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Abstract Polyphosphate (poly P) granules were one of the ﬁrst subcellular structures described in bacteria and are characterized by their high content of phosphorus in the form
of poly P. Recent work has shown that poly P granules have a limiting membrane and
possess an enzymatic mechanism for their acidiﬁcation. Their electron density and enrichment in pyrophosphate (PPi ), poly P, and cations such as calcium and magnesium are
characteristics in common with those of the organelles described as acidocalcisomes in
a number of eukaryotic cells, including human platelets, indicating that they have been
conserved during evolution from prokaryotes to eukaryotes. Acidocalcisomes have multiple functions that are related to the functions of their main constituents, PPi , poly P, and
cations.

1
Introduction
The metachromatic or volutin granule was one of the ﬁrst subcellular structures recognized in bacteria (Babes 1895; Meyer 1905). Its name was derived
from its property to stain red when treated with toluidine blue and for its
presence in the bacterium Spirillum volutans, respectively. Volutin granules
were later shown to be present in algae, yeasts, and protists, and were named
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polyphosphate (poly P) granules when it was found that their numbers in
yeasts increased as the amount of this polymer increased (Wiame 1947). In
recent years poly P granules were demonstrated to be similar to organelles
ﬁrst described in trypanosomatids and named acidocalcisomes (Vercesi et al.
1994; Docampo et al. 1995). Acidocalcisomes have been detected in a number of protist parasites, in green algae, in slime molds, and in human platelets
(dense granules), which indicates that these organelles have been conserved
from bacteria to man (Docampo et al. 2005).
Although early reports suggested the presence of a limiting membrane surrounding the granules (Jensen 1968; Friedberg and Avigad 1968), for many
years they were assumed to lack an internal structure or limiting membrane
(Shively 1974; Shively et al. 1988). More recent work has revealed a surrounding membrane (Seufferheld et al. 2003, 2004). Evidence for the presence of
this limiting membrane was (1) its detection by electron microscopy of intact
bacteria and subcellular fractions, (2) staining of the granules by dyes that
accumulate in closed acidic compartments, and (3) detection by immunoﬂuorescence and immunoelectron microscopy of a membrane-bound vacuolar pyrophosphatase (V-H+ -PPase) in the membrane of these organelles
(Seufferheld et al. 2003, 2004) (Fig. 1b).
Most of the functions of acidocalcisomes are related to the presence in
them of poly P, a linear chain of inorganic phosphate moieties linked by
high-energy phosphoanhydride bonds. Poly P can be a phosphate store or an

Fig. 1 Electron microscopy and immunoﬂuorescence microscopy of Rhodospirillum
rubrum. a Visualization of acidocalcisomes in whole unﬁxed cells allowed to adhere to
a Formvar- and carbon-coated grid and then observed by transmission electron microscopy. Large granules appear located at bending sites and smaller granules of varying
sizes appear distributed in the cytosol (arrows). Bar0.5 μm. b Confocal immunoﬂuorescence analysis of the V-H+ -PPase of R. rubrum as detected using polyclonal antibodies
against Arabidopsis thaliana V-H+ -PPase. Bar 0.5 μm. (Reproduced with permission from
Seufferheld et al. 2004 J. Biol. Chem. 279:51193–51202)
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energy source to replace ATP, and can have roles in cation sequestration and
storage, cell membrane formation and function, transcriptional control, regulation of enzyme activities, response to stress and stationary phase, and in the
structure of channels and pumps. The mobilization of poly P is mainly due
to the action of enzymes that catalyze the synthesis and degradation of this
polymer—the poly P kinases (PPKs) and the exopolyphosphatases (PPXs),
respectively. Mutant strains of bacteria lacking these enzymes have helped in
elucidating the structural and regulatory roles of this polymer.

