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Abstract The understanding of the physiology of poly(3-hydroxybutyric acid)
(PHB) and related polyhydroxyalkanoic acids (PHAs) has made great progress
since the identification and cloning of the first PHB synthase gene from Ralstonia
eutropha H16 in three laboratories in the late 1980s. In particular, the identification
of many proteins as part of the proteinaceous surface layer of PHB and PHA
granules and their classification into PHA synthases, PHA depolymerases, phasins,
PHA- and DNA-binding proteins and others has led to the conclusion that PHB and
PHA granules are functional supramolecular complexes for with the designation as
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carbonosomes has been suggested. In this chapter, the current knowledge on the
functions of PHA granule associated proteins (PGAPs) and the composition of
carbonosomes will be summarized at the example of PHB granules from R. eutropha
and of PHA granules from Pseudomonas putida.

1 Introduction

Many prokaryotic species are able to synthesise short-chain-length
polyhydroxyalkanoates (scl-PHAs) such as poly(3-hydroxybutyrate), PHB, or
related medium-chain-length polyhydroxyalkanoates (mcl-PHAs). The bacteria
accumulate these storage compounds in the form of �200 to �600 nm insoluble,
granule-like inclusions (PHA granules) when they are cultivated under unbalanced
growth conditions, e.g. at high carbon to nitrogen source ratios. PHA granules
consist of a polyester core and a surrounding surface layer of several (up to 16)
proteins. These so-called PHA granule-associated proteins (PGAPs) have specific, in
parts, unknown functions in the synthesis, maintenance and mobilisation (intracel-
lular reutilisation by depolymerisation) of PHAs.

The complexity of PHA granules with many PGAPs at the PHA surface indicates
that PHA granules have more functions than that of a carbon and energy reserve
material only. This is in agreement with data from several laboratories suggesting that
PHA granules are important for the adaptation of cells to oxidative and other stresses.
To indicate that PHA granules are supramolecular complexes and have organelle-like
properties, the designation “carbonosomes” had been proposed as generic term for
PHA granules (Jendrossek 2009). This review will provide an overview on the
composition of the carbonosome core and of the carbonosome surface structure
using Ralstonia eutropha and Pseudomonas putida as a model species for scl-PHA-
and mcl-PHA-accumulating species, respectively. The function(s) of different PGAPs
in the physiology of the accumulating species will be described and discussed. The
biochemical pathways leading to the precursors of PHAmonomers in different species
have been extensively explored and are summarised in several previous reviews (for
examples, see Anderson and Dawes 1990; Steinbüchel et al. 1993b; Steinbüchel and
Valentin 1995; Madison and Huisman 1999; Pötter and Steinbüchel 2006) and will be
not part of this contribution.

2 Composition of the Carbonosome Core

The term “carbonosome” in this review is used for all kinds of PHA granules in the
native (in vivo) form in prokaryotes. Carbonosomes are defined as supramolecular
complexes that consist of a polymer core with a backbone of mainly carbon atoms
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and are surrounded by a surface layer of at least three types of proteins: (1) a polymer
synthase that catalyses the polymerisation of the polymer core from the respective
monomers, (2) a polymer depolymerase that catalyses the depolymerisation of the
polymer to monomers and or oligomers and (3) one or more other types of proteins
that contribute to or even define the properties of the surface layer. In the case of
PHB or PHA granules, the phasins (PhaPs) fulfil this function. Granulose and
glycogen that are synthesised, e.g. by many cyanobacteria, have proteins of type
(1) and (2), but, at present, no evidence is available whether phasin homolog-like
proteins of type (3) are present in vivo in granulose/glycogen-forming species. If
such compounds will be detected, granulose/glycogen would represent another
subtype of carbonosomes (polysaccharide-type) in comparison to polyester type of
carbonosomes. For similar reasons cyanophycin granules at present are not (yet)
considered as carbonosomes.

The core of polyester carbonosomes consists of the PHA polyester with the
general formula shown in Fig. 1. In addition to these polyoxoesters, polythioesters
such as poly(3-mercaptopropionate) can be also synthesised by some species if the
bacteria are cultivated in the presence of thiol-containing precursors (Lütke-Eversloh
et al. 2001; Thakor et al. 2005). Remarkably, and in sharp contrast to all PHAs, such
polythioesters seem to be not biodegradable (Elbanna et al. 2004).

The molecular masses of the formed polymers in most species are in the range of
�105 to �107 Da (Suzuki et al. 1988; Kawaguchi and Doi 1992; Myshkina et al.
2008; Adaya et al. 2018). Depending on the genotypic and metabolic capabilities of
the PHA-accumulating species, the type of its PHA synthase and the available
growth substrate, the monomeric constituents of the formed PHAs can verify to a
large extent. Nevertheless, the most prominent and most common PHA is the
homopolyester PHB consisting of ester-linked 3-hydroxybutyrate units only. How-
ever, due to the low substrate specificity of most PHA synthases with respect to the
number of carbon atoms of the fatty acid monomer moiety and the position of the
hydroxy group, PHAs can consist of monomers with 3 to at least 14 carbon atoms.
The side group R might contain halogen atoms, unsaturated carbon-carbon bonds or
even contain aromatic groups (Abraham et al. 2001; Olivera et al. 2010). Further-
more, PHA synthases can polymerise various substrates into the same polymer
molecules if the metabolism of the accumulating strain is able to synthesise different
CoA-activated monomeric precursors simultaneously. As a consequence, the
resulting polyesters consist of two or more different hydroxyalkanoic acids and are
copolyesters. The (bio)physical properties of PHA copolymers largely depend on the
monomeric composition. For overviews on the complexity of possible compositions
of microbially produced PHAs, see previous reviews (Steinbüchel and Valentin
1995; Meng and Chen 2018). For some applications of PHAs, it might be desirable

Fig. 1 General structure of
PHAs. (a) Polyoxoester, (b)
Polythioester
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to have homopolyesters. However, with the exception of PHB and
polyhydroxyvalerate (PHV) (Steinbüchel et al. 1993a), most naturally produced
PHAs are copolyesters. Homopolyester of PHAs can be produced by genetically
modified organisms (GMOs), in which the β-oxidation pathway of fatty acids is the
only pathway leading to CoA-activated monomers and the shortening of the sub-
strate molecules by acetyl-CoA units is blocked by mutation (Liu et al. 2011). These
GMOs accumulate PHA homopolyesters with a number of carbon atoms in the
monomer that corresponds to the number of carbon atoms of the substrate fatty acid.
For overview, see Meng and Chen (2018).

