2+ and therefore this gene was
selected as a control. Due to the low Cp value of 16SrRNA (≤ 8 for 5 ng
of cDNA), transcriptional profiling for this gene was done using 10 fold
diluted cDNA. Reverse transcription of total RNA (1 μg) was performed
using Transcriptor First Strand cDNA Synthesis Kit (Roche) according to
the manufacturer’s protocol and stored at -20 °C. RT-qPCR was run
using 5 μl of SYBR green master mix (Roche, Indianapolis, IN), 0.5 μM
of each primer and 5 ng of nucleotides added to a total volume of 10 μl
of reaction mixture in 384 well plates sealed with Light Cycler 480
Sealing Foil (Roche, Indianapolis, IN) in Roche Light Cycler 480. At
least five technical replicates for each biological replicate and a
minimum of three biological replicates for every sample were analyzed.
A no-template control was used as negative control. The cycle included
10min denaturation at 95 °C followed by 35 cycles of 95 °C for 10 s,
61 °C for 15 s, and 72 °C for 10 s. A fold change in gene transcription
was calculated using 2−ΔΔCt method [62]. Statistical analysis was per-
formed by using two-tailed t-test assuming equal variances.

2.9. Immunoblot analysis

P. aeruginosa PAO1 cells were grown to mid-log and harvested. Cell
pellets were washed twice with saline, resuspended in 20mM Tris
buffer (pH 8.3), containing 1:100 [vol/vol] complete Mini protease
inhibitor cocktail, and disrupted using FastPrep® bead beater (MP
Biomedicals, Solon, OH) in five 15-sec cycles at a maximum speed, with
5min on ice between the cycles. Cell extracts (5 μg) were separated by
12% SDS/PAGE gels and electroblotted onto polyvinylidene difluoride
(PVDF) membranes (Immobilon; Millipore, Billerica, MA) using Biorad
Trans-Blot® SD Electrophoretic Transfer Cell unit following manu-
facturer’s protocols. The membranes were probed with primary anti-
serum raised to β-class Cab from M. thermoautotrophicum ΔH (43)
(generously shared by Dr. James Ferry, Pennsylvania State University).
Goat anti-mouse immunoglobulin G, conjugated to Alexa Fluor® 680
(Molecular Probes, Eugene, OR), was used as the secondary antibody.
Antibody binding was detected by Odyssey infrared imager (LI-COR,
Lincoln, NE). Coomassie-stained gels were run in parallel as loading
controls. As controls, we used recombinantly expressed and His-tag
purified psCA1, psCA2, and psCA3 proteins. Proteins were purified as
earlier described in [63].

2.10. CA enzyme inhibition assay

The catalytic activities of the His-tag purified psCA1, psCA2, and
psCA3 were measured by monitoring CO2 hydration reaction using
Sx.18Mv-R Applied Photophysics (Oxford, UK) stopped-flow instrument
[64]. Phenol red (at a concentration of 0.2 mM) was used as indicator,
working at the absorbance maximum of 557 nm, with 10mM TRIS (pH
8.3), 0.1 M Na2SO4 (for maintaining constant ionic strength). The CA-
catalyzed CO2 hydration reaction was monitored for a period of 10 s at
25 °C. The CO2 concentrations ranged from 1.7 to 17mM for the de-
termination of the kinetic parameters and inhibition constants. For each
inhibitor at least six traces of the initial 5–10% of the reaction have
been used for determining the initial velocity. The uncatalyzed rates
were determined in the same manner and subtracted from the total
observed rates. Stock solutions of inhibitors (10mM) were prepared in
distilled-deionized water and dilutions up to 1 nM were done thereafter
with the assay buffer. Enzyme and inhibitor solutions were pre-in-
cubated together for 15min (standard assay at room temperature) prior
to assay, in order to allow for the formation of the enzyme–inhibitor
complex. The inhibition constants were obtained by non-linear least-
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squares methods, using GraphPad PRISM 3 and the Cheng–Prusoff
equation, as reported earlier [65–68]. All CAs were recombinant pro-
teins produced as reported earlier by our groups [69–71].

2.11. In-silico model analysis

A structural characterization of the three β-class CAs: psCA1, psCA2,
and psCA3 was done to compare the CAs active sites. The models were
built using the online server SWISS-MODEL (https://swissmodel.
expasy.org/). The X-ray crystal structure of psCA3 (protein database
(PDB ID: 4RXY) [48,49] was used as the template to generate the in-
silico model structures of psCA1 and 2. The calculated models super-
imposed on the psCA3 template crystal structure using the molecular
graphics programs Coot [72] and PyMOL (PyMOL Molecular Graphics
System, Version 1.5.0.4 Schrödinger, LLC) to observe differences in
active site amino acids and predict the potential impact on enzyme
activity.

