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Ppx1 putative exopolyphosphatase is essential for
polyphosphate accumulation in Lacticaseibacillus paracasei
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ABSTRACT The linear polymer polyphosphate (poly-P) is present across all three
domains of life and serves diverse physiological functions. The enzyme polyphosphate
kinase (Ppk) is responsible for poly-P synthesis, whereas poly-P degradation is carried
out by the enzyme exopolyphosphatase (Ppx). In many Lactobacillaceae, the Ppk-encod-
ing gene (ppk) is found clustered together with two genes encoding putative exopoly-
phosphatases (ppx7 and ppx2) each having different domain compositions, with the
gene order ppx1-ppk-ppx2. However, the specific function of these ppx genes remains
unexplored. An in-frame deletion of ppxT1 in Lacticaseibacillus paracasei BL23 resulted
in bacteria unable to accumulate poly-P, whereas the disruption of ppx2 did not affect
poly-P synthesis. The expression of ppk was not altered in the Appx1 strain, and poly-P
synthesis in this strain was only restored by expressing ppx1 in trans. Moreover, no
poly-P synthesis was observed when ppk was expressed from a plasmid in the Appx1
strain. Purified Ppx2 exhibited in vitro exopolyphosphatase activity, whereas no in vitro
enzymatic activity could be demonstrated for Ppx1. This observation corresponds with
the absence in Ppx1 of conserved motifs essential for catalysis found in characterized
exopolyphosphatases. Furthermore, assays with purified Ppk and Ppx1 evidenced that
Ppx1 enhanced Ppk activity. These results demonstrate that Ppx1 is essential for poly-P
synthesis in Lc. paracasei and have unveiled, for the first time, an unexpected role of Ppx1
exopolyphosphatase in poly-P synthesis.

IMPORTANCE Poly-P is a pivotal molecular player in bacteria, participating in a diverse
array of processes ranging from stress resilience to pathogenesis while also serving as
a functional component in probiotic bacteria. The synthesis of poly-P is tightly regula-
ted, but the underlying mechanisms remain incompletely elucidated. Our study sheds
light on the distinctive role played by the two exopolyphosphatases (Ppx) found in
the Lactobacillaceae bacterial group, of relevance in food and health. This particular
group is noteworthy for possessing two Ppx enzymes, supposedly involved in poly-P
degradation. Remarkably, our investigation uncovers an unprecedented function of Ppx1
in Lacticaseibacillus paracasei, where its absence leads to the total cessation of poly-P
synthesis, paralleling the impact observed upon eliminating the poly-P forming enzyme,
poly-P kinase. Unlike the anticipated role as a conventional exopolyphosphatase, Ppx1
demonstrates an unexpected function. Our results added a layer of complexity to our
understanding of poly-P dynamics in bacteria.

KEYWORDS polyphosphate, polyphosphate kinase, exopolyphosphatase, Lacticaseiba-
cillus paracasei

he synthesis of the inorganic phosphate polymer polyphosphate (poly-P) in bacteria
has been linked to processes related to bacterial fitness under stressful conditions
(1-3). In addition, poly-P regulates in certain pathogens various infection-associated
processes, such as motility, biofilm formation, invasion, and intracellular survival (4-8). In
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probiotic bacteria, the ability to produce poly-P has attracted interest due to its potential
effects on maintaining intestinal homeostasis. It has been demonstrated that poly-P
derived from probiotics can be internalized by endocytosis, activating the p38 MAPK
pathway and inducing cytoprotective factors such as HSP27 (9, 10). This process leads
to a reinforcement of the epithelial barrier that can be of interest for the treatment of
several intestinal disorders (11-13).

Despite the extensive research carried out for years on poly-P synthesis, the
regulation of its production in bacteria still presents some unclear aspects. Poly-P is
synthesized by the action of the enzyme poly-P kinase (Ppk; EC 2.7.4.1), which utilizes
ATP for extending the linear chain of phosphate, while the enzyme exopolyphosphate
(Ppx; EC 3.6.1.11) hydrolyses poly-P (14). However, it remains unresolved how these
enzymes, which are sometimes encoded by adjacent genes organized in an operon,
coordinate their opposing activities to modulate intracellular poly-P levels. According
to the classical regulatory model, Ppx activity is inhibited by the nucleotide guanosine
penta/tetraphosphate ((p)ppGpp), an alarmone that controls the stringent response.
This mechanism would allow the kinase to prevail over the phosphatase, leading to
poly-P accumulation (15, 16). In fact, in certain bacteria such as E. coli and Pseudomonas
aeruginosa, poly-P synthesis is activated by various stresses, including nutrient starvation
(15, 17). However, this model, originally established for E. coli, has been proven incorrect
as poly-P accumulation does not depend on (p)ppGpp synthesis (18). Nonetheless,
poly-P synthesis requires the participation of starvation-responsive regulators, such as
PhoB or NtrC (15), the stringent-response-associated transcription factor DksA, and other
stress response factors (e.g., the sigma factors RpoS, RpoE, and RpoN) (19, 20).

In several lactobacillus species, the presence of a ppk gene has been associated
with the formation of intracellular poly-P granules, and the number of these granules is
enhanced when the bacteria are cultivated in a phosphate-rich medium (21). The ppk
genes in lactobacilli are found in an operon with two genes encoding putative exopoly-
phosphatases (ppx1 and ppx2). The inactivation of ppk in Lacticaseibacillus paracasei and
Lactiplantibacillus plantarum resulted in bacteria that were unable to form intracellular
granules and showed no detectable poly-P levels (22). Similarly, a ppk-deficient strain of
Limosilactobacillus reuteri exhibited poly-P levels less than half of the wild type (23).

This study aimed to further explore the regulation of poly-P accumulation in
lactobacilli by investigating the functions of ppxT and ppx2. Mutants lacking these genes
were constructed in Lc. paracasei, their impact on poly-P synthesis was evaluated, and
the catalytic activities of the proteins encoded by ppk, ppx1 and ppx2 were assayed.

MATERIALS AND METHODS
Bacterial strains and culture media

Lactobacillus strains used in this work are listed in Table 1. They were routinely grown
in MRS medium (BD-Difco) at 37°C under static conditions. For poly-P production
experiments, strains were grown in MEI medium (5 g/L yeast extract, 5 g/L tryptone,
4 g/L K3HPOy, 5 g/l KHaPO4, 0.2 g/L MgSO4-7H50, 0.05 g/L MnSO,4, 1 mL/L Tween 80,
0.5 g/L cysteine, and 5 g/L glucose). A similar medium with low phosphate (LP-MEI) was
formulated by excluding PO4 > salts.