2
Acidocalcisome Structure and Chemical Composition in Bacteria
Acidocalcisomes in bacteria are electron-dense, spherical, and from 15 to
about 200 nm in diameter. Their number varies in different species. Agmenellum quadruplicatum contains an average of ﬁve granules per cell (NierzwickiBauer et al. 1983), Rhodospirillum rubrum contains two to three granules per
cell (Seufferheld et al. 2004), while Agrobacterium tumefaciens usually contains only one granule in one of the polar ends of the cell (Seufferheld et al.
2003) (Fig. 2). They usually occupy about 1% of the cell volume although in
extreme cases, such as in metal-treated Anabena variabilis, this proportion
can rise to 23% of the cell volume (Rachlin et al. 1985). Stress conditions
increase the percentage of the cell volume occupied by these organelles. In
Helicobacter pylori they accumulate under anaerobic conditions (Shirai et al.
2000).
The organelle contains an amorphous and electron-dense material, but the
amount seen is dependent on the method of preparation of the sample for

Fig. 2 Electron microscopy of Agrobacterium tumefaciens. Electron micrograph of a thin
section of a whole bacterium showing an acidocalcisome containing electron-dense material in its periphery. Bar 0.5 μm. (Reproduced with permission from Seufferheld et al.
2002 J. Biol. Chem. 278:29971–29978)
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electron microscopy. When standard staining methods for transmission electron microscopy are used, part of the dense material can be lost, either leaving
an empty vacuole or a thin layer of dense material that sticks to the inner face
of the membrane. In some bacteria the dense material adheres to one side of
the membrane, as an inclusion (Fig. 2). Another useful method to observe acidocalcisomes is to allow whole cells to dry onto carbon- and Formvar-coated
grids in the transmission electron microscope. When this technique is used,
they appear as electron-dense spheres (Fig. 1a). The dense material appears
to volatilize when submitted to the electron beam, giving them a spongelike
appearance (Seufferheld et al. 2004).
At the optical microscope level, staining with 4 -6 -diamino-2-phenylindole
(DAPI), which stains poly P (Fig. 3), and cycloprodigiosin or Lysosensor blue
DND-167, which accumulate in acidic compartments, has also been shown to
be effective (Seufferheld et al. 2002, 2004).
Acidocalcisomes of Agrobacterium tumefaciens and R. rubrum have been
shown to possess short-chain and long-chain poly P, as well as pyrophosphate
(PPi ) and a number of cations such as calcium, magnesium, and potassium.
In other species they have been shown to accumulate large amounts of other
metals such as cadmium, cobalt, copper, mercury (Jensen et al. 1982), strontium, barium, manganese (Baxter and Jensen 1980), nickel (Gonzales and

Fig. 3 Staining of acidocalcisomes from Agrobacterium tumefaciens with 4 -6 -diamino-2phenylindole (DAPI). Cells were incubated with DAPI as described by Seufferheld et al.
(2002), and were observed by ﬂuorescence microscopy. Note the yellow staining at one
pole of the cells. Bar 0.5 μm
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Jensen 1998), lead (Jensen et al. 1982) and aluminum (Torres et al. 1998) when
cultivated in their presence. The granules of Micrococcus lysodeikticus have
been chemically analyzed and shown to contain 24% protein, 30% lipid, 27%
poly P, as well as sodium, magnesium, calcium, potassium, manganese, iron,
and copper. Zinc was found in the granules from Plectonema boryanum (Baxter and Jensen 1980) and is accumulated in Anabena spp. (Rachlin et al. 1985).
In Desulﬁbrio gigas they were shown to contain a novel metabolite that was
identiﬁed as α-glucose 1,2,3,4,6-pentakis(diphosphate) (Hensgens et al. 1996).
At least one proton pump has been identiﬁed in the membrane lining
the acidocalcisomes of Agrobacterium tumefaciens and R. rubrum: a V-H+ PPase. The acidocalcisomal V-H+ -PPase of Agrobacterium tumefaciens and
R. rubrum is K+ -insensitive (type 2) and was used as a marker for acidocalcisome puriﬁcation. The enzyme is also present in the chromatophore
membranes of R. rubrum (Baltscheffsky et al. 1966). The low sulphur content detected by elemental analysis indicates that few proteins are present in
bacterial acidocalcisomes.