2.12. Virulence assay

To evaluate the impact of Ca2+ ions and psCA1 on P. aeruginosa
virulence, Galleria melonella infection model was used as described in
[73] with modifications. P. aeruginosa PAO1, and ΔpsCA1 mutant were
grown for 12 h in BMM with 10mM or no added calcium. For inhibition
studies, AAZ at the concentration of 100μM was added. The cultures
were normalized to an OD600 of 0.1, from which a series of 10−1 to 10-6

dilutions was generated in phosphate buffered saline (PBS) with the
corresponding CaCl2 or AAZ concentrations. To verify the infectious
dose, 10 μl from the dilutions 10-4, 10-5 and 10-6 were spread on LB
plates, grown overnight at 37 °C, and the colony forming units (CFU)
were counted. Active G. mellonella larvae (Speedy Worms or American
Cricket Ranch) stored in the dark at 4 °C and starved for no more than
48 h were gently washed with 70% ethanol and 1mg/mL rifampicin.
Ten experimental worms were injected with 5 μL of cell suspension
grown at no added or 10mM CaCl2 with or without 100μM AAZ and
normalized to contain 2 or 10 CFU. Five more were injected with 5 μL of
PBS at the corresponding CaCl2 or AAZ concentrations as non-infected
controls. The worms were incubated at 37 °C for 24 h and monitored for
death every 2 h. Times of death (TOD) were recorded for each worm.
Dead worms were placed in 1.5ml microcentrifuge tubes and frozen at
-20 °C for further analyses. Additionally, five worms were injected for
each condition and collected after 10 h of incubation for the assessment
of Ca2+ concentration in the collected hemolymph. The collected he-
molymph samples (∼15 μL) were centrifuged at 1500 g for 10min at
4 °C and diluted tenfold in Tris-buffered saline (50mM Tris-HCl pH 6.8,
1mM NaCl). To estimate the levels of free Ca2+ in the hemolymph
samples, 5 μL of the hemolymph samples were subjected to Quanti-
Chrom™ calcium assay kit following the manufacturer’s protocol.

3. Results

3.1. P. aeruginosa PAO1 deposits calcium salts

To study the ability of P. aeruginosa PAO1 to deposit calcium, we
applied four independent approaches: measuring reduction of free Ca2+

in the medium, scraping deposits from the surface of glass tubes fol-
lowed by Ca2+ quantification, Fluo-4 staining followed by fluorescence
microscopy, and electron microscopy followed by X-ray microanalysis.
First, to confirm that PAO1 is able to deposit calcium, we collected the
supernatants of cells grown in the presence of 10mM CaCl2, and sub-
jected to Transmission Electron Microscopy (TEM) followed by X-ray
elemental analysis. TEM detected the presence of deposits in oval
shape, and about 0.1-0.2 μm in size (Fig. 2A). No deposits were detected
in the cultures grown at no added CaCl2 or non-inoculated controls,
proving that PAO1 cells are responsible for calcium deposition. The
following X-ray elemental analysis confirmed that the deposits

contained calcium (Fig. 2B).
We also tested calcium deposition by P. aeruginosa biofilms, which

were grown on glass coverslips and stained with DAPI. Calcium de-
positions were detected by staining with Fluo-4, which fluoresces green
upon Ca2+-binding [56]. We observed that only in the presence of
10mM CaCl2, cells were stained with both blue DAPI and green Fluo-4
(Fig. 3A), confirming deposition of calcium. We did not observe Fluo-4
stained calcium deposition outside of cells, likely due to their small size.
Instead, entire cells were stained with Fluo-4, suggesting that calcium
salts were deposited on cell surfaces. Unstained controls for background
fluorescence and stained no-cells controls showed no significant con-
tribution to the Fluo-4 signal intensity.

3.2. Static growth at 5% CO2 favors calcium deposition

In order to determine the conditions that favor calcium deposition,
PAO1 cells were grown in flasks in BMM with the addition of 5mM,
10mM, or no added CaCl2 for 36–48 h. Considering that deposits may
be disrupted by shaking at 200 rpm, commonly used for aeration, and
the prediction that carbonic anhydrases are involved in the deposition,
growth at no shaking (static) in the presence of 5% CO2 was tested and
compared to growth at shaking in ambient air. The changes in free
Ca2+ in the medium were measured (Fig. 4). We observed a temporal
gradual decrease in free Ca2+ during growth under static conditions
measured (Fig. 4A). After 36 h of incubation, only 20–27 % of Ca2+

remained in the medium, which initially contained 5–10mM Ca2+. No
changes in free Ca2+ were observed in shaking cultures (Fig. 4B). These
data support the notion that static incubation in the presence of 5% CO2

favors deposition of calcium salt by PAO1. Therefore all the following
experiments were performed under these conditions.

3.3. P. aeruginosa β-CA psCA1 plays role in calcium deposition

Previously we reported that P. aeruginosa PAO1 produces three
enzymatically active β-CAs designated as psCA1, psCA2, and psCA3
[47]. To test whether psCAs are involved in calcium deposition, we
generated deletion mutants lacking psCA1 alone, both psCA1 and
psCA2, or all three psCAs (Fig. 1).

To test whether the deletion of β-CAs has any effect on PAO1 fitness
during growth, we monitored growth of the mutants at different Ca2+

levels under two conditions: i) static at 5% CO2 and ii) shaking at
ambient CO2. There was no difference in growth during static incuba-
tion in 5% CO2. However, under shaking conditions in ambient CO2,
growth of the double and triple mutants was delayed by 3 and 4 h,
respectively. Similar delays were observed when 5 or 10mM CaCl2 was
added to the medium. (Supplementary Fig. S1).