E. coli NZYStar (endA1 hsdR17(rx-, my+) supE44 thi-1 recA1 gyrA96 relA1 lac[F’
proA*B* lacl® AlacZM15:Tn10(Tc%)]) chemically competent cells (NZYtech) were used as
an intermediate host for cloning purposes and they were grown in LB medium at 37°C
under agitation. E. coli BL21(DE3) (dcm ompT hsdS(rg-, mg-) gal N(DE3)) was used as an
expression host for protein purification. Lactococcus lactis MG1363 was also used as a
host for the construction of pT1NX-derived plasmid and it was grown in a M17 medium
containing 0.5% glucose at 30°C. When required, erythromycin or chloramphenicol was
added at 5 pg/mL for lactic acid bacteria. Ampicillin (100 pg/mL) or kanamycin (25
pg/mL) was used for E. coli.
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TABLE 1 Lactobacillus strains and plasmids used in this work?

Strain/plasmid

Characteristics

Source or reference

Lc. paracasei BL23
Lc. paracasei BL379
Lc. paracasei DC405
Lc. paracasei DC475
Lc. paracasei DC478
pRV300

PRVAppx1
PRVppx2

PTINX

pT1ppk

pT1ppx1

PET28a

pQE80

PETppx1

pQEppk

pQEppx2

Wild type

ppk:pRV300; Ery*

Appx1; Ppx1A%3°

ppx2:pRV300; Ery®

Appx1 ppx2:pRV300; Ery"®

integrative vector; Amp® Ery*
pRV300:Appx1

pRV300::ppx2

Expression vector; EryR
PT1NXCAT:ppk; Cm*

pT1NX:ppxT; Ery®

Protein expression vector; Km®
Protein expression vector; Amp"
pET28a::ppx1; C-terminal 6x (His)Ppx1
pPQE80::ppk; N-terminal 6x (His)Ppk
pPQE80::ppx2; N-terminal 6x (His)Ppx2

(24)

21

This work
This work
This work
(25)

This work
This work
(26)

21

This work
Novagen
Qiagen
This work
This work
This work

2Amp*, ampicillin resistance; Ery?, erythromycin resistance; Cm® chloramphenicol resistance; Km®, kanamycin

resistance.

Construction of strains mutated in ppx7 and ppx2

Two 0.5 kb DNA fragments from Lc. paracasei ppx1 (LCABL_27830) were obtained by PCR
amplification with Phusion High-Fidelity DNA Polymerase (Thermo) and oligonucleotide
pairs Ppx1-1/ppx1-2 and ppx1-3/ppx1-4, respectively (Table 2). External primers (ppx1-2
and ppx1-4) had EcoRI and Hindlll restriction sites, respectively, at their 5-ends. Internal
primers (ppx1-2 and ppx1-3) overlapped by 20 bp at their ends, thus allowing their
fusion by PCR. The resulting 1 kb product carried an in-frame deletion in the ppx1
reading frame that resulted in the codification of a mutant Ppx1 protein lacking amino
acids 139 to 399. The PCR fusion product was digested with EcoRl and Hindlll and ligated
to pRV300 (25) digested with the same enzymes, and transformed in E. coli NZYStar

TABLE 2 Primers used in this study

Primer name or purpose  Sequence (5’-3)

Ppx1-1 ATGGAATTCGAGCATGATGAC

Ppx1-2 ATCAATCAGCACCGTGCCTTTTTGCGTAATCGATTTAAAC

Ppx1-3 AAGGCACGGTGCTGATTGATGATCTTGAAGTAACCATGGT

Ppx1-4 AGAAAGCTTTGCGTAATACCC

ppx2F AAAGAATTCCTCAAACGGGTGAAG

ppx2R CGAAAGCTTCCGCCAAGCG

cppx1-F ATGTTATAATACAAGTATCATGACAGTCAGGTAGCAAACG

cppx1-R TTTGTTAGCAGCCGGATCTATCATAAAATGTTTCTTCCTTTCAGC
RppkF ATACAACATTGGTTCGTTCG

RppkR ACAAAATCGTGCTGTTTCTC

Rppx1F TGCAGAACATGAAATCTTGC

Rppx1R TACATTAACAGTCGGTACGC

Rppx2F TGATCTTGGCAGTAACTCAG

Rppx2R ACAATCGCACCATTTCTTTG

Hppx1F ACTTTAAGAAGGAGATATACCATGGGTGGAACGAGAATGGCA
Hppx1R AGTGGTGGTGGTGGTGGTGCTCGAGTAAAATGTTTCTTCCTTTCAGCTC
HppkF GGATCGCATCACCATCACCATCACGTGAAGAAACTAGATTTTTCAAG
HppkR ATTAAGCTTGGCTGCAGGTCGACCCTCATGCGTCATCGTCCTC
Hppx2F GGATCGCATCACCATCACCATCACGTGACGCATCATTTTGCA
Hppx2R ATTAAGCTTGGCTGCAGGTCGACCCCTAATGCTCACGCTGTGT
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following the procedure recommended by the supplier. The resulting plasmid, pRVAppx1
(Table 1), was verified by sequencing and used to transform Lc. paracasei BL23 strain by
electroporation (27) with a Gene Pulser apparatus (Bio-Rad). Integrants at the ppx1 locus
were selected on MRS plates supplemented with erythromycin. One of such integrants
was grown for approximately 150 generations in liquid MRS medium without antibiotic
pressure and isolates in which a second recombination led to plasmid excision and loss
of antibiotic resistance were selected by replica plating. Isolates in which the second
recombination led to the exchange of ppxT by the Appx1 variant were identified by PCR
with appropriate oligonucleotides spanning ppx7 and confirmed by sequencing. One
isolate was selected for subsequent studies (Lc. paracasei DC405 strain).