3 Protein Composition of the Carbonosome Surface Layer

PHA granules have a higher density than most other cellular components and form a
distinct band after density gradient centrifugation of crude extracts obtained from
PHA-containing cells with glycerol or sucrose gradients. PHA granules can be
further purified by repeated centrifugation and washing steps. For details, see the
pioneer works of J.W. Merrick and B. Witholt (Merrick and Doudoroff 1964;
Griebel et al. 1968; de Smet et al. 1983); a methodical overview is given in
Jendrossek (2007). The proteins of the isolated PHA granule fraction can be then
analysed by SDS-PAGE and identified by proteome analysis. The first identification
of PGAPs from purified carbonosomes was published in 1992 using Chromatium
vinosum as a PHA-accumulating species (Liebergesell et al. 1992). Since then,
numerous reports were published describing the isolation of PHA granules and
identification of PGAPs from several species, e.g. Pseudomonas oleovorans (Fuller
et al. 1992), R. eutropha (Wieczorek et al. 1995; Jendrossek and Pfeiffer 2014),
Herbaspirillum seropedicae (Tirapelle et al. 2013), Azotobacter vinelandii (Adaya
et al. 2018; Moreno et al. 2019) and many other species. In these publications,
analysis of purified carbonosome fractions revealed the presence of several to many
protein bands by SDS-PAGE. The number and intensities of these bands largely
differed for carbonosome fractions obtained from different species and were also
dependent on the staining method (Coomassie versus silver staining). In all cases it is
not possible to decide whether a particular protein band of a carbonosome fraction
represents a true PGAP in vivo or has become artificially bound to PHA granules
during cell disruption and the carbonosome isolation process. That some proteins
can artificially bind to PHB granules was already shown in the very first description
of purified PHB granules from C. vinosum (Liebergesell et al. 1992) in which
lysozyme, which had been added to the cells during isolation procedure, was tightly
bound to purified PHA granules. Additional evidence for the artificial binding of
proteins to carbonosomes comes from experiments, in which PHB granules were
analysed that had been isolated from recombinant E. coli expressing the PHB
biosynthetic phaCAB operon of R. eutropha. SDS-PAGE of this fraction revealed
a large number of proteins that could not be removed even by repeated washing steps
of the isolated PHB granules using buffers with different ionic strengths (Handrick
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et al. 2004b). This points to a high affinity of some E. coli proteins to the PHB
granule surface. The number of proteins, which were identified in isolated
carbonosome preparations, dramatically increased up to several hundreds with the
improvement of the sensitivity of proteome analysis (Tirapelle et al. 2013;
Jendrossek and Pfeiffer 2014). In conclusion, the identification of a specific protein
in a PHB granule preparation does not proof whether this protein is a true PGAP in
the PHB-accumulating strain; it may represent a false-positive protein that has some
affinity to the (hydrophobic) surface of PHA granules and binds to isolated PHA
granules in vitro. Therefore, additional evidence is necessary for the identification of
a true PGAP in PHA-accumulating species. One possibility is the identification of
PGAPs in transmission electron micrographs of thin sections of PHA-accumulating
cells by the immuno-gold technique with a PGAP-specific antibody and a gold-
labelled secondary antibody. This technique has been used to identify the PHB
synthase and/or the phasin proteins at the surface of PHA granules in several
PHA-accumulating species (Gerngross et al. 1993; Liebergesell et al. 1994;
Pieper-Furst et al. 1994; Wieczorek et al. 1995; Follner et al. 1997; Pötter et al.
2002). A second possibility is the construction of gene fusions coding for fusion
proteins of a PGAP candidate fused to a green fluorescent protein variant followed
by fluorescence microscopical localisation of the fusion protein in living cells. A
colocalisation of the fusion protein with PHA granules that can be visible in light
microscopy if the granules have a sufficient diameter or that have been stained with
another fluorophore (e.g. Nile red) will then indicate whether or not the test protein is
indeed a PGAP in vivo. This technique was first applied in 1999 for the localisation
of a PHB synthase and a phasin protein of Bacillus megaterium by McCool and
Cannon (1999) and later became the method of choice for the identification of a
considerable number of PGAPs in many PHA-accumulating species such as
R. eutropha (Handrick et al. 2004a; Uchino et al. 2007; Neumann et al.
2008), Rhodospirillum rubrum (Jendrossek 2005; Sznajder and Jendrossek 2011),
Magnetospirillum gryphiswaldense (Schultheiss et al. 2005), Pseudomonas putida
(Ruth et al. 2008) or Synechocystis sp. (Hauf et al. 2015).

However, both methods require either a time-consuming purification of the
protein of interest and generation of specific antibodies or substantial molecular
biological cloning work for each test protein. Such procedures might be practicable
to perform for one or two key enzymes of PHA metabolism if other indirect evidence
is already available that the protein most likely is a true PGAP. However, these
approaches can’t be easily performed for the high number of proteins that are
nowadays identified by the sensitive proteome analysis methods. For example, the
number of identified proteins in two independently isolated batches of carbonosome
preparations from R. eutropha amounted 404 and 268 proteins (Jendrossek and
Pfeiffer 2014; Sznajder et al. 2015). In this case, comparative proteome analysis
can be applied to reduce the number of false-positive proteins. To this end, the
proteomes of different cell fractions (e.g. soluble fraction, membrane fraction and
PHB granule fraction) can be determined, and those proteins that are specifically
present in the PHB granule fraction only are likely candidates for in vivo PGAPs.
Using comparative proteome analysis with R. eutropha, 14 proteins were identified
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to be specifically present in the PHB granule fraction (Sznajder et al. 2015).
However, the two most abundant proteins of PHA granules (phasin PhaP1 and
PHB synthase PhaC1) were also present in traces in the soluble fraction. The
in vivo colocalisation of these 14 proteins with PHA granules was verified by fusion
analysis of GFP variants. This approach enabled the identification of several new
PGAPs (Sznajder et al. 2015).

4 The Carbonosome of Ralstonia eutropha

R. eutropha H16 was isolated in Hans G. Schlegel’s lab in 1962 from the Weende
spring in Göttingen, Germany, as a chemolithoautotrophic bacterium (Wilde 1962).
It is also able to grow heterotrophically on some sugars, a large variety of fatty acids
and many other carbon sources. It was first considered as a suitable species to
produce single-cell protein from carbon dioxide and hydrogen in the 70th of the
last century. However, the high content of (ribo)nucleic acids in prokaryotes can
cause gout in mammals, and this prevented the use of R. eutropha as alternative food
source. In the 1980s, the ability of R. eutropha to accumulate large amounts of PHB
up to approximately 90% of its cellular dry weight from renewable resources came
into focus (Schubert et al. 1988; Peoples and Sinskey 1989). PHB was considered as
a promising biodegradable alternative to chemosynthetically produced polymers,
and this was the starting point of worldwide increasing research activities on the
molecular biological background of PHB biosynthesis. Although a variety of Gram-
negative, Gram-positive and even some Archaea species were chosen to investigate
the biosynthesis, maintenance and mobilisation of PHA, it was R. eutropha that
became the model organism of PHB research, and meanwhile the PHB granules of
R. eutropha H16 are the best characterised carbonosomes of all studied species. In
the next paragraph, I will first summarise the current knowledge about the compo-
sition and properties of the PHB granules in R. eutropha and then contrast them with
the properties of carbonosomes from mcl-PHA-accumulating species using
P. putida as an example.