To examine the role of β-CAs in calcium deposition, the mutants
lacking individual or multiple psCAs were tested and compared to the
wild type, PAO1. For this, the cultures were grown in glass tubes at
5mM or 10mM CaCl2 for 48 h without shaking in the presence of 5%
CO2. Calcium deposition was measured by both collecting culture su-
pernatants and scraping deposited calcium salt, followed by
QuantiChrom Ca2+ assay as described in the Methods. In agreement
with the TEM (Fig. 2) and the measurements of Ca2+ in the super-
natants in flask cultures (Fig. 4), the levels of Ca2+ in the supernatants
of PAO1 grown in tubes reduced by 56% and 66% when the initial
BMM contained 5 or 10mM CaCl2, respectively (Fig. 5A). This reduc-
tion in free Ca2+ correlated with the deposition of calcium on the test
tube walls, which reached 0.35, and 0.75mM Ca2+/mg of cellular
protein at 5 and 10mM CaCl2 added to the initial growth medium,
respectively (Fig. 5B). The deletion of psCA1 significantly decreased
calcium deposition. There was only 15% and 3% decrease in the free
Ca2+ levels for the mutant at 5 and 10mM CaCl2, correspondingly
(Fig. 5A). Furthermore, the mutant showed a 34 and 46% decrease in
the amounts of deposited calcium (Fig. 5B). Additional deletion of
psCA2 and psCA3 did not further impact the ability of the organism to
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deposit calcium. This suggested that psCA1 is the main contributor and
is required for calcium deposition in PAO1.

We validated the role of psCA1 in calcium salt deposition by
fluorescence microscopy, comparing Fluo-4 stained calcium deposition
by the ΔpsCA1 and PAO1 wild type grown as biofilms on the surface of
glass coverslips (Fig. 3B). In contrast to PAO1 cells showing bright
green fluorescence, the mutant cells were not fluorescent after staining
with Fluo-4 when grown in the presence of 10mM CaCl2.

3.4. Kinetic and inhibition studies

Carbonic anhydrase activity for recombinant purified psCA1 was
measured and compared to that of several eukaryotic CAs. At pH 8.3, a
kcat of 1.8× 105 and a kcat/Km of 7.5× 107 M−1 s−1 indicated that the
enzyme is moderately active and based on the activity can be grouped
with β-class Can2 from Cryptococcus neoformans and α-class human
cytosolic isozyme hCA1 (Table 3).

A set of inorganic anions and small molecules known to interact
with CAs, as well as sulfonamides and clinically used drugs, were as-
sayed as potential inhibitors of psCA1 (Tables 4 and 5). The inhibition
data showed that halides, as well as sulfates, perchlorate, tetra-
fluoroborate, fluorosulfonate did not inhibit psCA1 up to concentra-
tions above 100mM. Weak inhibition (KI in the range of 1–12.5mM)
was observed for ions, including azide, bicarbonate, carbonate, nitrate,
bisulfite, and diphosphate (Table 4). Bicarbonate inhibited about three-
fold weaker than carbonate. Other anions, such as cyanate, cyanide,
nitrite, and sulfide were more effective, with KI ranging from 0.5 to
1.0 mM. Four compounds, including sulfamide (SA), sulfonic acid,
phenylboronic acid, and benzenearsonic acid showed much stronger

inhibition with KI within 9–80 μM range. Among them, SA is particu-
larly promising with KI of 9 μM, which is 126 fold stronger than that for
a human isozyme hCA II (Table 4). Sulfonamides and clinically used
drugs were overall further more effective in inhibiting psCA1 activity
with KI ranging at nano- to micro-molar levels. However, the most
potent psCA1 inhibitor was 3-amino-benzene sulfonamide (compound
1, ABS) with KI of 19 nM followed by ethoxzolamide (EZA), acet-
azolamide (AAZ), dorzolamide (DZA), and benzene-1, 3-disulfonamide
(compound 3) with KI in the range of 32–39 nM (Table 5). Compound 1
(ABS) is of particular interest as it inhibits psCA1 16-fold stronger than
the tested human isozyme hCA II.

3.5. Inhibiting psCA1 reduces calcium salt deposition by PAO1

Considering that ABS, AAZ, and SA strongly inhibit psCA1, which is
required for calcium deposition, we hypothesized that addition of these
inhibitors during PAO1 growth would reduce calcium deposition. We
have tested this hypothesis by measuring free Ca2+ and deposited
calcium during PAO1 growth in the presence of these inhibitors (Fig. 6).
AAZ showed the largest impact on calcium salt deposition. Only about
5% of free Ca2+ was removed from the medium (Fig. 6A), and the
amount of Ca2+ deposited as a salt reached only 21% of that deposited
by PAO1 grown without inhibitors (Fig. 6B). The addition of SA and
ABS also reduced calcium deposition by 42 and 24%, which was re-
flected in 12 and 20% of free Ca2+ removal, respectively. We also
tested the effect of inhibitors on calcium deposition in PAO1 biofilms.
Upon staining with Fluo-4, non-treated PAO1 cells exhibited bright
green fluorescence at 10mM CaCl2. However, in the presence of 100μM
of AAZ, ABS or SA, we observed no green fluorescence above the

Fig. 2. Deposition of calcium by P. aeruginosa PAO1. A. Transmission Electron microscopy (TEM) images showing calcium deposits formed by PAO1 after growth in
BMM supplemented with CaCl2. B. X-ray elemental analysis confirming the presence of calcium (shown with an arrow) in the deposits formed by PAO1.
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Fig. 3. Fluo-4 staining of calcium deposition in biofilms after 48 h by A. PAO1 grown at no added or 10mM CaCl2, B. ΔpsCA1 grown at 10mM CaCl2, C. PAO1 grown
at 10mM CaCl2 in the presence of 100 μM of CA inhibitors: AZZ, SA, and ABS.
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background (Fig. 3C)

3.6. Ca2+ regulates the expression of psCA1 in P. aeruginosa

In the previous studies, we showed that externally added Ca2+ al-
ters the expression of a number of genes in P. aeruginosa [75]. We tested
whether the abundance of psCA proteins is affected by elevated levels
of Ca2+. For this, immunoblot analysis of the protein extracts of PAO1
cells grown at 1mM or 10mM CaCl2 was performed. His-tag purified
psCA1, psCA2, and psCA3 were used as positive controls. All three
proteins were detected in PAO1 cells as recognized by the primary
antiserum raised against β-class Cab from M. thermoautotrophicum ΔH
(Fig. 7A). The relative abundance of psCA1 appeared to be increased at