Gene ppx2 (LCABL_27810) was mutated by insertional inactivation. For this pur-
pose, a 0.4 kb ppx2 internal fragment was amplified with oligonucleotides ppx2F and
ppx2R carrying EcoRl and Hindlll restriction sites at their respective 5-ends (Table 2).
The fragment was digested with these enzymes, ligated to pRV300, and transformed
into E. coli NZYStar, giving pRVppx2. Electroporation of this plasmid into Lc. paracasei
BL23 resulted in ppx2 disruption (strain DC475). The pRVppx2 plasmid was also used
to transform the DC405 strain, resulting in the double mutant strain DC478 (Appx1
ppx2::pRV300).

A plasmid expressing ppx1 was constructed by amplifying ppx7 with Phusion
High-Fidelity DNA Polymerase and oligonucleotides cppx1-F and cppx1-R (Table 2).
The PCR product was cloned into pT1NX (26), digested with Bglll and Spel by Gib-
son assembly with the GeneArt Gibson Assembly HiFi kit (Invitrogen) following the
recommendations of the supplier. The obtained pT1ppx1 plasmid carried Lc. paracasei
ppx1 under the control of the constitutive P1 promoter and was confirmed by sequenc-

ing.

Poly-P isolation and quantification

Poly-P was isolated from bacterial cell pellets (10 mL cultures) by sodium hypochlor-
ite extraction as previously described (21). Poly-P obtained from these bacteria was
dissolved in water and quantified by fluorescence with 4’,6"-diamino-2-phenylindole
(DAPI; 10 uM in 50 mM Tris-HCl pH 7.5, 50 mM NaCl buffer) (28) in a Clariostar plate
reader (Ex. 425 nm, Em. 550 nm). Standard curves of poly-P were built with different
amounts of poly-P and they were quantified with DAPI. The standard curves were
calibrated by determining total phosphate. To this end, poly-P was subjected to acid
hydrolysis (1 vol of 2M HCl, 95°C, 15 min, followed by neutralization with 1 vol 2M NaOH),
and total phosphate was determined with the Biomol Green kit (Enzo Life Sciences).
Results are then expressed as nmol phosphate normalized to the amount of bacterial
cells expressed as OD at 595 nm.

Poly-P electrophoresis and staining

The poly-P fractions were analyzed in 8% polyacrylamide gels containing 8 M urea and
1X Tris-borate-EDTA (TBE) as running buffer. After electrophoresis, the gels were stained
with toluidine blue (29). Poly-P granules in Lc. paracasei strains were evidenced by
Neisser staining: bacterial cell pellets from liquid cultures were smeared on microscope
slides, air-dried, and stained with a solution of 0.1% methylene blue, 5% acetic acid, and
5% ethanol mixed (1:2) with a solution of 0.33% crystal violet in 10% ethanol for 1 min.
After rinsing with water, the bacteria were contrasted with 0.3% chrysoidin G in water
and observed under a microscope at 100x.

Determination of gene expression by RT-qPCR

Total RNA was isolated from bacteria grown in MEI or LP-MEI with TRIzol (Invitrogen)
as described previously (30). The quality and concentration of the RNA samples were
subsequently evaluated using the Experion automated electrophoresis system (Bio-Rad).
Samples with 235/16S ratios lower than 0.85 were discarded. RNA was treated with
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the Ambion Turbo DNA-free kit (Applied Biosystems) and cDNA was synthesized from
5 pg RNA with the SuperScript VILO cDNA synthesis kit (Invitrogen). Real-time gPCR
was performed using a LightCycler®480 Real-Time PCR system (Roche Diagnostics, USA)
with the LightCycler 480 SYBR Green | Master Mix (2X, Roche) and the primer pairs
RppkF/RppkR for Lc. paracasei BL23 ppk gene (LCABL_27820), Rppx1F/Rppx1R for ppx1,
and Rppx2F/Rppx2R for ppx2 (Table 2). The housekeeping genes recA, fusA, pyrG, and
mutL were used as reference (31). The cycling conditions were as follows: 95°C for 5 min,
followed by 40 cycles of three steps consisting of denaturation at 95°C for 10 s, primer
annealing at 55°C for 10 s, and primer extension at 72°C for 10 s. Relative gene expression
was determined with the tools implemented in the Relative Expression Software Tool
(32).

Phylogenetic analysis of Ppx1 proteins

Blast searches using L. paracasei BL23 Ppx1 amino-acid sequence (Acc. N° CAQ67834.1)
were performed against the non-redundant protein sequence GenBank database using
BLAST-P (33). The search was limited to taxa belonging to the phylum Bacillota. The
sequences with coverage below 80% were filtered out. For every genus, a representative
sequence was selected. Sequences used are listed in File S1. Multiple alignment was
performed with M-Coffee (34). Positions of uncertain homology and gaps were removed
using GBLOCKS (35). Selection of the best substitution model by maximum likelihood
was carried out in Mega 11.0.3 (36). The maximum-likelihood tree was reconstructed
with ig-tree (37) with the LG model (38) with a discrete gamma distribution to account
for heterogeneity in evolutionary rates among sites. Support values were obtained from
1,000 pseudoreplicates by the ultrafast bootstrap approximation (39).

Expression and purification of His-tagged proteins

The coding regions for Lc. paracasei BL23 ppx1 (LCABL_27830), ppk (LCABL_27820),
and ppx2 (LCABL_27810) genes were amplified by PCR with the oligonucleotide pairs
Hppx1F/Hppx1R, HppkF/HppkR, and Hppx2F/Hppx2R (Table 2), respectively, using the
Phusion High-Fidelity DNA Polymerase (Thermo Scientific). The purified PCR fragments
were cloned into expression plasmids pET28a, digested with Ncol/Xhol (for ppxT)
or pQE80, digested with Smal-BamHI (for ppk and ppx2), with the GeneArt Gibson
Assembly HiFi kit (Invitrogen), to express proteins with C-terminal or N-terminal 6X(His)
tags, respectively. Ligation mixtures were used to transform E. coli NZYStar and, after
sequencing, the constructed plasmids were transferred to E. coli BL21(DE3). For protein
expression, cultures (0.5 L) were grown in LB broth at 37°C with shaking (200 r.p.m.) to
an ODs5g5 0.5. Protein expression was induced by adding 0.3 mM IPTG and incubation at
27°C for 3 h (Ppx1), 0.3 mM IPTG, and overnight incubation at 16°C (Ppk) or 0.3 mM IPTG
and 3-h incubation at 27°C (Ppx2). After centrifugation, bacterial pellets were washed
with 200 mL of 20 A buffer [Tris-HCl 50 mM (pH 7.4), NaCl 500 mM], and stored at —80°C
until use. Cells were thawed on ice and resuspended in 30 mL of A buffer supplemented
with T mM phenylmethylsulfonyl fluoride. The cell suspension was sonicated at 200 W
for four cycles of 60 s followed by 60 s of cooling with a Labsonic V sonicator (B. Braun).
The cell debris was removed by centrifugation at 12,000 x g for 15 min at 4°C and the
supernatant was filtered through a 0.45 um pore size Filtropur S membrane (Sarstedt).
The cleared extract was directly loaded onto a HisTrap FF crude column (GE Healthcare
Life Sciences) equilibrated with buffer A and coupled to an Aktaprime FPLC system
(Cytiva). After the passage of the sample, the column was washed with 10 mL of A buffer
and the proteins were eluted with an imidazole gradient (40 mM to 2 M) in A buffer.
Fractions were analyzed by SDS-PAGE and those containing purified protein were pooled
and subjected to buffer exchange (50 mM MES pH 6.5, 100 mM KCl, 1T mM MgCl, for
Ppx1 and Ppx2, whereas KCl was increased to 200 mM for Ppk) using an Amicon Ultra
10K centrifugation device (Merck Millipore). Glycerol was added to 20% (vol/vol) final
concentration and the recombinant proteins were kept at —80°C.
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Enzymatic activities