3
Acidocalcisome Functions
Most of the functions of acidocalcisomes are those of their main constituents,
cations and phosphorus compounds, which are stored in large quantities.
3.1
Phosphorus Storage
Acidocalcisomes are the major storage compartment for phosphorus compounds (orthophosphate, denoted hereafter as Pi , PPi , and poly P) in several
bacteria.
3.1.1
Pyrophosphate
PPi is a by-product of biosynthetic reactions (e.g., synthesis of nucleic acids,
coenzymes, and proteins, activation of fatty acids and isoprenoid synthesis)
and is also synthesized in phototrophic bacteria by a reaction catalyzed by the
V-H+ -PPase (H+ -pyrophosphate synthase) present in chromatophore membranes. The V-H+ -PPase of R. rubrum is capable of PPi synthesis in the light
(Baltscheffsky et al. 1999). Synthesis is driven by the energy derived from
the electrochemical H+ gradient generated across the membrane of the chromatophores during illumination (Baltscheffsky et al. 1999).
PPi can be used in a number of reactions in bacteria, such as the PPi dependent phosphoenolpyruvate carboxykinase (Wood et al. 1977), the pyru-
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vate phosphate dikinase (Evans and Wood 1968; Reeves 1968), the PPi dependent 6-phosphofructokinase (O’Brien et al. 1975), and in the direct
phosphorylation of serine to O-phospho-l-serine (Cagen and Friedmann
1972). Hydrolysis of PPi is catalyzed by soluble pyrophosphatases (sPPases)
and vacuolar pyrophosphatases (V-PPases). sPPases are divided into different
groups (family I and family II) according to their molecular properties and
phylogeny. Family I sPPases are the most widespread, require Mg2+ , and are
present in the cytosol of archaea, bacteria, fungi and metazoa, as well as in
organelles (mitochondria, plastids) (Serrano 2004). The distribution of family II sPPases, ﬁrst discovered in Bacillus subtilis (Young et al. 1998; Shintani
et al. 1998), is restricted to archaea and bacteria, and they require Mn2+ or
Co2+ for activity. V-PPases are also divided into two groups, type I, which
is K+ -sensitive, and type II, which is K+ -insensitive. Both types are present
in archaea, bacteria, protists, and plants and their K+ sensitivity depends on
a single amino acid substitution (Belogurov and Lahti 2002).
Little is know about how PPi is transported into and out of acidocalcisomes
and the reasons for its storage.
3.1.2
Polyphosphate
Poly P is ubiquitous from bacteria to mammals (Kornberg et al. 1999; Kulaev
and Kulakovskaya 2000). Poly P has several functions in bacteria.
As a phosphate store poly P reduces the osmotic effect of large pools of
this important compound. The amount of poly P in bacteria depends on the
phosphate content in the medium. Bacteria from wastewaters, such as Acinetobacter johnsonii (Deinema et al. 1985), Microlunatus phosphovorus (Nakamura
et al. 1995), and Microthrix parvicella (Erhart et al. 1997) can accumulate
large amounts of poly P that can account for to up 30% of their dry biomass
(Deinema et al. 1985). There is great interest in the role of poly P accumulation in biological Pi removal from wastewaters (Ohtake et al. 1998). Algal
blooms reduce water quality by producing an offensive odor and taste, render
boating and ﬁshing difﬁcult, and discourage swimming. When aerobic bacteria consume algae in decomposition there is an increase in dissolved oxygen
consumption, causing mass mortality of ﬁsh and other aquatic organisms. Algal toxins are also a problem for water supplies. Since Pi is a limiting factor
for algal growth in nature, its removal by microorganisms that accumulate it
as poly P becomes very important (Ohtake et al. 1998) and efforts have been
made to genetically improve bacteria to remove Pi from wastewaters (Kato
et al. 1993; Morohoshi et al. 2002). The ability of Escherichia coli to accumulate