5 Proteins of the R. eutropha Carbonosome

Sixteen proteins have been identified as PGAPs by comparative proteome analysis
of isolated PHB granules (Table 1, Fig. 2) (Sznajder et al. 2015). These are the
following: the PHB synthases PhaC1 and PhaC2, the PHB depolymerase PhaZa1
and three other putative hydrolases (a putative phospholipase [H16_A0225], two
putative PHB depolymerases PhaZe1 [H16_A0671] and PhaZe2 [H16_B1632]), the
phasins PhaP1 to PhaP8 and PhaR and PhaM. All 16 proteins were identified in
2 separate batches of PHB granules that had been isolated from NB- or MSM-
gluconate-grown cultures of R. eutropha, respectively. Interestingly, the abundance
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of PGAPs in PHB granules of nutrient broth (NB)-grown cells was considerably
higher than in PHB granules isolated from mineral salts medium (MSM)-grown
cells. All identified proteins were associated with PHB granules in vivo as confirmed
by the colocalisation of Nile red-stained PHB granules and fusions of these proteins
with green fluorescent protein variants. The 16 identified PGAPs can be categorised
into 4 subgroups: (1) PHB synthases (PhaCs), (2) phasins (PhaPs), (3) PHB
depolymerases (PhaZs) and related hydrolases and (4) proteins with additional
binding ability to DNA. Figure 2 shows a TEM image and a cartoon of a
R. eutropha carbonosome.

5.1 PHB Synthases (PhaCs)

The PHA synthase is the key enzyme of PHA biosynthesis and catalyses the last step
in PHA biosynthesis, i.e. the polymerisation of a hydroxyalkanoic acid from its
CoA-activated monomer. In principle, the presence of a PHA synthase and a suited
CoA-activated hydroxyalkanoic acid is sufficient to form a high molecular weight
polymer (Gerngross and Martin 1995). In the case of R. eutropha, the PHB synthase
is covalently linked to the growing polymer chain via the active site cysteine Cys319
(Gerngross et al. 1994; Wodzinska et al. 1996). The structure of the R. eutropha
PHB synthase has been solved (Wittenborn et al. 2016; Kim et al. 2017a, b). The
PHB-bound PHA synthase can be used as a marker protein for the identification and
localisation of (native) PHA granules in vivo.

The first example of the use of fluorescent proteins for the in vivo co-localisation
of PHA-associated proteins with PHB has been published in M. Cannon’s lab

Fig. 2 PHB carbonosome. Schematic view of a PHB carbonosome in R. eutropha (a). PGAP
proteins of the surface layer are symbolised in the left half of the PHB granule. Association of PhaM
and of PhaR to regions on the genome is indicated by a symbol of a DNA helix. Image by F. Becker.
The image in (b) shows a liberated PHB granule of Caryophanon latum after negative staining.
Image modified from Jendrossek et al. (2007). The visible globular-like structures presumably
represent PGAPs
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(McCool and Cannon 1999) at the example of the PHA synthase PhaC subunit and
of the phasin PhaP in Bacillus megaterium. In this publication, fusions of PhaC and
PhaP with the green fluorescent protein (GFP) were generated and formed fluores-
cent foci at the same position as PHB granules. Since then, several reports have been
published in which PHA synthases in PHA-producing species were fused to fluo-
rescent proteins (Jendrossek 2005; Peters and Rehm 2005; Jahns and Rehm 2009).
An (almost forgotten) property of the PHB synthase PhaC1 of R. eutropha is the
ability of the enzyme to catalyse the reverse reaction, i.e. the cleavage of PHB in the
presence of free coenzyme A (CoA) to 3-hydroxybutyryl-CoA (3HB-CoA, thiolytic
activity of PhaC1) (Uchino and Saito 2006). Thiolysis has been also detected for
intracellular PHB depolymerase PhaZa1 (see below).

R. eutropha H16 has a second PHB synthase gene (phaC2). Transcription
analysis and proteome determination of a PHB granule fraction and fusion analysis
with eYFP confirmed that phaC2 is expressed and that the gene product represents a
true PGAP in R. eutropha although the degree of expression is very low (Peplinski
et al. 2010; Brigham et al. 2012; Sznajder et al. 2015). PhaC2 is unable to synthesise
PHB in a ΔphaC1 background, but it can restore PHB accumulation in a R. eutropha
background with a mutated, non-functional phaC1 gene (strain PHB-04; for details,
see Peplinski et al. (2010); Pfeiffer and Jendrossek (2012)). The function of PhaC2 in
R. eutropha, if any, is obscure.

5.2 Phasins (PhaPs)

A common feature of carbonosomes in all investigated carbonosome-forming spe-
cies is the presence of one or several so-called phasin proteins (PhaPs). Phasins are
small amphiphilic proteins that cover a considerable part of the carbonosome surface
and are thought to mediate between the hydrophobic polymer core and the hydro-
philic cytoplasm (Steinbüchel et al. 1995). The first phasin (PhaP1) was discovered
in A. Steinbüchel’s laboratory by the characterisation of transposon-induced mutants
that had a reduced but not completely abolished ability to accumulate PHB
(so-called “PHB-leaky” phenotype) (Wieczorek et al. 1995). Phasins determine the
surface-to-volume ratio of produced PHB granules: in the absence of PhaP1,
R. eutropha synthesises less PHB compared to the wild type in the form of only
one very big PHB granule, whereas an overproduction of PhaP1 leads to the
formation of an increased number of unusually small PHB granules. The observation
that phasins have a strong impact on the size of the produced PHB granules has been
shown for many PHA-accumulating species (see Table 2 of Mezzina and Pettinari
2016) (Sun et al. 2019). Remarkably, eight phasin proteins (PhaP1–PhaP8) have
been identified in PHB granules isolated from R. eutropha (Table 1) (Pötter et al.
2004; Kuchta et al. 2007; Pfeiffer and Jendrossek 2011; Pfeiffer and Jendrossek
2012; Sznajder et al. 2015). PhaP1 is by far the most abundant protein in PHB
granule preparations, and deletion of the phaP1 gene has a strong impact on PHB
granule number and granule diameter. PhaP2, PhaP3 and PhaP4 are also present in
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substantial abundances in PHB granule preparations even though in much lower
amounts than PhaP1 (Table 1); however, deletion of phaP2, phaP3 and phaP4
(single or in combination (Kuchta et al. 2007)) or of phaP5, phaP6, phaP7 or
phaP8 (Pfeiffer and Jendrossek 2011; Pfeiffer and Jendrossek 2012; Schulze
2018) had no detectable phenotype in granule numbers or size. The overexpression
of phasin genes (phaP5, phaP6, phaP7 or phaP8) fused with eyfp led to a more polar
localisation of clusters of PHB granules (Pfeiffer and Jendrossek 2011, 2012;
Sznajder et al. 2015).

5.3 PHB Depolymerases (PhaZs)

Intracellular PHB depolymerases are the key enzymes for the reutilisation
(mobilisation) of the storage polymer in the PHB-accumulating strain itself and
catalyse the cleavage of PHAs to monomers and/or oligomers. Intercellular PHB
depolymerases share only little homology to extracellular PHB depolymerases. The
latter are secreted by PHA-degrading species that are able to utilise exogenous,
denatured (partially crystalline) PHB as a carbon source but must not necessarily be
able to accumulate PHB.