Exopolyphosphatase activity was measured in 150 pL of 50 mM MES pH 5.5, 100 mM
KCl, T mM MgCl,, poly-P isolated from Lc. paracasei BL23 (equivalent to 2 nmol of Pi) and
different amounts (0.3 to 0.7 ug) of purified 6 x(His)Ppx1 or 6 x(His)Ppx2. The mixture
was incubated at 37°C and 10 pL aliquots were withdrawn at different time intervals
and mixed with 140 pL of Biomol Green reagent (Enzo Life Sciences) to determine
phosphate release. Poly-P kinase activity was determined in 100 pL of 50 mM HEPES-KOH
pH 7, 5 mM MgCl,, 40 mM ammonium sulfate, 2 mM ATP, 0.05 nmol of poly-P (as
inorganic phosphate), 0.2 ug of 6 x(His)Ppk, 2.5 mM phosphoenolpyruvate (PEP), and
2U of pyruvate kinase (Sigma). PEP and pyruvate kinase in the reactions were used to
regenerate ATP and to avoid the accumulation of ADP, which may have inhibitory activity
on Ppk (40). When required, 0.2 pg of Lc. paracasei 6 x(His)Ppx1 or BSA was added to the
reactions. The lack of poly-P kinase activity in 6 x(His)Ppx1 or BSA was also tested in the
reaction in which these proteins were added in the absence of 6 x(His)Ppk. The mixtures
were incubated at 37°C and at different time intervals, 10 pL aliquots were mixed with
10 pL of 500 mM EDTA pH 8 to stop the reaction. Samples were kept on ice until poly-P
formation was quantified by DAPI fluorescence in a Clariostar fluorescence plate reader.

RESULTS

Poly-P synthesis and degradation are linked to phosphate availability and
growth phase in Lacticaseibacillus paracasei BL23

It has been previously shown that growth in a phosphate-rich medium favors the
formation of poly-P intracellular inclusions in many lactobacilli, including Lc. paracasei
(21). Here we show that poly-P amounts were around fivefold higher in Lc. paracasei BL23
cells grown in phosphate-rich compared to low phosphate medium at late exponential
growth (6 h of culture, OD ~2.5; Fig. 1A). In the stationary phase cells grown in MEI
(high phosphate; 16 h of culture, OD ~3.1), poly-P contents decreased to that of cells
grown in LP-MEI at the late exponential phase. This difference in poly-P levels between
exponential and stationary cells was also observed when bacteria were cultivated in
LP-MEI (Fig. 1A). When the isolated poly-P was analyzed by acrylamide-urea electropho-
resis, differences in chain lengths were also evidenced in cells grown in MEI. The poly-P
fraction obtained from exponentially growing bacteria displayed a higher content of
long-chain poly-P than that obtained from stationary phase cells (Fig. 1B). This difference
in poly-P length was not observed in poly-P isolated at different growth stages from
cells grown in LP-MEI (Fig. 1B). To test whether differences in poly-P contents could be
related to differential expression of the ppx-ppk gene cluster, expression of ppx1, ppk,
and ppx2 was determined (Fig. 2). We showed that the expression of ppx and ppk genes
was slightly reduced in low phosphate grown cells compared to those grown in high
phosphate conditions both in late exponential and stationary phase. This result suggests
that phosphate availability has a moderate effect on ppx/ppk gene expression.

A deletion in the ppx1 gene encoding a putative exopolyphosphatase results
in the absence of poly-P accumulation

The ppk gene from many lactobacilli, including Lc. paracasei, is clustered with ppx7 and
ppx2, presenting an operon structure ppx1-ppk-ppx2 ((21); Fig. 3A). Stop and start codons
for ppx1/ppk and ppk/ppx2 gene pairs are overlapped, respectively, indicating a strong
translational coupling in the synthesis of the three enzymes. Ppx1 has a protein architec-
ture similar to other exopolyphosphatases belonging to the GppA/Ppx family, such as
that of E. coli, with an N-terminal catalytic domain belonging to the acetate and sugar
kinase/Hsp70/actin (ASKHA) superfamily and a C-terminal HDc domain present in metal-
dependent phosphohydrolases (41). The exopolyphosphatase Ppx2 shares a low amino
acid identity (15%) with Ppx1. Ppx2 contains the ASKHA domain, whereas it lacks the HDc
domain.
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204

nmol Pi/OD

10

FIG1 Accumulation of Poly-P in Lc. paracasei. (A) Levels of poly-P as nmol Pi/OD in wild-type Lc. paracasei
BL23 grown in MEI medium (6 h, OD 2.5; 16 h, OD 3.1) and low phosphate MEI (LP-MEI) (6 h, OD 1; 16 h,
OD 1.6). (B) Analysis of poly-P by acrylamide electrophoresis in Lc. paracasei BL23 grown under the same
conditions as in (A). Each lane contains the poly-P extracted from bacterial cells equivalent to 4 OD units.