10mM CaCl2. The abundance of the other two psCAs did not appear
altered. This increase in psCA1 abundance is in agreement with the
earlier reported microarray analysis that showed seven-fold elevated
expression of psCA1 in response to 10mM CaCl2, but no changes in the
expression of psCA2 and psCA3 (GEO dataset GSE74444). Further in
agreement, RNA Seq analysis reported in (Guragain et.al. submitted for
publication) showed that growth in the presence of 5mM CaCl2 in-
creased the transcription of psCA1 by 2-fold, whereas the transcription
of psCA2 and psCA3 did not change. Here, we further validated the
Ca2+ induction of psCA1 expression by using RT-qPCR. The transcrip-
tion of psCA1 increased by about 5-fold in the cells grown at 5mM
CaCl2 (Fig. 7B).

Fig. 4. Deposition of calcium by P. aeruginosa PAO1. Percentage of remaining free Ca2+ in the supernatants of PAO1 growth at: A. Static conditions, 5% CO2 B.
Shaking conditions, ambient CO2. The symbol * represents statistically significant difference when compared to time 0 h (n= 3, P≤0.05; paired t-test).

Fig. 5. Calcium deposition in psCA mutants. A. Percentage of remaining free Ca2+ in the supernatants after 48 h of incubation under static condition at 5% CO2. B.
Calcium deposited on glass walls after 48 h of incubation under static condition at 5% CO2 in the presence of 5 mM or 10mM CaCl2. Calcium data were normalized by
total cellular protein. The symbol * represents statistically significant difference when compared to wild type PAO1 grown at the corresponding condition (n= 3,
P≤0.05; paired t-test).
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Table 3
Kinetic parameters for the CO2 hydration reaction catalyzed by the β-CAs
Pseudomonas aeruginosa psCA1 (shown in bold), C. neoformans Can2, C. albicans
CalCA, S. cerevisiae SceCA, Flaveria bidentis FbiCA1 and CahB1, Helicobacter
pylori hpβCA measured at 20 °C, pH 8.3 in 20mM TRIS buffer and 20mM
NaClO. as well as human cytosolic isozymes hCA I and II (α-class CAs) mea-
sured at 20 °C and pH 7.5 in 10mM HEPES buffer and 20mM Na2SO4.
Measurements for H. pylori hpαCA were carried out at pH 8.9 and 25 °C.
Inhibition data with the clinically used sulfonamide acetazolamide (5-acet-
amido-1,3,4-thiadiazole-2-sulfonamide) are also provided (stopped-flow assay).

Enzyme kcat (s−1) kcat/Km (M−1x s−1) Activity level

hCA I 2.0× 105 5.0×107 moderate
hCA II 1.4× 106 1.5×108 very high
Can2 3.9× 105 4.3×107 moderate
CalCA 8.0× 105 9.8×107 high
SceCA 9.4× 105 9.8×107 high
FbiCA 1 1.2× 105 7.5×106 low
CahB1 2.4× 105 6.3×107 moderate
psCA1 1.8×105 7.5×107 moderate
hpαCA117 2.5× 105 1.5×107 low
hpβCA117 7.1× 105 4.8×107 medium

Table 4
Inhibition constants of anionic inhibitors against P. aeruginosa psCA1 and the α-
CA (human) isoform hCAII for the CO2 hydration reaction, measured at 20 °C
and pH 8.3.

Inhibitor KI [mM]#

hCA II a psCA1c

F− > 100 > 100
Cl− > 100 > 100
Br− 63 > 100
I− 26 > 100
CNO− 0.03 0.58
SCN− 1.6 0.76
CN− 0.02 0.84
N3

− 1.5 12.5
HCO3

− 85 3.5
CO3

2− 73 1.4
NO3

− 35 8.9
NO2

− 63 0.91
HS− 0.04 0.91
HSO3

− 89 5.3
SO42− > 100 >100
SnO3

2− 0.83 0.61
SeO4

2− 112 0.91
TeO4

2− 0.92 2.3
P2O7

4− 48.50 6.2
V2O7

4− 0.57 1.9
B4O7

2− 0.95 4.5
ReO4

− 0.75 4.4
RuO4

− 0.69 2.9
S2O8

2− 0.084 >100
SeCN− 0.086 7.2
CS32− 0.0088 5.1
Et2NCS2− 3.1 0.77
ClO4

− >100 >100
BF4− >100 >100
FSO3

− 0.46 > 100
NH(SO3)22− 0.76 > 100
H2NSO2NH2 (SA) 1.13 0.009
H2NSO3H 0.39 0.080
Ph-B(OH)2 23.1 0.037
Ph-AsO3H2 49.2 0.070
PF6− NT 8.4

# Errors were in the range of 3–5 % of the reported values, from three different
assays.
a Human recombinant isozyme, stopped flow CO2 hydrase assay method, from
ref.117.
c Recombinant enzyme, this work.
NT, not tested.

Table 5
Inhibition constants of sulfonamides (1–24) and the clinically used drugs (AAZ
– HCT) tested against P. aeruginosa psCA1 and the α-CA (human) isoform hCAII
for the CO2 hydration reaction, measured at 20 °C and pH 8.3.