While no extracellular PHB depolymerase activity could be detected in culture
fluids of R. eutropha (unpublished data), this species has a high number of intracel-
lular enzymes with PHB depolymerase activity: the intracellular PHB depolymerase
PhaZa1 is the main PHB depolymerase responsible for the mobilisation of PHB in
carbon-starved cells (Handrick et al. 2000; Saegusa et al. 2001; Jüngert et al. 2017).
It is bound to PHB granules in vivo as shown by fusion with GFP (Uchino et al.
2007; Sznajder and Jendrossek 2011; Sznajder et al. 2015). In contrast to most
extracellular PHB depolymerases that hydrolyse extracellular (partially crystalline)
PHB, i.e. PHB that has been released from lysed, dying bacteria, intracellular PHB
depolymerases can cleave only the so-called native PHB granules (Merrick and
Doudoroff 1964) that are in the amorphous state (for overviews on PHB degradation
by extracellular PHA depolymerases, see Jendrossek (2001); Jendrossek and
Handrick (2002)). Extracellular PHB depolymerases have a substrate-binding
domain that enables them to bind to denatured (crystalline) PHB. The binding
domain of intracellular PHB depolymerases has not been defined, yet. Native PHB
granules harbouring PhaZa1 hydrolyse PHB to 3HB and oligomers of 3HB at a low
rate in an aqueous in vitro system (Saegusa et al. 2001). However, in the presence of
added CoA, the rate of hydrolysis decreased, and 3HB-CoA was formed (Uchino
et al. 2007, 2008). This indicated that PhaZa1 in vivo most likely catalyses a thiolytic
cleavage of PHB, thus saving the energy of the ester bonds in PHB in the thioester
bond of 3HB-CoA. The thiolytic cleavage of PHB to crotonyl-CoA (in addition to
(R)-3HB-CoA) was shown in a PHB synthesising recombinant E. coli strain if
phaZa1 was co-expressed with phaCAB and phaP1 (Eggers and Steinbüchel
2013). Remarkably, when these experiments were performed with native PHB
granules isolated from R. eutropha, the amount of formed crotonyl-CoA was
reduced, and (S)-3HB-CoA was identified as main cleavage product. It was
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concluded that R. eutropha is able to distinguish between the biosynthesis of PHB
via polymerisation of anabolically formed (R)-3HB-CoA to PHB and the (catabolic)
mobilisation of PHB with PhaZa1 via (S)-3HB-CoA (Eggers and Steinbüchel 2013).

R. eutropha has four other putative PHB depolymerases (PhaZa2–PhaZa5) in
addition to PhaZa1 (York et al. 2003; Pohlmann et al. 2006). All PhaZa isoenzymes
share substantial amino acid similarity, and all have the same (unusual) cysteine-
containing lipase box with the (putative) active site cysteine (Cys183 in PhaZa1)
(Kobayashi and Saito 2003) (Table 2). The phaZa2–phaZa5 genes are only poorly
expressed under most tested culture conditions, and in agreement with transcript
analysis, no evidence for the presence of detectable amounts of PhaZa2 to PhaZa5
was obtained by proteome analysis of NB and MSM cultures of R. eutropha
(Lawrence et al. 2005; Brigham et al. 2012; Sznajder et al. 2015); the physiological
functions of PhaZa2 to PhaZa5 remain unknown. Fusions of phaZa2, phaZa3,
phaZa4 and phaZa5 with eyfp and overexpression in R. eutropha under PHB
permissive conditions revealed that PhaZ3, PhaZ4 and PhaZ5 are true PGAPs
in vivo (after artificial overexpression) (Leuprecht 2012). Surprisingly, PhaZa2-
eYFP was detected only in the cytoplasm and did not colocalise with PHB granules.

Two 3-hydroxybutyrate oligomer hydrolases (PhaZb and PhaZc) (Kobayashi
et al. 2003; Kobayashi et al. 2005) and two highly active intracellular PHB
depolymerases (PhaZd1 and PhaZd2) have been additionally described for
R. eutropha (Abe et al. 2005; Sznajder and Jendrossek 2014). However, PhaZb
and PhaZc were located both in the cytosolic and PHB granule fraction in vitro
(Kobayashi et al. 2003, 2005), and fusions of PhaZb or PhaZc with eYFP showed a
soluble fluorescence and did not colocalise with accumulated PHB granules
(Leuprecht 2012). Therefore, PhaZb and PhaZc can’t be considered as PGAPs.
Presumably, PhaZb and PhaZc are important for the hydrolysis of soluble
3-hydroxybutyrate dimers and/or other soluble ester compounds.

The PHB depolymerases PhaZd1 and PhaZd2—when expressed from a plasmid
under control of the constitutive phaC promoter—hydrolysed PHB very efficiently
(in vivo) so that free PHB granules were not detectable and a potential colocalisation
of the PHB depolymerases with PHB granules could not been investigated. Accord-
ingly, the purified PHB depolymerases PhaZd1 and PhaZd2 hydrolysed native PHB
granules (in vitro) with extremely high specific activities (Sznajder and Jendrossek
2014). However, neither PhaZd1 nor PhaZd2 was detectably expressed in
R. eutropha wild type, and the physiological function of these two PHB
depolymerases therefore remains obscure. A colocalisation of a PhaZd1-eYFP
fusion with PHB granules was observed if the catalytic site (S190) had been mutated
to an alanine resulting in an inactive PhaZd1 protein. This suggested that PhaZd1
theoretically could be considered as a PGAP in R. eutropha if PhaZd1 would be
expressed. Expression of a PhaZd2-eYFP fusion in R. eutropha showed that
PhaZd2-eYFP did not colocalise with PHB granules and therefore a physiological
function of PhaZd2 in PHB metabolism is unlikely.

Three other putative hydrolases are present in isolated PHB granules of
R. eutropha. These are the H16_A0225, the H16_A0671 (PhaZe1) and the
H16_B1632 (PhaZe2) gene products. All three proteins are putative hydrolases
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Table 2 PHA granule-associated proteins (PGAPs)

Species
Protein/
(KEGG) Locus tag

Length
(aa)

Mw
[kDa]

Localisation/
evidence Reference

R. eutropha
H16

PhaP1 H16_A1381 192 20 TEM-IG
FM
SDS-PAGE

Wieczorek et al.
(1995)

R. eutropha PhaP2 H16_PHG202 188 20 SDS-PAGE Pötter et al.
(2004)

R. eutropha PhaP3 H16:2172 185 20 SDS-PAGE Pötter et al.
(2004)

R. eutropha PhaP4 H16_B2021 189 20 SDS-PAGE Pötter et al.
(2004)

R. eutropha PhaP5 H16_B1934 142 16 FM Pfeiffer and
Jendrossek
(2011)

R. eutropha PhaP6 H16_B1988 207 23 FM Pfeiffer and
Jendrossek
(2012)

R. eutropha PhaP7 H16_B2326 142 16 FM Pfeiffer and
Jendrossek
(2012)

R. eutropha PhaP8 H16_A2001 159 18 FM Sznajder et al.
(2015)

R. eutropha PhaC1 H16_A1437 589 64 TEM-IG
FM
SDS-PAGE

Gerngross et al.
(1993)

R. eutropha PhaC2 H16_A2003 591 65 FM Pfeiffer and
Jendrossek
(2012)

R. eutropha PhaZa1 H16_A1150 419 47 FM Uchino et al.
(2007)

R. eutropha PhaZe1 H16_B1632 773 86 FM Sznajder et al.
(2015)

R. eutropha PhaZe2 H16_A0671 761 84 FM Sznajder et al.
(2015)

R. eutropha H16_A0225 449 51 FM Sznajder et al.
(2015)

R. eutropha PhaR H16_A1440 183 21 SDS-PAGEa Pötter et al.
(2002)

R. eutropha PhaM H16_A0141 263 27 TH, FM Pfeiffer et al.
(2011)

A. vinelandii
OP

PhaZ1 Avin_03910 914 101 SDS-PAGE Adaya et al.
(2018)