poly P has been enhanced by manipulating the genes involved in the transport and metabolism of Pi and those encoding the enzymes involved in poly P
metabolism (Kulaev et al. 1999). A decrease in the level of the PPX and an increase in the level of PPK could lead to an increase in the amount of poly P in
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bacteria (Ohtake et al. 1994). When E. coli recombinants accumulate high levels of poly P, they release poly P into the medium concomitantly with Pi uptake
(Hardoyo et al. 1994), but the mechanism for poly P release is still unclear.
On the other hand, phosphate starvation drastically reduces the amount
of poly P in bacteria (Nesmeyanova et al. 1974). When Pi is added to some
bacteria, such as Klebsiella aerogenes, previously subjected to Pi starvation,
they rapidly accumulate poly P, and this is called the poly P overplus (Harold
1966). The mechanism underlying this poly P accumulation is not clearly
understood. In E. coli, poly P accumulation is not induced by Pi starvation
stress alone but takes place as a result of the stringent response (Kuroda and
Kornberg 1997). The stringent response is a physiological response caused
by a failure in the capacity for transfer RNA aminoacylation to keep up
with the demands of protein synthesis (Kuroda and Ohtake 2000). Guanosine 5 -triphosphate 3 -diphosphate (pppGpp) and guanosine 5 -diphosphate
3 -diphosphate (ppGpp) accumulate during the stringent response. ppGpp,
which is the major regulatory signal for the stringent response, inhibits the
PPX activity without affecting the PPK activity. This leads to slow accumulation of poly P in response to amino acid starvation (Kuroda and Kornberg
1997). Mutants that fail to produce stringent factors are deﬁcient in poly P
accumulation in response to amino acid and Pi starvation. As a result of its
accumulation, poly P can form a complex with the ATP-dependent protease
Lon, and can promote ribosomal protein degradation, thereby supplying the
amino acids needed to respond to starvation (Kuroda et al. 2001). It has been
shown that poly P ﬁrst binds to Lon, which stimulates Lon-mediated degradation of ribosomal proteins. Poly P can also compete with DNA for binding
Lon, suggesting that poly P may control the cellular activity of Lon not only as
a protease but also as a DNA-binding protein. Poly P binding is hypothesized
to activate Lon by freeing it from DNA (Nomura et al. 2004). If poly P competes with DNA or RNA for binding sites to other proteins, this may explain
how poly P levels inﬂuence many different cellular processes, including DNA
replication (Stumpf and Foster 2005).
Poly P in bacterial acidocalcisomes could potentially have similar roles to
those demonstrated in eukaryotic acidocalcisomes, such as a buffer against
alkaline stress or in recovery of cell volume after hypo-osmotic stress (Docampo et al. 2005), but these functions have not been investigated in bacteria.
In addition to its functions within acidocalcisomes, bacterial poly P is
a component of the cell capsule in Neisseria species (Tinsley et al. 1993).
Poly P also forms a complex with Ca2+ and poly(β-hydroxybutyrate) in the
membrane of E. coli that is believed to act as a channel allowing DNA passage
through the cells during transformation (Huang and Reusch 1995) or to act as
an ion channel (Reusch and Sadoff 1988; Zakharian and Reusch 2004). It has
been postulated that the complex is a double helix, in which the outer chain is
formed by poly(β-hydroxybutyrate) and the inner chain by poly P molecules
linked to each other by Ca2+ ions (Reusch 1999).
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Poly P can also be used as an energy donor in a number of reactions in
bacteria. The PPK can convert poly P to ATP using ADP (Kornberg 1995)
(Eq. 1):
Poly Pn + nADP → nATP .