KI* (nM)

Inhibitor/Enzyme class hCA IIa psCA1c hpαCA hpβCA

1 (ABS) 300 19 426 16400 ± 820
2 240 86 454 1845 ± 54
3 8 39 316 8650 ± 62
4 20 78 430 2470 ± 104
5 170 84 873 2360 ± 170
6 160 67 1150 3500 ± 61
7 60 79 1230 1359 ± 37
8 110 483 378 1463 ± 55
9 40 554 452 1235 ± 60
10 54 >20000 510 1146 ± 29
11 63 >20000 412 973 ± 36
12 75 >20000 49 640 ± 18
13 60 88 323 2590 ± 74
14 19 403 549 768 ± 38
15 80 741 268 64 ± 5
16 94 588 131 87 ± 7
17 125 >20000 114 71 ± 3
18 46 >20000 84 38 ± 2
19 33 >20000 207 39 ± 3
20 2 753 105 37 ± 2
21 11 78 876 236 ± 19
22 46 >20000 1134 218 ± 16
23 33 >20000 1052 450 ± 27
24 30 694 541 15250 ± 605
AAZ 12 37 21 40 ± 3
MZA 14 46 225 176 ± 12
EZA 8 32 193 33 ± 1
DZA 9 38 4360 73 ± 7
BRZ 3 66 210 128 ± 11
BZA 9 76 315 54 ± 4
TPM 10 > 20000 172 32 ± 2
ZNS 35 837 231 254 ± 18
SLP 40 310 204 35 ± 3
IND 15 225 413 143 ± 14
VLX 43 > 20000
CLX 21 757
SLT 9 9 905
SAC 5959 907
HCT 290 > 20000

* Errors in the range of 5–10 % of the shown data, from 3 different assays.
a Human recombinant isozyme, stopped flow CO2 hydrase assay method117.
c Recombinant enzyme, this work.
1, 3-amino-benzene sulphonamide; 2, 4-amino-benzene sulfonamide (sulfani-
lamide); 3, benzene-1,3-disulfonamide; 4, 4-toleune sulphonamide; 5, 4-(ami-
nomethyl)-benzene sulphonamide; 6, 4-(2-aminoethyl)-benzene sulphonamide;
7, 3-fluoro-4-amino-benzene sulphonamide; 8, 3-chloro-4-amino-benzene sul-
phonamide; 9, 4-amino-3-bromo-benzene sulphonamide; 10, 3,5-dichloro-2-
hydroxy-benzene sulphonamide; 11, 4-amino-6-trifluoromethyl-benzene 1,3-
disulfonamide; 12, 4-amino-6-chlorobenzene-1, 3-disulfonamide; 13, 5-amino-
1, 3,4-thiadiazole-2-sulfonamide; 14, 5-Imino-4-methyl-1, 3,4-thiadiazole-2-
sulfonamide; 15, 4-hydroxy-benzene sulphonamide; 16, 4-hydroxy-methyl-
benzene sulphonamide; 17, 4-hydroxy-ethyl-benzene sulphonamide; 18, 4-
carboxy-benzene sulfonamide; 19, 4-((2-amino-4-pyrimidinyl)amino)-benzene
sulfonamide; 20, 5-(sulfanilamido-1, 3, 4-thiadiazole-2-amino sulphonamide;
21, 2-(hydroxymethyl)-4-nitro-N-(4-sulfamoylphenylethyl) benzene sulfona-
mide; 22, 4-amino-N-(4-sulfamoylphenyl) benzene sulfonamide; 23, 4-amino-
N-(4-sulfamoylbenzyl) benzene sulfonamide; 24, 4-amino-N-(4-sulfamoylphe-
nethyl) benzene sulfonamide.
AAZ, Acetazolamide; MZA, Methazolamide; EZA, Ethoxzolamide; DCP,
Dichlorphenamide; DZA, Dorzolamide; BRZ, Brinzolamide; BZA, Benzolamide;
TPM, Topiramate; ZNS, Zonisamade; SLP, Sulpiride; IND, Indisulam; VLX,
Valdecozib; CLX, Celecoxib; SLT, Sulthiame; SAC, Saccharin; HCT,
Hydrochlorothiazide.
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3.7. β-CA psCA1 contributes to P. aeruginosa virulence at elevated levels of
Ca2+ ions

We hypothesized that the ability of P. aeruginosa to deposit calcium
enhances virulence of the pathogen and that the deletion of psCA1
would have a negative impact. This was tested by using Galleria mel-
onella (wax worms) infection model. Indeed, we observed that when
wild type P. aeruginosa was grown and injected at no added CaCl2 with
the infection doze of 2–3 CFU, only 10% of the worms were killed after
20 h of incubation (Fig. 8A, black line). However, either increasing the
infection doze to 6–11 CFU or growing and injecting bacteria in the
presence of 10mM CaCl2 decreased the survival to 60–80 % (Fig. 8B, C,
black line). Furthermore, infecting larvae with the higher doze of the
pathogen grown at 10mM CaCl2 further decreased the survival to 20%
(Fig. 8D, black line). These observations supported the inducing effect
of Ca2+ on P. aeruginosa virulence. To make sure that the injected P.
aeruginosa cells were exposed to elevated levels of Ca2+ while within
the larvae, we have monitored the level of free Ca2+ in the hemolymph
samples collected from the injected worms. When bacteria were in-
jected in the presence of 10mM of CaCl2, the level of free Ca2+ in the
collected larva hemolymph 10 h post infection (hpi) was 7.8 +/-
0.2 mM, whereas after infecting P. aeruginosa grown at no added CaCl2,
the concentration of Ca2+ was 3.8+/- 0.3 mM. In contrast to the wild
type, no killing was observed after infecting with the ΔpsCA1 mutant
under the conditions tested after 20 h of incubation (Fig. 8, dark grey
line). We have also tested whether the presence of 100 μM AAZ would
impact P.aeruginosa virulence by inhibiting the activity of psCA1.
However, no significant difference was observed (data not shown).