A. vinelandii
UW136

OprI Avin_23100 �7 SDS-PAGE Adaya et al.
(2018); Moreno
et al. (2019)

P. putida
GP01

PhaC1 559 62 SDS-PAGE Huisman et al.
(1991); Ren et al.
(2009)

(continued)
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with H16_A0225 having a phospholipase signature. Fusions of each of the three
genes with eyfp and expression in R. eutropha confirmed that all gene products
colocalised with formed PHB granules (Sznajder et al. 2015). Purified H16_A0225
protein had no detectable PHB depolymerase activity with native PHB granules but
could hydrolyse p-nitrophenyl-decanoic acid. The deletion of H16_A0225 had no
detectable phenotype in PHB synthesis or in mobilisation of PHB (Schulze 2018).
The physiological function of this PGAP remains therefore unknown. The deletion
of each one or of both of the other two genes (phaZe1 and phaZe2) did not
substantially change the ability of the mutant to accumulate PHB. However, the
two single and the double mutants without phaZe1 and/or phaZe2 had slightly higher
PHB contents in the stationary growth phase (i.e. during PHB mobilisation),
suggesting that the PhaZe1 and PhaZe2 could have PHB depolymerase activity
although a biochemical proof with purified proteins is still lacking. Based on the
presence of the putative cysteine containing lipase box and similarity to a thiolytic
PHB depolymerase of Azotobacter vinelandii (Adaya et al. 2018) (Table 2), PhaZe1
and PhaZe2 are supposed to represent thiolytic PHB depolymerases (Sznajder et al.
2015).

Interestingly, H16_B1632 is the first gene of a putative four-genes operon coding
for a putative phosphotransacetylase (H16_B1631, pta1), a putative acetate kinase
(H16_B1630, ackA) and a putative enoyl-reductase (H16_B1629, fabI2). If indeed
the H16_B1632 gene product encodes a thiolytic PHB depolymerase, the formed
3HB-CoA could be converted to 3-hydroxybutyryl-phosphate and subsequently to

Table 2 (continued)

Species
Protein/
(KEGG) Locus tag

Length
(aa)

Mw
[kDa]

Localisation/
evidence Reference

P. putida
GP01

PhaC2 560 63 SDS-PAGE Huisman et al.
(1991); Ren et al.
(2009)

P. putida
GPo1

PhaZ 283 31.5 SDS-PAGE Huisman et al.
(1991); Foster
et al. (1996);
Stuart et al.
(1996); de
Eugenio et al.
(2007)

P. putida
GPo1

PhaF 255 26 SDS-PAGE Prieto et al.
(1999)

P. putida
GP01

PhaI 139 15 SDS-PAGE Prieto et al.
(1999)

P. putida
GPo1

Acs1 565 62 FM Ruth et al. (2008)

P. putida
KT2440

PhaZ PP_5004 283 31.4 Nelson et al.
(2002)b

TH, two hybrid; FM, fluorescence microscopy; IG, immuno-gold
aBinding of PhaR to PHB shown in vitro using artificial PHB granules
bP. putida KT2440 and its derivative KT2442 strain have the same pha genes as P. putida GPo1
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3-hydroxybutyrate (3HB) via the action of (unspecific) Pta1 and AckA proteins. This
would enable the cells to gain one ATP molecules and to save the energy of the
cleaved ester bond. Fabl2 potentially could interconvert 3HB-CoA and crotonyl-
CoA; evidence that this reaction is catalysed by isolated native PHB granules from
R. eutropha has been published, previously (Eggers and Steinbüchel 2013).

5.4 Proteins Binding to PHB Granules and to DNA

Two PGAP proteins have dual subcellular locations and can bind not only to PHB
granules but also to genomic DNA in R. eutropha. These are the regulator (repressor)
of phasin synthesis PhaR and the PhaM protein. PhaR binds to the operator regions
of phaP1, phaP3 and phaR and represses their transcription (York et al. 2002; Pötter
et al. 2002, 2005). However, it also binds to the surface of PHB granules, and—if
doing so—it cannot repress the transcription of phasin genes and its own transcrip-
tion. As a consequence, the repression of transcription is released, and PhaP1, PhaP3
and PhaR can be formed. Since phasin proteins have a strong binding affinity to
PHB, they displace PhaR molecules from the PHB granule surface, and this in turn
enhances the probability that the liberated PhaR molecules bind to the operator
regions of phaP1 and phaP3 (and phaR) leading to a stop of further transcription of
phaP1, phaP3 and phaR. Thus, the dual binding ability of PhaR to PHB granules
and to DNA ensures that the production of PhaP1 and PhaP3 proteins (and of PhaR)
is stopped only when the surface of PHB granules is covered with phasin proteins.

The multifunctional PhaM protein does not bind directly to PHB but efficiently
interacts with the PHB synthase PhaC1 (Pfeiffer et al. 2011; Ushimaru and Tsuge
2016) and can be co-purified with PhaC (Cho et al. 2012; Schulze 2018). In vitro,
purified PhaC1 and purified PhaM form a high molecular weight complex presum-
ably consisting of a PhaC1 dimer and a PhaM hexamer (unpublished data). The
specific activity of the PHB synthase in the presence of PhaM is approximately
threefold higher, and the lag phase of the in vitro polymerisation reaction of PhaC1
(Gerngross and Martin 1995) is abolished by added PhaM (Pfeiffer and Jendrossek
2014). PHB granule-associated PhaM interacts with and binds to the nucleoid region
in vivo. Electrophoretic gel mobility shift analysis (EMSA) confirmed that purified
PhaM is able to bind to DNA in vitro, however, in a sequence-unspecific manner.
The C-terminal part of PhaM is responsible for this DNA-binding ability because
C-terminal truncations of PhaM have lost the ability to bind to DNA. The C-terminus
of PhaM is highly basic and harbours histone-like PAKKA motifs. The lysine
residues of these PAKKA motifs are essential for the interaction of PhaM with
DNA in vivo and in vitro as revealed by site-directed mutagenesis of these residues
(Bresan and Jendrossek 2017). As a consequence of the dual binding of PhaM to
PhaC1 and to DNA, PHB granules are attached to the nucleoid region. Doubling of
the genomic DNA and separation of the two daughter genomes during cell division
distributes the genome-attached PHB granules to both daughter cells. Accordingly,
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mutants lacking phaM are unable to distribute formed PHB granules to both
daughter cells during cell division (Pfeiffer et al. 2011; Wahl et al. 2012).