To gain insight into the function of these Ppx enzymes during poly-P accumulation,
an Lc. paracasei strain with an in-frame deletion in ppx1 was constructed which resulted
in the deletion of amino acids 139 to 399 in Ppx1 and therefore lacked the putative
enzyme active site and a substantial part of its amino acid sequence. A strain with a
disruption of ppx2 was also obtained and a double mutant strain was created by
interrupting ppx2 in the Appx1 strain (Fig. 3A). Similar to a previously described ppk-
deficient strain from Lc. paracasei BL23 (21), the different introduced mutations did not
show a strong impact on growth under the tested conditions (Fig. 3B). Surprisingly, no
poly-P could be detected in the Appx1 strain (Fig. 4A). However, the poly-P content and
size distribution in the ppx2 strain were similar to those found in the wild-type strain (Fig.
4B). In addition, strain ppx2 followed the same pattern of poly-P accumulation than the

A B

0594 5 |- | Fmmmmm e 05 |

%k
F N I O
I
0125 L FT .
ppx1 ppk ppx2 ppx1 ppk ppx2

FIG 2 Expression of ppk and ppx genes. Relative expression (fold-change) of ppk, ppx1, and ppx2 in Lc. paracasei BL23 cells
grown in LP-MEI compared to cells grown in MEI. (A) RNA isolated from cells grown for 6 h. (B) RNA isolated from cells grown
for 16 h. Asterisks indicate significant differences with respect to reference conditions, *P < 0.05, **P < 0.005.
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A

GAGCTGAAAGGAAGAAACATTTTATGAAGAAACT CCCAAGGAGGACGATGACGCATGACGCATCAT
prk >> VR e S SllE D D D A
>>ppx1 * o* *, ppx2 >>
o° .

L
* . PEPTTTL L
. nuns®
(S wnunnt
° wuunsn®

ppx1 X ppk Lc. paracasei BL23

H Lc paracasei DC405 (Appx1)

) Lc. paracasei DC475 (ppx2)

- H Lc. paracasei DC478 (Appx1 ppx2)

—*— wild type
—= Appx1

= ppx2

2= Appx1 ppx2
= ppk

time (h)

FIG 3 Mutated strains in the ppxT1-ppk-ppx2 operon. (A) Schematic representation of the ppx1-ppk-ppx2 operon in Lc. paracasei BL23. The overlapping start
and stop codons for ppx1-ppk and ppk-ppx2 are shown. Underlined sequences are Shine-Dalgarno sites. The different operon structures in the constructed ppx
mutants are also shown for DC405 (in-frame deletion in ppx1), DC475 (plasmid integration in ppx2), and DC478 (plasmid integration in ppx2 in the AppxT mutant)
strains. (B) Growth curves of different Lc. paracasei BL23 derivatives. The strains were incubated in MEI medium at 37°C and growth was monitored as OD at
595 nm.

wild-type strain, being dependent on the growth phase. Inspection of intracellular
granules confirmed poly-P measurements (Fig. 4C): poly-P granules were detected in
wild-type and ppx2 strains, whereas they were absent in the ppk mutant, the ppx1
deleted strain, and the double mutant Appx1 ppx2.

Ppx1 is essential for poly-P synthesis in Lc. paracasei

To investigate the lack of poly-P synthesis after ppx1 deletion, we measured the levels of
ppk gene expression in the Appx1 strain, showing that there were no relevant differences
compared to the wild-type strain (Fig. 5A). Despite similar ppk expression between
strains, the lack of poly-P synthesis as a consequence of the ppx1 deletion could still rely
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FIG 4 Effect of ppx mutations on poly-P synthesis. (A) Levels of poly-P as nmol Pi/OD in Lc. paracasei BL23 (wild type) and
mutant strains in ppx1, ppx2, or ppk at different times of growth in MEI (6 h, OD 2.5 and 16 h, OD 3.1) and LP-MEI (6 h, OD 1 and
16 h, OD 1.6) media; (B) Analysis of poly-P by acrylamide electrophoresis in each strain grown under the same conditions as
in (A). Each lane contains the poly-P extracted from bacterial cells equivalent to 4 OD units. The wild-type (BL23) data are the
same measurements shown in Fig. 1 (n = 9), derived from independent experiments performed on different days. For the rest
of the strains, n = 3-6. (C) Poly-P granule formation in Lc. paracasei BL23 and derivative mutants. Cells were grown in MEI for
16 h, stained by Neisser staining, and visualized at 100x.

on differences in Ppk expression caused by the upstream changes in ppx1. Refuting this
hypothesis, the transformation of the Appx7 strain with a plasmid carrying wild-type
ppx1 restored poly-P synthesis and granule formation (Fig. 5B through D). On the
contrary, after transformation with a plasmid expressing ppk, which in the ppk mutant
was able to reestablish poly-P production and granule formation, no poly-P was detected
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FIG 5 Contribution of Ppx1 to Poly-P biosynthesis in Lc. paracasei. (A) Relative expression of ppk in a Appx1 strain. Expression of ppk was quantified by RT-qPCR
from cells grown in MEI for six or 16 h. Data are fold-changes relative to wild-type cells. (B) Levels of poly-P as nmol Pi/OD in Lc. paracasei BL23 (wild type) and
mutant strains Appx1, or ppk and their respective variants carrying plasmids expressing Ppx1 or Ppk. Cells were grown in MEI (6 h, OD 2.5 and 16 h, OD 3.1)
or LP-MEI (6 h, OD 1 and 16 h, OD 1.6). The wild-type (BL23) data are the same measurements shown in Fig. 1 (n = 9), derived from independent experiments
performed on different days. For the rest of the strains n = 3-6. (C) Analysis of poly-P by acrylamide electrophoresis in each strain grown under the same
conditions as in (B). Each lane contains the poly-P extracted from bacterial cells equivalent to 4 OD units. (D) Staining of Poly-P granules. Bacterial cells from
different Lc. paracasei strains were grown in MEI for 16 h, stained by Neisser staining, and visualized at 100x.

(Fig. 5B and C). According to this, the expression of plasmid-carried ppk in the Appx1
mutant resulted in no poly-P granule formation (Fig. 5D). Although complementation of
Appx1 and ppk mutations by their respective wild-type alleles was observed, in the
complemented strains the levels and pattern (chain length distribution) of poly-P never
reached those of the wild type. It has to be considered that in these experiments ppk and
ppx1 genes were fused to a constitutive promoter and expressed from multicopy
plasmid, for which they were probably not subject to the same regulation as the
chromosomal genes.