3.8. Active site differences between psCA1, psCA2, and psCA3

A structural characterization was done to compare the active sites of
psCA3 X-ray crystal structure [48] and in-silico models of psCA1 and
psCA2 (Fig. 8). Superposition of the three structures resulted in very
similar α-carbon root mean square deviation (rmsd) values, indicating
that the overall three-dimensional structures are essentially the same.
The rmsd of psCA1 and psCA2 to psCA3 were 0.26 and 0.20 Å, re-
spectively, with the sequence identities being ∼30% for both enzymes.
The rmsd between the psCA1 and psCA2 models was 0.33 Å. Despite the
overall structural similarity there were three solvent accessible loops
(regions 1,2 and 3) of the structure where the psCA1 was unique

Fig. 6. The effect of CA inhibitors SA, AAZ, and ABS on calcium deposition of P. aeruginosa PAO1. PAO1_NI is wild type PAO1 grown in the absence of inhibitors. A.
Percentage of remaining free Ca2+ in the supernatants after 48 h of incubation under static condition at 5% CO2. B. Calcium deposited on glass walls during 48 h of
growth in BMM with 10mM CaCl2 under static condition at 5% CO2. Calcium data were normalized by total cellular protein. The symbol * represents statistically
significant difference when compared to wild type PAO1 grown in the absence of inhibitors (n=3, P≤0.05; paired t-test).

Fig. 7. Regulation of psCA1 by Ca2+. A. Immunoblot analysis of the protein
extracts of PAO1 cells grown at no added, or 1mM, or 10mM CaCl2. Purified
His-tag CAs psCA1, psCA2, and psCA3 were used as positive controls. Primary
antiserum raised against β-class Cab from M. thermoautotrophicum ΔH was used
to detect the proteins. B. RT-PCR using primers designed to examine tran-
scriptional response of psCA1 to 5mM Ca2+. The housekeeping gene 16SrRNA
was selected as an experimental control since its transcriptional response was
not affected by the presence of Ca2+. The symbol * represents statistically
significant difference when compared to the change in transcript abundance of
the housekeeping gene 16SrRNA (n= 3, P≤0.05; paired t-test).
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compared to psCA2 and psCA3 (Fig. 9, green arrows). In region 1, there
is a single amino acid insertion, between G161 and A162 (psCA1
numbering) in psCA3. In addition to the amino acid deletion, there is
also a conformational loop shift between amino acids 158 and 163
(psCA1: CDCGA, psCA2: HAS (also has deletions), psCA3: EQLPT).
Region 2, is where the most conformational variation between the
structures is observed, here there is a loop insertion between amino
acids 90–93 in psCA1 and psCA2 that is not present in psCA3. This

insertion again lends to structural perturbations in the region. Finally,
in region 3 there is a three amino acid insertion between residues 133
and 137 for psCA1 and a three amino acid insertion between residues
131 and 135 in psCA2. Any one of these surface conformational
changes between the three enzymes may affect their recognition of
other cellular factors.

In addition to these surface loop conformational differences, the
active sites of each of the psCAs exhibited unique amino acids proximal
to the CO2 binding site [76]. In particular psCA1, had four active site
amino acids that differed from psCA2 and 3 (Fig. 9 insert; 59 T, 61A,
101A, and 108A), and these differences would most definitely have
effects on the catalytic activity. Also noteworthy, was the observation,
that most of the amino acids that line the secondary CO2 binding site
[76], at the dimer interface, differed in psCA1 compared to psCA2 and 3
(Fig. 9 insert 2C, 59 T, 61A, and 81 T) which may also have a role in
effecting calcium salt deposition.

4. Discussion

Soft tissue calcification is a consequential medical condition causing
a number of human diseases, however its molecular origins are not well
defined. Since soft tissue calcification can be associated with bacterial
infections, we hypothesized that a human pathogen P. aeruginosa is
capable of initiating deposition of calcium, and that its CAs contribute
to this process. For the first time, this study identified the ability of P.
aeruginosa PAO1 to form calcium-containing deposits and elucidated
the role of β-CA psCA1 in the formation of calcium deposits and viru-
lence of the pathogen. We also identified several inhibitors of the en-
zyme at micro and nano-molar levels and performed in-silico structural
analysis. We provide the first evidence that inhibiting the CA activity in
P. aeruginosa significantly reduces its ability to deposit calcium, which
may impact physiology and virulence of the pathogen.

Bacteria-driven mineralization of CaCO3 may occur due to urease or

Fig. 8. Virulence assay in Galleria melonella (wax worm) infection model. Killing curves of wax worm larvae inoculated with PAO1 and ΔpsCA1 cultures grown in
BMM without added CaCl2 (A, C) or supplemented with 10mM CaCl2 (B, D). The injections were administered with low dose of 2–3 CFU (A, B) or high dose of 6–11
CFU (C, D). The symbol * represents statistically significant difference (n=10, P≤0.05; Log-rank test in Prism).