5.5 Other Proteins Bound to PHB Granules

In addition to the above-mentioned reports on true PGAPs of R. eutropha, several
other proteins were described to be attached to PHB granules in various
PHB-accumulating species (Tirapelle et al. 2013; Jendrossek and Pfeiffer 2014;
Adaya et al. 2018; Moreno et al. 2019). Depending on the sensitivity of the staining
procedure in SDS-PAGE of isolated PHB granule fractions (Coomassie brilliant blue
or silver staining) or of the proteome analysis facility, several dozens to a few
hundreds of proteins have been detected in purified PHB granule fractions. The
annotated functions of these proteins (in R. eutropha) are diverse and include pro-
teins involved in RNA and protein biosynthesis (RNA polymerase and ribosome
components), energy metabolism (ATP synthase components), transport,
C-metabolism (tri-carbonic acid cycle proteins) and others (Jendrossek and Pfeiffer
2014). It is unlikely that so many different proteins are truly bound to carbonosomes
in vivo. More likely, the majority of these proteins represent false-positive PGAPs.
However, it is difficult to exclude for sure that one or few of these in vitro
carbonosome-attached proteins are true PGAPs in vivo. For example, in many
reports on proteome analysis of isolated PHA granules, one or several proteins
were identified that are annotated as outer membrane proteins. In case of
R. eutropha, six Omp proteins were identified in the PHB granule fraction
(Jendrossek and Pfeiffer 2014). Could it be that some of these Omp proteins are
mis-annotated and in fact represent not yet identified PGAPs? A recent study, for
example, showed that the outer membrane protein OprI of Azotobacter vinelandii is
part of the PHB granule proteome and deletion of the oprI gene reduced the PHB
content of cells grown on solid media (Adaya et al. 2018; Moreno et al. 2019).
However, a direct in vivo proof of the presence of OprI in PHB granules, e.g. by
fusion analysis with a fluorescent protein, is still missing. In conclusion, a function
of Omp proteins in PHA metabolism is possible, but additional in vivo evidence is
necessary to confirm this hypothesis.

In PHB-accumulating Archaea, two other proteins have been identified as
PGAPs: a protein with a patatin-like phospholipase motif was identified in a PHB
granule fraction of PHB mobilising Haloferax mediterranei cells (Liu et al. 2015).
The purified enzyme was able to hydrolyse native PHB granules and thus
represented a functional PHB depolymerase. Interestingly, the PHB-associated
A0225 protein of R. eutropha (see above) also harbours a patatin-like phospholipase
motif; however, a PHB depolymerase activity could not be shown for the purified
protein (Schulze 2018). Another PHB-associated protein in H. mediterranei is the
enoyl-CoA hydratase PhaJ1 (Liu et al. 2016).
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6 The Carbonosome of Pseudomonas putida

The discovery that some bacteria can synthesise and accumulate polyesters
consisting of mcl-hydroxyalkanoic acids (mcl-PHAs) goes back to 1983 when
B. Witholt’s lab published the formation of poly(3-hydroxyoctanoic acid) (PHO)
by P. putida GPo1 (previously Pseudomonas oleovorans GPo1) (de Smet et al.
1983; Lageveen et al. 1988). Since then, numerous Pseudomonas species have been
identified that are able to synthesise mcl-PHAs (for a selection of the first of those
studies, see Huisman et al. (1989); Timm and Steinbüchel (1990); Huijberts et al.
(1992)). Depending on the absence or presence of a 3-hydroxyacyl-CoA-acyl carrier
protein transferase (phaG gene product that links β-oxidation with fatty acid bio-
synthesis (Rehm et al. 1998)), these species can synthesise mcl-PHAs only from
related substrates, i.e. from medium- or long-chain fatty acids, or also from unrelated
substrates such as glucose. Key enzyme for the synthesis of mcl-PHAs is the type II
PHA synthase (PhaC) that differs from type I PHA synthases of PHB-accumulating
bacteria (Rehm 2003; Rehm 2006; Mezzolla et al. 2018; Chek et al. 2019). A
common feature of P. putida GP01 and other mcl-PHA-producing pseudomonads
is the presence of two (related) phaC genes (phaC1 and phaC2) on the chromosome
that form a gene cluster together with a PHA depolymerase (phaZ) gene between
phaC1 and phaC2 (Huisman et al. 1991; Kim et al. 2006). Meanwhile, two other
related strains of P. putida (strain KT2440 and its derivative KT2442) have become
the model species of mcl-PHA research, and most research activities on the identi-
fication of PGAPs in mcl-PHA-accumulating bacteria were performed with
P. putida KT2440/KT2442. Below, a summary on the present knowledge on
PGAPs of PHA granules in Pseudomonas species is provided (see also Fig. 3). It
should be noted that the described results were obtained with either P. putida GPo1
or with P. putida KT2440/KT2442.

6.1 mcl-PHA Synthases (mcl-PhaCs)

All studied mcl-PHA-producing pseudomonads have two similar type II PHA
synthase genes (phaC1 and phaC2, separated by a PHA depolymerase phaZ gene)
in the pha locus of their respective genomes. Both PHA synthases appear to be
generally attached to mcl-PHA granules as revealed from proteome studies of
isolated carbonosome preparations of several Pseudomonas species (Fuller et al.
1992; Stuart et al. 1996) although in vivo evidence by TEM-immuno-studies or by
fusion with fluorescent proteins are rare (Peters and Rehm 2005). Purified PhaC1
and PhaC2 (either on isolated native PHA granules or isolated as hexa-histidine-
tagged fusions) are able to catalyse the polymerisation of medium-chain-length
hydroxyalkanoic acids (Qi et al. 2000); they differ in their Km and Vmax values
(125 vs. 37 μM and 41 vs. 2.7 U/mg, respectively) with (R)-3-hydroxyoctanoyl-CoA
as a substrate (Ren et al. 2009) as well as in their substrate specificities for mainly
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mcl-3HA-monomers (PhaC1) or revealing a broad substrate specificity, respectively
(short- to long-chain 3HA-monomers) (Chen et al. 2006).

6.2 mcl-PHA Depolymerase (mcl-PhaZs)

mcl-PHA-accumulating Pseudomonas species generally have a mcl-PHA
depolymerase gene (mcl-phaZ) located between the phaC1 and the phaC1 genes
of the respective pha locus. The conclusion that these mcl-PHA depolymerase
proteins have indeed mcl-PHA depolymerase activity comes from phaZ-mutant
analysis (Huisman et al. 1991; Solaiman et al. 2003; Cai et al. 2009), phaZ knock-
out and phaZ overexpression analysis and by showing depolymerase activity of
purified proteins with artificially prepared mcl-PHA granules (Foster et al. 1994,
1996; Jiang et al. 2004; de Eugenio et al. 2007, 2008; Isabel de Eugenio et al. 2010a;
Arias et al. 2013). Proteome analysis of isolated mcl-PHA granule fractions from
several Pseudomonas species had identified the mcl-PHA depolymerase protein,
suggesting that mcl-PHA depolymerases are PGAPs in these species (Fuller et al.
1992; Stuart et al. 1996). However, in vivo studies that could unequivocally verify
the subcellular location of the mcl-PHA depolymerase in vivo are missing. Intracel-
lular mcl-PHA depolymerases of Pseudomonas species most likely are serine
hydrolases and have a lipase box in the active centre (GxSxG in case of P. putida
GPo1 (Huisman et al. 1991)) (Table 2). Therefore, mcl-PHA depolymerases are true

Fig. 3 mcl-PHA carbonosome. Schematic view of a PHA carbonosome in P. putida. PGAP
proteins of the surface layer are symbolised in the left half of the PHA granule. Associations of
PhaF and/or PhaF-PhaI hetero-dimers to the bacterial nucleoid are indicated. Image by F. Becker
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hydrolases and are unlikely to have thiolytic activity as PhaZa1 and related iso-
enzymes of R. eutropha with a cysteine as the active site (see above).