As already mentioned, the Lc. paracasei Ppx1 protein belongs to the E. coli GppA/Ppx
prototype. However, a close inspection of the sequence of Ppx1 from Lactobacillaceae
revealed mutations in key amino acids that have been identified in Ppx proteins as
crucial for their catalytic activities (Fig. 6). Ppx proteins from the GppA/Ppx family
carry glycine-rich phosphate-binding loops (P-loop motifs) in their catalytic N-terminal
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FIG 6 Schematic representation of Ppx1 and Ppx2. The presence of different protein domains (ASKHA and HDc) is depicted,
together with relevant portions of multiple sequence alignments of Ppx1 from Lc. paracasei (WP_003606084.1), Lv. brevis
(AYM03703.1), Lp. plantarum (WP_103851489.1), Lm. reuteri (MCH5356744.1), and L. acidophilus (MCT3601606.1) and from
Ppx2 from Lc. paracasei (CAQ67832.1), Lv. brevis (WP_135367400.1), Lp. plantarum (WP_003641094.1), Lm. reuteri (KRK50994.1),
and L. acidophilus (AZN76677.1), compared with Ppx from E. coli (WP_001121363.1). The consensus sequences of the
conserved P-loop 1 and P-loop 2 in the GppA/Ppx family are shown in blue above the alignments. The catalytic amino acids
arginine and glutamic acid are marked with red diamonds. The amino acids characteristic of the HDc domain in C-terminal
Ppx1 are marked with red circles. For full protein alignments, see Fig. S3.

domains that are important for accommodating phosphate moieties from the poly-P
polymer (41). The first P-loop, with a consensus sequence DXGS[N/Y]S, was absent
in the L. paracasei BL23 Ppx1 protein, whereas the second P-loop, which displays
a consensus sequence [D/EIXGG[G/A]SXE, largely deviated from it (DISSGSVE, show-
ing a replacement of the highly conserved central glycine residues by serine; Fig.
6; Fig. S1). For some lactobacillus species, sequence conservation at this level was
very poor, showing a complete lack of conservation for the aspartic and glutamic
residues present at the boundaries of the P-loop 2, as was the case for Ppx1 from Lp
plantarum (WP_103851489.1), Levilactobacillus brevis (AYM03703.1), Limosilactobacillus
reuteri (MCH5356744.1), or Lactobacillus acidophilus (MCT3601606.1). The catalytically
important general acid-base glutamic residue found in GppA/Ppx, situated proximal
to P-loop 2 (E121 in E. coli Ppx), was identified in certain Ppx1 proteins within the
Lactobacillaceae family. However, it was notably absent in others (e.g., Lm. reuteri or L.
acidophilus). This residue is aligned through an arginine (R93 in E. coli Ppx) to facilitate
the activation of the nucleophile water, promoting its attack on the terminal phosphate
in poly-P (42, 43). Nevertheless, this crucial arginine residue was not observed in Ppx1
from Lactobacillaceae. On the contrary, the Ppx2 proteins from Lc. paracasei but also
from other Lactobacillaceae family members carrying ppx1-ppk-ppx2 clusters, displayed
full conservation of P-loops 1 and 2 (e.g., DLGSNS and DTGGASTE amino acid sequences,
respectively, for Lc. paracasei Ppx2) and those key catalytic amino acids (Fig. 6; Fig. S1).

A phylogenetic analysis of Ppx1 homologs present in taxa belonging to phylum
Bacillota was carried out to gain insight into the evolution of ppx1 genes (Fig. 7).
The phylogenetic reconstruction had strong support in most nodes; however, the tree
does not fit in with the expected evolutionary relationships between the different
taxa, indicating that the evolutionary history of Ppx1 cannot be explained by vertical
inheritance alone. The analysis revealed two large clusters (Fig. 7). Cluster | encom-
passes Ppx1 proteins present in taxa belonging to orders Bacillales and Lactobacillales,
except those belonging to the family Lactobacillaceae. Cluster Il mainly consists of taxa
belonging to Lactobacillaceae and classes Clostridia and Negativicutes. Inspection of the
sequences revealed that cluster | Ppx1 conserves motifs and residues involved in the

Month XXXX Volume 0 Issue 0

10.1128/aem.02290-2311

Downloaded from https://journals.asm.org/journal/aem on 20 April 2024 by 81.202.237.170.


https://doi.org/10.1128/aem.02290-23

Full-Length Text

Alicyclobacillus mengziensis
Kyrpidia tusciae Alicyclobacillaceae
Effusibacillus lacus

Brevibacillus humidisoli Paenibacillaceae

Tumebacillus flagellatus Alicyclobacillaceae
Brevibacillus humidisoli Paenibacillaceae

80

100

100

99 Paenibacillus artemisiicola
_| E Cohnella thermotolerans ]
95 Longirhabdus pacifica
Sulfoacidibacillus thermotolerans . .
—m:ermacfdlbacil/us organovorans ] Alicyclobacillaceae
_: Listeria costaricensis Listeriaceae

100}

Collibacillus ludicampi Alicyclobacillaceae
Rossellomorea vietnamensis "™
Bacillus salacetis

Mangrovibacillus cuniculi
Cytobacillus spongiae

Niallia endozanthoxylica
Robertmurraya korlensis
Anoxybacillus caldiproteolyticus
Calidifontibacillus erzurumensis
Metabacillus litoralis

Peribacillus frigoritolerans
Halobacillus yeomjeoni
Oceanobacillus sojae
Aquibacillus albus

Priestia ar

Lysinibacillus timonensis —
Staphylococcus e Staphylocc
Facklamia hominis
Fundicoccus culcitae
Ruoffia tabacinasalis
Hutsoniella sourekii
Suicoccus acidiformans
Ignavigranum ruofﬁae

Bacillaceae

Aerococcaceae

Vaginisenegalia si
Eremococcus coleocola J
Globicatella sulfidifaciens
_:Granu/icate/la seriolag Carnobacteriaceae
89 Bavariicoccus seileri Enterococcaceae
Trichococcus ilyis
Jeotgalibaca caeni
Aerococcus sanguinicola Aerococcaceae
-Alloiococcus ofitis
Alkalibacterium kapii
Marinilactibacillus kalidii
-Atopococcus tabaci
Desemzia incerta
Enterococcus italicus Enterococcaceae