Fig. 9. Structural comparison of psCA1, psCA2, and psCA3. Depicted main-
chain fold, overlay of dimeric psCA1 (blue), psCA2 (red), psCA3 (grey). The
green arrows denote three regions that differ between the structures. Region 1 –
deletion of an amino acid, region 2 and 3 – insertion of amino acids into the
structure of psCA1, compared to psCA2 and 3.
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CA activity [77]. CAs enable sequestering CO2 by conversion to bi-
carbonate, which in the presence of Ca2+ precipitate as CaCO3. Several
bacteria including P. aeruginosa, have been associated with formation of
CaCO3 deposits [25,28,78–80]. Calcite biomineralization by P. aerugi-
nosa biofilms has been detected at high levels of Ca2+ (15mM) and
shown to impact biofilm architecture [79]. However, the molecular
mechanisms have not been studied in detail. Here, we observed that P.
aeruginosa deposits calcium and showed that this deposition occurs in
the presence of 5–10mM CaCl2 and is favored at non-shaking condi-
tions with 5% CO2. After 36–48 h of growth under these conditions, free
Ca2+ in cell cultures was reduced significantly, and higher levels of
calcium deposition on the glass walls were detected. In contrast, there
was almost no calcium deposition during growth under shaking con-
ditions and ambient CO2. This indicated that providing more CO2 and
allowing cells to settle on a surface supports calcium deposition. It is
important to note that such conditions are prevalent in human bacterial
infections.

Previously, we reported the identification of three functional β-CAs
in P. aeruginosa and showed that one of them, psCA1, has the highest
CO2-hydrating activity and plays role in survival of the organism in
ambient air [47]. However, the role of these enzymes in calcium de-
position had not been studied. Here, we show that calcium deposition
by P. aeruginosa PAO1 requires CA activity, and psCA1 is the main
contributor to this process. In support of our earlier data, we also ob-
served that under shaking conditions with ambient CO2, single, double,
and triple mutants lacking β-CAs, showed a proportional growth delay,
which was not apparent under static conditions with 5% CO2. This most
likely reflects that providing 5% CO2 satisfies the needs of P. aeruginosa
in bicarbonate for C1 metabolism, the products of which feed into
anabolic reactions [81]. Similarly, in E. coli, the β-class CA, Can, is
essential for growth at low partial pressure of CO2, but dispensable at
elevated CO2 [82]. We also showed that calcium deposition requires
and is proportional to the levels of free Ca2+ initially present in the
medium. P. aeruginosa almost doubled the amount of deposited calcium
at 10 versus 5mM of added CaCl2 in the medium (Fig. 5B). This ob-
servation is of clinical significance since the levels of Ca2+ can be
elevated in body fluids and tissues during certain human diseases. For
example, sputum, pulmonary fluid and nasal secretions in patients with
cystic fibrosis [83–85], urine in patients with post-glomerular hema-
turia [86], and blood in some cases of tuberculosis [87] contain ele-
vated levels of Ca2+.

The three β−CAs in P. aeruginosa share 28–45% amino acid se-
quence identity, and are encoded within different genetic neighbor-
hoods [47]. This suggests differences in their regulation and physiolo-
gical roles. Among them, the most active psCA1 showed the highest
abundance under the tested growth conditions [47]. It is encoded
within a putative operon with permease PA0103 that belongs to a major
facilitator superfamily (MFS), some members of which are known to
transport bicarbonate [88]. Thus, PA0103 may be involved in translo-
cation of HCO3

− from the cytosol into the environment where it is
converted to carbonate and forms CaCO3, which precipitates upon ac-
cumulation. Similarly, the Ca2+-dependent HCO3

− transporter, BCT1,
from Synechocystis sp. PCC 6803 was shown to be involved in pre-
cipitation of CaCO3 [26]. A second P. aeruginosa β-CA, encoded by
psCA2, is 65% identical to the CynT from E. coli and is clustered with
cynS, a cyanate lyase and a transcriptional regulator, cynR. In E. coli, a
homologous cyanate lyase CynS catalyzes the conversion of cyanate
into ammonia and CO2 [89,90]. Thus, psCA2 likely catalyzes the hy-
dration of CO2 generated by CynS. Therefore, psCA2 may potentially
also contribute to calcium deposition, but requires the presence of cy-
anate. Finally, a third β-CA in PAO1, psCA3, showed a low CO2 hy-
dration activity [47]. Its encoding gene is clustered with a predicted
peptidase (PA4677) and TonB receptor (PA4675), and may be func-
tionally related to protein modification or degradation. The relation of
this CA with other metabolic processes in not clear and requires further
studies.

Our in-silico modeling (Figs. 9 & 10 ) has confirmed the overall
structural conservation between the three P. aeruginosa β-CAs, yet it
also highlights conformation differences in surface loop regions, that
may contribute to their recognition of other (currently unknown) cel-
lular factors. Understanding how these loops modulate their function
may further our understanding for why all three are expressed. Also, the
unique amino acids proximal to the CO2 binding site (T59, A61, A101,
and A108, psCA1 numbering), and the secondary CO2 binding site at
the dimer interface (C2, T59, A61, and T81, psCA1 numbering) would
most definitely have effects on the catalytic activity and modulate the
effectiveness of inhibitor design. Therefore, they may affect the role of
the enzymes in calcium deposition and cell physiology.

Previously, we showed that elevated CO2 leads to increased abun-
dance of psCA1 and significantly lower level of psCA3 [47]. A similar
induction of biosynthesis of Nce103, CA in Saccharomyces cerevisiae,
was observed in response to lower CO2 [91]. This supports the role of
psCA3 in overcoming a lack of C1 compounds under this condition. On
the other hand, a slight increase of psCA1 abundance at higher CO2

[47] together with the Ca2+-induction of psCA1 expression reported
here support the role of this protein in calcium deposition, which re-
quires both elevated CO2 and Ca2+. This also indicates that the ability
of P. aeruginosa to deposit calcium is regulated by the cation at the
transcriptional level, suggesting the presence of transcriptional reg-
ulators recognizing Ca2+ fluctuations. Further studies will address this
question.