6.3 Phasins

mcl-PHA-accumulating Pseudomonas species have two types of phasins, namely,
PhaI and PhaF. While PhaI and the N-terminal part of PhaF share substantial amino
acid similarity and have both coiled coil domains, neither PhaI nor PhaF have a
pronounced amino acid similarity to phasins of PHB-accumulating species (Prieto
et al. 1999; Maestro et al. 2013). PhaI and PhaF in vivo interact with each other and
probably form hetero-oligomers (Tarazona et al. 2019). The N-terminal domain of
PhaF is responsible for the attachment to mcl-PHA carbonosomes (Moldes et al.
2004). The function of the C-terminal domain of PhaF will be discussed below.

6.4 Proteins Binding to mcl-PHA Granules and to DNA

A homolog of the PhaR transcriptional repressor protein of R. eutropha that would
be able to bind to mcl-PHA carbonosomes and to the operator region of phasin genes
is not present in P. putida and has not been identified in any other mcl-PHA-
accumulating species. Instead, a PhaD protein is present in P. putida that activates
the transcription of PHA biosynthetic genes under appropriate conditions (Isabel de
Eugenio et al. 2010b). A binding of PhaD to mcl-PHA carbonosomes has not been
described for any mcl-PHA-accumulating species. However, the PhaF phasin pro-
tein has PAKKA-like motifs in the C-terminal domain of the protein (Prieto et al.
1999), and binding of the C-terminal domain to the nucleoid of P. putida has been
demonstrated by fusion analysis with GFP (Galan et al. 2011). The properties of
PhaF in P. putida and of PhaM in R. eutropha to bind to formed carbonosomes and
to the nucleoid suggest that both proteins have similar functions and enable both
species to distribute the storage granules more or less equally to both daughter cells
during cell division (for more details, see below). Despite this similar function, PhaF
and PhaM do not share significant amino acid homology to each other (except for the
PAKKA motifs).

6.5 Other mcl-PHA-Bound Proteins

One of the two acyl-CoA synthetases (Acs1) of P. putida is in vivo attached to PHA
granules as revealed by fusion analysis with GFP (Ruth et al. 2008) (Fig. 3). This
finding suggests that monomeric hydroxyalkanoic acids can be converted to
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substrates of the PHA synthase in direct vicinity of PHA granule-bound PHA
synthases supporting the view that PHA granules are functional units
(carbonosomes).

7 Are Carbonosomes Covered by a Phospholipid
Monolayer?

The presence of a phospholipid monolayer at the surface of carbonosomes has been
assumed for more than 50 years: Merrick and co-workers published a work in 1967
in which they determined the constituents of a PHB granule fraction that had been
purified from Bacillus megaterium (Griebel et al. 1968). PHB (97.7%) and protein
(1.87%) were the two main components, but 0.46% lipids (including phosphatidic
acid) were additionally present. Later, Horowitz and Sanders detected several
phospholipids such as phosphatidyl-ethanolamine, phosphatidyl-glycerol,
diphosphatidyl-glycerol and a fourth not identified compound (possibly
phosphatidyl-serine) in PHB granules isolated from R. eutropha (Horowitz and
Sanders 1994). These findings together with the determination of the thicknesses
of the R. eutropha PHB granule boundary layer and of the R. eutropha cytoplasm
membrane of 2.9–3.8 nm and 6.7–8.1 nm, respectively (Mayer and Hoppert 1997),
were the background for the postulation of a phospholipid monolayer surrounding
PHB granules. Based on these findings, most reviews on PHA metabolism and on
PHA granule structure include the presence of a phospholipid monolayer in cartoons
of PHB or PHA granules (Steinbüchel et al. 1995; Pötter and Steinbüchel 2006; Ruth
et al. 2008; Grage et al. 2009; Rehm 2010; Dinjaski and Prieto 2013; Prieto et al.
2016). However, the assumed phospholipid layer of carbonosomes has never been
shown in whole or living cells. Even in cryo-EM images of R. eutropha cells, no
continuous surface layer could be detected at the surface of PHB granules (Beeby
et al. 2012). Another remarkable point is that despite more than three decades of
intensive research on PHB metabolism in R. eutropha and other PHB-accumulating
species, no publication appeared in which a mutant in phospholipid metabolism was
identified that resulted in a phenotype with altered PHB accumulation. The phasin
protein PhaP1 in R. eutropha was discovered by the PHB-leaky phenotype in a
screening approach in which strains with altered ability to accumulate PHB were
screened in a transposon mutant library (Wieczorek et al. 1995). However, mutants
with insertions in genes related to phospholipid biosynthesis were not detected in
these studies. In 2008, the use of the phospholipid-binding C2 domain of bovine
lactadherin fused to a fluorescent protein was described for its use to detect
phosphatidyl-serine in eukaryotic cells (Yeung et al. 2008). This prompted Bresan
et al. to use the same system in bacteria (Bresan et al. 2016). However, all attempts to
find evidence for the presence of phospholipids at the surface of scl-PHA or
mcl-PHA granules in different species failed, while the phospholipids of the cyto-
plasm membrane and the phospholipid bilayer membrane of magnetosomes in
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Magnetospirillum gryphiswaldense were successfully detected by the reporter sys-
tem (Dsred2EC-LactC2) (Bresan et al. 2016). Furthermore, the authors of that study
could find evidence for the (artificial) in vitro binding ability of phospholipids to
PHB granules in a crude cell extract of PHB-accumulating R. eutropha cells
providing an explaining for the in vitro detection of phospholipids in earlier studies.
The above-mentioned findings do not exclude—although not being likely—that
single phospholipid molecules or phospholipid-related molecules differing chemi-
cally from conventional phospholipids and thus cannot be detected by phospholipid-
binding proteins such as C2 domain or segment A of RNAse E (Schulze 2018) could
be present in carbonosomes in vivo. In principle, phasin proteins can stably interact
with phospholipid layers (Mato et al. 2019). Taken together, there is no in vivo
evidence for the presence of a phospholipid (mono)-layer around PHB or PHA
granules. Carbonosomes are covered by a surface layer consisting of only proteins,
and the presence of a continuous monolayer of conventional phospholipids around
carbonosomes is unlikely.