84

] Carnobacteriaceae

99

Carnobacteriaceae

100!

| Macrococcus armenti Staphylococcaceae
100 Macrococcoides caseolyticum phy
Paenalkalicoccus suaedae Bacillaceae

Paenibacillaceae

Sporolactobacillus laevolacticus Sporolactobac/llaceae
93 Lacticaseibacillus paracasei

Schleiferil shenzhenensis
Agrilactobacillus composti
Nicoliella spurrieriana
100 Apilactobacillus timberlakei
Lactobacillus selangorensis
100y Lactiplantibacillus plantarum
Fructilactobacillus sanfranciscensis
Levilactobacillus brevis
Secundilactobacillus mixtipabuli
Weissella sagaensis
Lentilactobacillus hilgardii
Ligilactobacillus acidipiscis
Periweissella beninensis

Leuconostoc holzapfelii

Liquorilactobacillus nagelii  wd

tobacill

100!
Loigolactobacillus backii
Paucilactobacillus sueblcus] Lactobacillaceae
Furturilactobacillus milii
se Clostridiaceae
s Tindalliaceae
Clostridiaceae
la Natronincolaceae

Oscillospiraceae

solibacter carboniphilus

] Thermotaleaceae

um andii Filifactoraceae
Caldisalinibacter kmt:mat/ensls Thermoha/obacteraceae
Thermoclostridiun ola Oscillospiraceae
onsis Va/l/taleaceae
Propionispora hippei
Sporomusa ovata
Dendrosporobacter quercicolus

Petrocella atlanti

] Sporomusaceae

Lachnospiraceae

Lactococcus protaetiae Streptococcaceae

Lactobacillaceae

nas bovis Selenomonadaceae

Cluster |

Cluster Il

Applied and Environmental Microbiology

FIG 7 Maximum likelihood phylogenetic tree of Ppx1 proteins of selected species of the phylum Bacillota. Support values

are given for those nodes with support higher than 75%. The tree has been arbitrarily rooted for ease of visualization. Colors:

black: class Negativicutes; brown: class Clostridia; blue: class Tissierellia; green: order Lactobacillales; and red: order Bacillales.
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FIG 8 Poly-P kinase activity of Lc. paracasei Ppk. Purified 6 x(His)Ppk from Lc. paracasei BL23 was assayed
for poly-P kinase in the absence or presence of 6X(His) Ppx1. BSA was employed as a control unrelated
protein and the poly-P kinase activity of the added 6X(His)Ppx1 was also checked.

polyphosphatase activity, whereas those belonging to cluster Il carry changes in part or
most of those residues (Fig. 6 and Fig. S2). This result indicates that Ppx1 proteins present
in Lactobacillaceae are distinct from those found in their most closely related taxa,
namely, Aerococcaceae, Carnobacteriaceae, and Streptococcaceae. The conservation of
catalytic residues in cluster | Ppx1 proteins suggests that they possibly act as polyphos-
phatases, whereas those belonging to cluster Il might play a similar role to that described
here for L. paracasei BL23 Ppx1.

Exopolyphosphatase and poly-P kinase activities of Lc. paracasei BL23
enzymes

To confirm the enzymatic activities of the proteins encoded within the Lc. paracasei
BL23 ppx1-ppk-ppx2 cluster, the three proteins were expressed and purified from E.
coli as His-tagged proteins (Fig. S3). In agreement with the presence of all sequence
characteristics linked to exopolyphosphatases, recombinant Ppx2 exhibited activity on
poly-P from Lc. paracasei, releasing 2.54 + 0.41 nmol of phosphate/min/ug protein.
However, no activity could be evidenced for the purified Ppx1 protein (<0.003 nmol
of phosphate/min/ug protein; below detection level). Exopolyphosphatase activity from
Ppx1 could also not be detected (below the detection level) when Ppk was added to
the reaction mixture. In contrast to the polyphosphatase activity of Ppx1, poly-P kinase
activity was evidenced for the Lc. paracasei Ppk enzyme. The poly-P kinase activity of Ppk
was enhanced in reactions where the Ppx1 protein was included, which, when tested
alone, did not display this activity (Fig. 8).

DISCUSSION

It has been commonly accepted that poly-P levels in bacteria are controlled by the
antagonistic activities of Ppk (synthesis) and Ppx (hydrolysis). However, the model that
pointed to (p)ppGpp as a key regulatory molecule inhibiting Ppx activity, and hence
triggering poly-P accumulation, has been recently questioned (18). How poly-P synthesis
is regulated in lactobacilli is not known. We showed that its levels in Lc. paracasei
BL23 vary depending on the amount of phosphate in the medium ((21) and results
presented here), a fact that has also been reported in Lacticaseibacillus rhamnosus CRL
1505 (44). In addition, as described in this work, other researchers reported that an initial
accumulation at early growth phases was followed by a decrease in poly-P concentration
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in Lc. paracasei JCM1163 and phosphate-starved cells of this strain also accumulated
poly-P after phosphate supply (13). This paralleled poly-P accumulation in E. coli, P.
aeruginosa, or Acinetobacter johnsonii after nutritional downshift, which is also transitory
(15). The differences in the poly-P chain lengths that were observed here at different
growth stages probably reflect the degradation process that occurs along growth after
poly-P accumulation at the initial stages.

Whether transcription regulation of ppk would play a role in controlling poly-P
synthesis is controversial. The Lc. paracasei ppk and ppx messenger levels were higher
under high-phosphate conditions, although the three genes (ppk, ppx1, and ppx2), which
theoretically encode enzymes with opposite functions, followed the same expression
pattern. This agrees with the genetic organization in an operon of the gene cluster (Fig.
3A). In Pseudomonas aeruginosa, ppk and ppx (which are not located in the same operon)
are differentially regulated (45). In this bacterium, these two genes do not respond to
phosphate availability (do not belong to the pho regulon), but their transcription is up-
and down-regulated, respectively, upon phoU mutation (45), which enhances phosphate
uptake and contributes to poly-P accumulation (46). The mutation of phoU also increases
poly-P synthesis in E. coli (47). By contrast, ppk expression in Acinetobacter (48) or
Streptomyces lividans (29) was induced upon phosphate starvation. In addition, other
studies showed that in P. aeruginosa, transcription of ppx is controlled by the response
regulator PhoB, which binds to its promoter under phosphate limiting conditions (49)
and in Pseudomonas fluorescens ppk forms part of the pho regulon and it is upregulated
in response to low phosphate conditions (50). Therefore, transcriptional regulation of
ppk and ppx genes possibly responds to diverse signaling pathways in different bacteria.
Whether the Lc. paracasei ppk and ppx genes are members of the pho regulon (i.e.,
controlled by PhoB) has to be investigated.