Microscopy studies showed that P. aeruginosa appears to form oval-
shaped calcium deposits in cell cultures (Fig. 2) and harbor Ca2+ on the
cell surfaces (Fig. 3). It is possible that calcium deposition is initiated at
cell surface, where Ca2+ binding is promoted by the presence of ne-
gatively charged groups of lipopolysaccharides, for example [92]. This
Ca2+ binding may foster nucleation, a key physical parameter required
for initiating calcium mineralization [20,23,93].

The phenomenon of CAs-mediated CaCO3 precipitation in P. aeru-
ginosa may have multiple implications in natural environments and
clinical settings. As an environmental organism, P. aeruginosa may
contribute to CO2 sequestration reducing atmospheric levels of CO2 as
was described for Citrobacter freundii and Bacillus subtilis [94,95]. As a
human pathogen, P. aeruginosa may contribute to soft tissue calcifica-
tion or stone formation during infectious process. Calcium rich deposits
have been found in the lungs of primary ciliary dyskinesia [96], cystic
fibrosis [97] and infective endocarditis [98] which could be related to
the activity of P. aeruginosa commonly associated with these diseases. P.
aeruginosa is one of the pathogens associated with the infections in
catheterized urinary tracts [99] and may contribute to the biominer-
alization of CaCO3 leading to encrustation of catheters [99–101].
Moreover, CaCO3 deposition may initiate the formation of kidney and
bladder stones [102–104] or promote the crystallization of calcium
oxalate, the major constituent of most urinary stones [105].

Our data showed that the presence of elevated Ca2+ enhanced
virulence of P. aeruginosa when tested using G. melonella as an infection
model. This agrees with the previously observed Ca2+-induced viru-
lence of the pathogen in lettuce leaves [106]. The impact may due to a
combination of factors, including the earlier reported virulence factors
induced by Ca2+, such as secreted proteases and pyocyanin [50]. It may
also be further enhanced by the ability to deposit calcium, which can be
considered as a novel virulence factor of P. aeruginosa. The latter is
supported by the reduction in virulence in the mutant lacking psCA1
(Fig. 8). However, considering that the effect was also observed at no
added Ca2+, this enzyme may have additional role(s) in the pathogen’s
virulence.

According to the microarray expression data available in NCBI, the
transcription of psCA1 and psCA2 was induced at least threefold in P.
aeruginosa isolates from CF lung sputa (GDS2869) [107], the tran-
scription of psCA1 increased fourfold in burn wound model and nine-
fold in P. aeruginosa isolates from CF sputum (GDS2869) [108]. This
increased expression in clinical conditions supports a role of these
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proteins during P. aeruginosa infections, potentially enabling the pa-
thogen’s survival in a host, as it has been shown for other bacterial β-
CAs. The examples include a macrophage-induced β-CA, stCA1 (pre-
viously known as Mig-5) from Salmonella typhimurium [40,109–111],
Rv1284 and Rv3385c from Mycobacterium tuberculosis [112–114],and
Pca from Streptococcus pneumoniae are essential for survival inside the
host cells [115]. Nce103 from Candida albicans is essential for the pa-
thogen’s survival in the host microenvironments with limited supply of
CO2 [116], and Helicobacter pylori hpβCA as well as α-class hpαCA
enable the pathogen’s survival in the highly acidic conditions of the
stomach [117–119]. Further studies are needed to decipher the role of
CaCO3 precipitation in virulence and pathogenicity of P. aeruginosa as
well as other pathogenic bacteria, many of which contain multiple β-
CAs as well as α and γ-CAs.

Beta-CAs are prevalent in bacteria, fungi, and algae. They present a
promising target for developing specific inhibitor due to the lack of β-
CAs in humans and no similarity between bacterial β-CAs and human
α−CAs. Inhibition of β-CAs has been reported to attenuate virulence
and growth in M. tuberculosis, H. pylori, and Brucella spp. For example,
inhibition of Brucella expressing bsCA II by 100 μM of acetazolamide,
glycosylsulfonamide and sulfamates resulted in growth delay [120].
Treating M. tuberculosis producing three β-CAs, mtCA1, mtCA2 and
mtCA3, with 80 μM of ethoxzolamide (EZA), a sulfonamide derivative,
showed a significant inhibition of growth in macrophages through
downregulation of PhoPR two component system and its regulon [114].
The latter is required for intracellular growth and replication of M.
tuberculosis and is induced by acidic pH in the macrophages [121].
Several β-CAs, including mtCA1 fromM. tuberculosis [122], hpβCA from
H. pylori [117], stCA1 and stCA2 from S. typhimurium [111], have been
studied as targets of sulfonamides in attempts of developing ther-
apeutics. The results of these studies present the inhibition of β-CA as a
potentially successful alternative for managing diseases such as gastric
ulcer, gastritis, and tuberculosis. Here, we have identified several mo-
lecules that inhibit psCA1 at nano- to micro-molar level. Our results
showed that adding 100 μM of AAZ, SA, or ABS had a drastic negative
impact on calcium deposition in P. aeruginosa. Previously, we showed
that AAZ also delayed planktonic growth of the pathogen at ambient air
[47]. However, AAZ has been shown to have inhibiting impact on eu-
karyotic CA-driven calcification, for example, in the sponge Sycon ra-
phanus [123] and in human osteogenic cells [124]. Therefore, there is a

need in developing further more powerful and specific inhibitors that
would control the ability of P. aeruginosa to deposit calcium and thus
enhance the chances of treating its deadly infections.
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