(1)

An AMP phosphotransferase could use AMP and poly P to generate ADP
(Eq. 2), which is then converted to ATP by coupling with PPK (Eq. 3) or with
adenylate kinase (Eq. 4) (Ishige and Noguchi 2000, 2001):
Poly Pn + AMP → Poly Pn–1 + ADP ,
Poly Pn + ADP → Poly Pn–1 + ATP ,
2ADP ←→ AMP + ATP ,
Poly Pn + glucose → Poly Pn–1 + Glucose 6-P .

(2)
(3)
(4)
(5)

AMP phosphotransferase has been identiﬁed in Acinetobacter (Bonting et al.
1991), E. coli, and Myxococcus xanthus (Kornberg 1995), while adenylate kinase is a ubiquitous enzyme (Kornberg 1995). Poly P can also replace ATP in
the phosphorylation of glucose catalyzed by glucokinases (Eq. 5) (Hsieh et al.
1993), and can also phosphorylate proteins in Sulfolobus acidocaldarius (Skorko 1989). Enzymes with both poly P- and ATP-dependent NAD kinase activities were isolated from Micrococcus ﬂavus and Mycobacterium tuberculosis
(Kawai et al. 2000), The gene for a poly P- and ATP-dependent NAD kinase
from B. subtilis has been cloned, expressed, and characterized (Garavaglia
et al. 2003). A novel poly P- and ATP-dependent glucomannokinase was isolated from the bacterium Arthrobacter sp., which also has several poly P- and
ATP-dependent kinases, including glucokinase, NAD kinase, mannokinase,
and fructokinase (Mukai et al. 2003). The gene encoding this enzyme was
found to be homologous to glucokinases of other bacteria and to proteins of
unknown function, and the crystal structure of its protein product has been
resolved recently (Mukai et al. 2004).
Since the metabolic turnover of ATP is considerably higher than that
of poly P (Chapman and Atkinson 1977), it has been suggested (Rao and
Kornberg 1996) that poly P is not an efﬁcient supply of energy and that it has
a mainly a regulatory role.
3.2
Cation Storage
Bacterial acidocalcisomes are the main storage compartment for calcium,
magnesium, sodium, potassium, and other cations, which are combined with
poly P. Poly P in acidocalcisomes can also accumulate heavy-metal cations
when they are present in the environment (Kulaev et al. 1999). As indicated
earlier poly P within acidocalcisomes can sequester nickel, cadmium, lead,
and other heavy metals. Their accumulation into the cells also stimulates the
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Fig. 4 Representation of a bacterial acidocalcisome. An aminomethylene diphosphonate
sensitive vacuolar H+ -PPase is responsible for proton uptake. Other transporters (e.g.,
cation, Pi , and PPi transporters) are probably present. The acidocalcisome is rich in PPi ,
poly P, magnesium, calcium, and sodium and can accumulate heavy metals. Enzymes involved in PPi and poly P metabolism (PPX, PPK, PPase) could also be present. See text
for an explanation of the abbreviations

PPX activity, releasing Pi from poly P and the metal–phosphate complexes
can be transported out of the cells (Keasling and Hupf 1996; Keasling 1997).
It has been shown that poly P generated in recombinant bacteria confers mercury resistance (Pan-Hou et al. 2002).
In some cases the chelating properties of poly P could play a signiﬁcant
role in cell metabolism. For example, Lactobacillus plantarum, which is devoid of a superoxide dismutase, an important enzyme for the detoxiﬁcation
of superoxide anion, contains very high concentrations of Mn2+ (30 mM) that
is chelated to 60 mM poly P and effectively replaces the function of a superoxide dismutase (Archibald and Fridovich 1982). Figure 4 shows a schematic
drawing of the structure of a bacterial acidocalcisome.

4
Enzymes Involved in Poly P Synthesis and Degradation
In bacteria the mobilization of poly P is performed primarily by the action of enzymes that catalyze the synthesis and degradation of this polymer.
The most important enzymes involved in the synthesis of poly P in bacteria
are the PPKs. Two PPKs have been described: PPK1, which catalyzes the reversible transfer of phosphate residues from ATP to poly P and from poly P
to ADP (Eq. 1); and PPK2, which catalyzes the synthesis of poly P from GTP