If Ppx was a factor limiting poly-P accumulation in Lc. paracasei, in the absence of
it or when Ppx activity was diminished, an increase in the cell poly-P content would
be expected. Therefore, the fact that the inactivation of ppx1 resulted in the complete
absence of poly-P in Lc. paracasei was surprising. As far as we know, this is the first time
that this effect is reported. In E. coli, ppx deleted strains accumulated slightly more poly-P
compared to wild-type cells, suggesting that activation of Ppk is the main mechanism at
play for regulating the amount of poly-P and Ppx would only control its levels once Ppk
is activated (51). Also, simultaneous deletion of ppx7 and ppx2 genes in Campylobacter
jejuni (both encoding Ppx harboring ASKHA and HDc domains), only resulted in less than
a 1.4-fold increase in poly-P (5) and deleting the Corynebacterium glutamicum ppx2 gene,
impacted poly-P concentration by twofold (52). Finally, the deletion of ppx in Pseudomo-
nas putida, which is located downstream of ppk but transcribed convergently, reduces
poly-P amounts in both exponential and stationary phase cells by 30%-40% (53). Ppx
enzymes from Lactobacillaceae have not been studied so far and their functions in poly-P
metabolism are not known. While Ppx1 resembles typical exopolyphosphatases from
many microorganisms, the shorter Ppx2 lacks the C-terminal HDc domain (54) that in E.
coli Ppx plays a role in the processivity of the enzyme (55). However, ppx2 disruption in
Lc. paracasei did not have an effect on poly-P accumulation under the tested conditions.
Some species of Actinomycetales carry two ppx2 genes in their chromosomes (52, 56),
are not clustered with ppk, and lack ppx7 homologs and in the green-sulfur bacterium
Chlorobium tepidum, two different Ppx have been characterized with protein architec-
tures similar to Lc. paracasei (1). For some of these characterized enzymes, biochemical
data revealed different substrate preferences (e.g., toward (p)ppGpp or poly-P with
different chain lengths (1, 52, 56)

The amino acid differences at critical positions for Ppx activity in Lc. paracasei Ppx1
and orthologous proteins of other Lactobacillaceae are intriguing. Mutations in specific
amino acids at these sites result in a complete loss of enzymatic activity in prototype
Ppx1-type enzymes from E. coli (42), Helicobacter pylori (41), or P. aeruginosa (57). Thus,
our inability to detect any exopolyphosphatase activity with purified Ppx1 under our
laboratory conditions raises the question of whether this protein genuinely functions as
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an exophosphatase acting on poly-P in Lc. paracasei. The phylogenetic analysis of Ppx1
protein sequences revealed that Lactobacillaceae Ppx1 proteins group together with
other Ppx1 homologs (cluster II; Fig. 7) that share poor conservation of sites identified
as critical for Ppx polyphosphatase activity. This observation suggests that cluster Il Ppx1
proteins may play a similar role to that of their Lc. paracasei counterpart. Unfortunately,
no biochemical or physiological characterization of other cluster Il Ppx1 proteins has
been carried out to confirm or refute this hypothesis.

The molecular mechanisms by which poly-P synthesis is activated are still elusive.
The requirement in Lc. paracasei of Ppx1 for poly-P synthesis was totally unexpected and
would reflect a coordinated action of Ppx1 and Ppk by which the Ppk requires Ppx1 for
PolyP synthesis in vivo. The existence of factors activating the Ppk kinase function has
been hypothesized for E. coli. In this bacterium, specific amino acid substitutions in Ppk
have been isolated that resulted in a marked increase in poly-P accumulation without
affecting enzyme activity (51). Strains carrying these ppk mutant alleles constitutively
synthesized poly-P, although its level was still raised upon nutritional downshift. It
was therefore hypothesized that the amino acid changes in these mutant Ppks render
enzymes affected in the in vivo interaction of Ppk with factors activating the kinase
function (51). The fact that Lc. paracasei recombinant Ppk can synthesize poly-P in vitro
suggest that the lack of Ppk activity in the absence of Ppx1 may be due to some
mechanism of tight regulation that is only relieved in the presence of Ppx1. One working
hypothesis for explaining the phenotype of ppx1 deletion in Lc. paracasei would be
that, in vivo, Lc. paracasei Ppk activation requires direct interaction with Ppx1 or Ppx1
participates in the molecular signaling that leads to Ppk activation. The observation that
the inclusion of Ppx1 in in vitro Ppk reactions enhances poly-P synthesis suggests one of
these potential scenarios.

However, the mechanism by which this likely process could operate in vivo and
the signal(s) to which it would respond remain subjects for future investigation. Little
is known about the ultrastructure of the granules where poly-P is accumulated and
where the machinery for making poly-P should be associated. Distinct proteome and
biochemical analysis have identified several proteins bound to the poly-P granules, such
as the histone-like protein AlgP from P. aeruginosa (58) or proteins carrying the positively
charged Conserved Histidine a-helical Domain (CHAD) in Ralstonia eutropha, Magneto-
spirillum gryphiswaldense, and P. putida (59). Diverse Ppk enzymes are also associated
with poly-P granules in R. eutropha (60), Caulobacter crescentus (61), or P. aeruginosa (58),
but Ppx has not been yet identified in this kind of analyses (58).

Our results showed that, as occurred in other bacteria, the synthesis of poly-P in
lactobacilli is tightly regulated. They also revealed an unexpected phenotype for the
lack of Ppx1 in Lc. paracasei, which is radically different from that described for E. coli
ppx mutants or mutants in other species lacking ppx1 and/or ppx2. Regulation of poly-P
production may have implications on the functionality of many probiotic strains, where
poly-P can be considered a functional factor with consequences on intestinal homeosta-
sis. Furthermore, the question of which are the mechanisms controlling poly-P synthesis
remains open and it should be investigated if strains with enhanced capacity to produce
this probiotic factor want to be obtained.
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