8 Biogenesis of Carbonosomes

The in vivo biogenesis of carbonosomes has been studied in R. eutropha. This
species rapidly mobilises previously accumulated PHB in the stationary growth
phase of cultures with nutrient broth (NB) as a carbon source. When such
PHB-free cells are transferred to fresh medium and grown under PHB-permissive
conditions (e.g. on NB medium with 0.2% gluconate to increase the C-to-N ratio),
the cells start to synthesise one or two new PHB granules in the first 20 min after
transfer. Remarkably, one of the newly formed PHB granules is always located close
to one of the cell poles, while the second PHB granule originates near the other cell
pole. A formation of two PHB granules in the same half of the rod-shaped cells has
not been detected (as long as not more than two PHB granules have been formed).
This indicates that the spatial formation of PHB granules is controlled in growing
R. eutropha cells. The PhaM protein determines the subcellular localisation of newly
formed PHB granules. PhaM forms oligomers (presumably hexamers) and is bound
to the nucleoid of the cells in the absence of PHB (Pfeiffer et al. 2011). The lysine
residues of the PAKKA motifs in the C-terminus of PhaM are responsible for the
binding of PhaM to DNA in vitro and in vivo (Bresan and Jendrossek 2017). It is not
known whether PhaM binds to a specific position on the nucleoid. DNA chip
experiments revealed no binding preference of PhaM (unpublished data). Gel mobil-
ity shift experiments with purified PhaM showed that PhaM has no DNA sequence
specificity in vitro. The N-terminus of PhaM interacts with the PHB synthase PhaC
(Pfeiffer et al. 2011). These findings suggest that under PHB-permissive conditions
(e.g. in NB-gluconate medium) nucleoid-bound PhaM oligomers recruit PHB
synthase dimers and form a PHB granule initiation complex. This initiation complex
is formed in each cell half near the cell pole. At the same time, the nucleoid has
started to replicate and to separate. If one assumes that the genome has only one or
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few (not yet identified) binding sites for the attachment of the PhaM-PhaC initiation
complex, one might speculate that genome replication and segregation of the
daughter chromosomes during genome replication are the explanation why always
one PHB granule in each cell half is formed at the beginning of PHB granule
biosynthesis. As soon as the initiation complex is formed, PhaM-attached PHB
synthase dimers start to synthesise PHB (Pfeiffer and Jendrossek 2014). The hydro-
phobic PHB chain aggregates and grows to a microscopically detectable granule.
During this process, phasins and other PGAPs bind to the growing surface of the
arising PHB granule. The PHB granules can be liberated from the covalently bound
PhaM-PhaC complex at later stages of PHB accumulation. Evidence for this “aging
phenomenon of carbonosomes” is the identification of non-fluorescent PHB gran-
ules at later stages of PHB accumulation in strains expressing eyfp-phaC1 or eyfp-
phaM (Bresan and Jendrossek 2017). If the cells with liberated (PhaM-PhaC1-free)
PHB granules are further kept under PHB-permissive conditions, then free PhaC1-
PhaM complexes can initiate the formation of additional, new PHB granules. The
release of PHB granules from the PhaC1-PhaM complex ensures that PHB granules
do not grow ad infinitum if the cells are permanently kept under PHB-permissive
conditions.

The PhaM protein is not essential for PHB biosynthesis. Mutants with a deletion
of the phaM gene accumulate slightly reduced amounts of PHB compared to the wild
type, and the number of granules is only 0, 1 or 2 in most cells. However the
diameters of the carbonosomes are substantially enlarged similar as in ΔphaP1
mutants (Wieczorek et al. 1995). The distribution of the PHB granules during cell
division in ΔphaM cells is disordered. Directly after cell division, one daughter cell
harbours all (one or two) PHB granules, while the other daughter cell has no PHB
granule. Only under ongoing PHB-permissive conditions, the PHB-free daughter
cell can synthesise an own (new) PHB granule at later stages of growth. These data
suggest that a major physiological function of PhaM is to ensure an equal distribu-
tion of the accumulated carbonosomes during cell division to both daughter cells. In
this respect the function of PhaM seems to be similar to PhaF in P. putida (Galan
et al. 2009, 2011; Prieto et al. 2016). PhaF has also C-terminal located PAKKA
motifs as PhaM and enables PhaF to bind to DNA. However, the N-terminal domain
of PhaF does not interact with the PHA synthase but has a phasin motif and interacts
with phasin PhaI (Prieto et al. 1999). Therefore, PhaF is unlikely to be part of a PHA
granule initiation complex in mcl-PHA-accumulating species. Nevertheless,
P. putida strains, in which the phaF gene has been deleted, have a disordered
localisation of accumulated PHA granules, and equal distribution of these granules
to the daughter cells during cell division is blocked (Galan et al. 2011).

In summary, the biogenesis of carbonosomes in two model organisms, in scl-
PHA-accumulating R. eutropha and in mcl-PHA-accumulating P. putida, follows
via a scaffold model in which the scaffold is the bacterial nucleoid. Evidence for a
scaffold model in PHB granule formation in R. eutropha was already provided in
studies of J. Stubbe’s laboratory (Tian et al. 2005a, b). In these studies, the scaffold
transiently was detected as “dark-stained mediation elements” in R. eutropha. The
data of Tian et al. are in good agreement with the assumption that the mediation
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elements represent the bacterial nucleoid. Previously proposed and discussed models
of carbonosome biosynthesis (i.e. the budding model and the micelle model (Ellar
et al. 1968; Stubbe and Tian 2003; Stubbe et al. 2005; Tian et al. 2005b; Pötter and
Steinbüchel 2006)) are not supported by in vivo evidence.

9 Novel Function of Carbonosomes

The most obvious function of PHB and related carbonosomes is that of an insoluble
and therefore osmotic inert reservoir for carbon and energy and has been experi-
mentally verified for several species (for a selection of publications, see Dawes and
Senior 1973; Matin et al. 1979; James et al. 1999; Handrick et al. 2000; Ratcliff et al.
2008; Wang et al. 2009). In addition, PHAs are relatively reduced compounds and
can be therefore considered as sinks for electrons (Senior and Dawes 1971). In
agreement with this, oxygen limitation in many PHA-producing species increases
the amount of accumulated PHAs. Degradation of PHA and oxidation of the
hydrolysis products can be used to promote consumption of oxygen in nitrogen-
fixing species to protect the nitrogenase from inactivation by oxic conditions (Stam
et al. 1986; Mandon et al. 1998). Another function of accumulated PHAs is its
protective role in coping with various stresses such as oxidative stress, high/low
temperatures or osmotic stress. For examples, see Kadouri et al. (2003); Zhao et al.
(2007); Ayub et al. (2009); Obruca et al. (2016); Koskimäki et al. (2016); Nowroth
et al. (2016); Obruca et al. (2017); Batista et al. (2018); and Sedlacek et al. (2019). It
is not clear in which cases the enhanced stress resistance of PHB-containing cells is a
direct protective effect of the polymer or is only an indirect effect. The function of
PHB in enhancing stress resistance is a relatively young research field, and the
molecular mechanisms, by which PHB can effectuate a higher level of stress
resistance, are only poorly understood. In this context, an astonishing result was
the finding that PHB degradation products such as 3HB and methyl esters of 3HB
have strong radical scavenging activities and help PHB-accumulating plant-symbi-
otic bacteria (Methylobacterium extorquens) to tolerate oxygen radicals produced by
the plant cells during contact with incoming symbionts (Koskimäki et al. 2016).
Recently, metabolism of PHB was investigated in Synechocystis sp. PCC 6803
(Koch et al. 2019). The authors provided evidence that PHB is involved in glycogen
metabolism but presumably has no (prominent) function for survival under (nitro-
gen) starving conditions. In summary, it is evident that, despite several decades of
intensive research on PHB metabolism, still more research is necessary to under-
stand the molecular basis of the protective roles of PHB in prokaryotic species.
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