62

R. Docampo

or ATP (Zhang et al. 2002; Ishige et al. 2002). The gene encoding PPK1 was
ﬁrst cloned from E. coli (Akiyama et al. 1992), and was later found in several bacteria. The gene encoding PPK2 was ﬁrst found in certain mutants of
Pseudomonas aeruginosa that lacked PPK1 and still had persistent levels of
poly P (Zhang et al. 2002). BLAST searches have detected homologs to PPK2
in 32 species that contained both PPK1 and PPK2, only three species contained only PPK2, and 43 species contained only PPK1 (Zhang et al. 2002).
Interestingly, mutants deﬁcient in PPK1 in one of these species, E. coli, have
been shown to still possess poly(β-hydroxybutyrate)–calcium–poly P membrane complexes (Castuma et al. 1995). This indicates that another PPK with
ability to synthesize poly P chains of about 60 Pi residues (those present in the
complexes) must be present in E. coli.
PPK1 is membrane-bound and has been studied in more detail. The ﬁrst
step of PPK1-catalyzed poly P synthesis involves the autophosphorylation
of its histidine residues, and PPK is therefore a histidine kinase. The crystal structure of E. coli PPK1 has been resolved recently (Zhu et al. 2005).
PPK forms an interlocked dimer, with each 80-kDa monomer containing four
structural domains. The PPK active site is located in a tunnel, which contains
a unique ATP-binding pocket and may accommodate the translocation of
synthesized poly P (Zhu et al. 2005). The two closely related carboxy-terminal
domains (C1 and C2 domains) of PPK are structurally similar to the catalytic
domain of phospholipase D (PLD). It is interesting to note that the ﬁrst step
of the PLD reaction is the transfer of a phosphate moiety to a PLD histidine
residue (Zhu et al. 2005). PPK1 can catalyze, in addition to the synthesis of
poly P from ATP, the conversion of ADP back to ATP, and the conversion of
other nucleotides, especially GDP to GTP (nucleoside diphosphate kinase activity, Eq. 6). Another reaction is the transfer of a pyrophosphoryl group from
poly P to GDP to form the linear guanosine 5 -tetraphosphate (Eq. 7) (ppppG;
Kornberg et al. 1999).
Poly Pn + nGDP → Poly Pn–1 + nGTP
Poly Pn + GDP → Poly Pn–2 + ppppG

(6)
(7)

PPK1 associates to the E. coli degradosome (Blum et al. 1997). This is
a multienzyme complex with four major components: the endoribonuclease
RNase E, the exoribonuclease polynucleotide phosphorylase (PNPase), the
RNA helicase RhlB, and enolase. The ﬁrst three of these proteins have important functions in mesenger RNA (mRNA) processing and degradation.
By virtue of its RNA binding activity PPK1 might promote the assembly of
the degradosomes or its interaction with the RNA to be degraded. In addition, since it converts poly P to ATP using ADP, it would remove poly P,
which is known to be a potent inhibitor of mRNA degradation, and ADP,
which is a potent inhibitor of PNPase, in the degradosome. Mutations in PPK1
increased mRNA stability. However, since PPK1 is not essential it probably
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plays a modulatory role rather than a core role in mRNA degradation (Blum
et al. 1997).
PPK2 has been shown to differ from PPK1 is several aspects: synthesis of
poly P from GTP or ATP, a preference for Mn2+ over Mg2+ , and stimulation
by poly P. The reverse reaction, a poly P-driven nucleoside diphosphate kinase
synthesis of GTP from GDP, is 75-fold faster than the forward reaction (Zhang
et al. 2002; Ishige et al. 2002).
PPX is one of the most important enzymes involved in poly P degradation in bacteria. The PPX of E. coli is a homodimer of a 58-kDa subunit and,
as PPK, is membrane-bound (Akiyama et al. 1993). The gene encoding PPX
(ppx) is in the same operon as the gene encoding PPK (ppk) in E. coli and in
other but not all bacteria (Kornberg et al. 1999). PPX splits Pi from the end of
long-chain poly P in a processive manner (Eq. 8):
Poly Pn + (n – 2)H2 O → (n – 2)Pi + PPi .

(8)

Another E. coli PPX was shown to be responsible for the conversion of
pppGpp to the tetraphosphate (ppGpp), which is the most active nucleotide
involved in the stringent cellular response to deﬁciencies in amino acids and
Pi (Keasling et al. 1993). The structural characterization of Aquifex aeolicus
PPX/guanosine pentaphosphate phosphohydrolase (GPPA) has been determined (Kristensen et al. 2004). The protein has a two-domain structure with
an active site located in the interdomain cleft. A calcium ion was observed at
the center of the active site, substantiating that PPK/GPPA enzymes use metal
ions for catalysis.
A speciﬁc tripolyphosphatase was puriﬁed from Methanobacterium thermoautotrophicum (van Alebeek et al. 1994), and the S-adenosyl methionine synthetase, ﬁrst isolated from E. coli, is known to catalyze cleavage of
tripolyphosphate (poly P3 ), a reaction that is stimulated by adenosylmethionine (AdoMet). Both enzymatic activities require a divalent metal ion and
are markedly stimulated by certain monovalent cations. AdoMet synthesis
also takes place if adenyl-5 yl imidodiphosphate (AMP-PNP) is substituted
for ATP. The imidotriphosphate (PPNP) formed is not hydrolyzed, permitting dissociation of AdoMet formation from poly P3 cleavage (Markham et al.
1980). Two isofoms were found in Sulfolobus solfataricus but the tripolyphosphatase activity of only only one of them is stimulated by AdoMet (Porcelli
et al. 1988).

5
Functions of Poly P Discovered by the Manipulation
of the Expression of Genes Involved in Their Synthesis and Degradation
Disruption of the ppk gene in E. coli led to a disruption of the ppx gene (located in the same operon) and to a drastic reduction in the poly P content.
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Poly P deﬁcient cells exhibited a striking phenotype characterized by their
failure to survive in the stationary phase and loss of resistance to heat, oxidants, and osmotic challenge (Crooke et al. 1994; Rao and Kornberg 1996).
High poly P levels were also associated with reduced survival (Crooke et al.
1994). Lack of ppk in E. coli also impaired the induction of amino acid biosynthetic enzymes and the cells were defective in their adaptation to nutritional
deprivation (Kuroda et al. 1999). Poly P levels in E. coli have also been reduced
by overexpression of yeast PPX, leading to decreased resistance to H2 O2
(Shiba et al. 1997). The expression of rpoS, the gene encoding the stationaryphase-speciﬁc RNA polymerase σ factor that governs the expression of many
genes is affected by the lack of poly P (Shiba et al. 1997). The demonstration of
a functional interaction between E. coli RNA polymerase and poly P has led to
the suggestion that poly P may play a role in the promoter selectivity control
of RNA polymerase (Kusano and Ishihama 1997).
Disruption of the ppk gene in six bacterial pathogens greatly reduced
their motility on semisolid agar plates likely owing to altered functioning of
the ﬂagella (Rashid et al. 2000). In Pseudomonas aeruginosa this disruption
rendered them unable to form a thick and differentiated bioﬁlm, caused alterations in quorum sensing and virulence (Rashid et al. 2000b), and affected
their swimming, swarming, and twitching motilities (Rashid and Kornberg
2000). Disruption of ppk in Porphyromonas gingivalis, one of the agents causing periodontitis, also resulted in deﬁcient bioﬁlm formation (Chen et al.
2002). Disruption of ppk in Shigella sp. and Salmonella spp. produced growth
defects, defective responses to stress and starvation, intolerance to acid and
heat, and diminished invasiveness in epithelial cells (Kim et al. 2002), while
disruption of ppk in B. cereus resulted in addition to defects in motility and
bioﬁlm formation, in a defective sporulation (Shi et al. 2004). The null mutant
of ppk1 in Myxococcus xanthus was defective in social motility, overproduced
pilin protein on the cell surface, was delayed in fruiting body formation, produced fewer spores, was delayed in germination, and had reduced predation,
while the null mutant in poly P : AMP phosphotransferase (pap) showed only
slightly reduced abilities in development and predation (Zhang et al. 2005).
In agreement with all these results it has been shown that a modiﬁcation in
the ppk gene of H. pylori that led to higher enzymatic activity of PPK resulted
in a better capacity of the bacteria to colonize mice, suggesting that PPK is
an important virulence factor (Ayraud et al. 2003). In contrast with these results, although ppk1 inactivation caused the expected near-complete absence
of poly P in all strains, it had phenotypic effects that differed markedly among
unrelated strains of H. pylori (Tan et al. 2005).
Recent work has shown that an insertion mutation in ppk casues a decrease
in adaptive mutation in E. coli strain FC40. The results suggest a novel mechanism involving poly P that directly or indirectly regulates DNA polymerase
activity or ﬁdelity (Stumpf and Foster 2005).
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6
Conclusions
Acidocalcisomes or poly P granules were found in bacteria more than
100 years ago but their study, as well as the study of the main constituent,
poly P, has been neglected for many years. The conservation of this organelle
from bacteria to humans implies important functions that await discovery.
Further studies are necessary to understand the biogenesis and function of
acidocalcisomes in bacteria, and how widely distributed the organelle is.
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