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Identification of proteins that were present in a polyhydroxybutyrate (PHB) granule fraction isolated from Ralstonia eutropha
but absent in the soluble, membrane, and membrane-associated fractions revealed the presence of only 12 polypeptides with
PHB-specific locations plus 4 previously known PHB-associated proteins with multiple locations. None of the previously postu-
lated PHB depolymerase isoenzymes (PhaZa2 to PhaZa5, PhaZd1, and PhaZd2) and none of the two known 3-hydroxybutyrate
oligomer hydrolases (PhaZb and PhaZc) were significantly present in isolated PHB granules. Four polypeptides were found that
had not yet been identified in PHB granules. Three of the novel proteins are putative �/�-hydrolases, and two of those (A0671
and B1632) have a PHB synthase/depolymerase signature. The third novel protein (A0225) is a patatin-like phospholipase, a type
of enzyme that has not been described for PHB granules of any PHB-accumulating species. No function has been ascribed to the
fourth protein (A2001), but its encoding gene forms an operon with phaB2 (acetoacetyl-coenzyme A [CoA] reductase) and
phaC2 (PHB synthase), and this is in line with a putative function in PHB metabolism. The localization of the four new proteins
at the PHB granule surface was confirmed in vivo by fluorescence microscopy of constructed fusion proteins with enhanced yel-
low fluorescent protein (eYFP). Deletion of A0671 and B1632 had a minor but detectable effect on the PHB mobilization ability
in the stationary growth phase of nutrient broth (NB)-gluconate cells, confirming the functional involvement of both proteins in
PHB metabolism.

Polyhydroxybutyrate (PHB) and related polyhydroxyalkano-
ates (PHA) are storage compounds for carbon and energy and

are widespread in prokaryotic species (1). PHB is deposited in the
form of 200- to 500-nm particles (granules) when PHB-accumu-
lating bacteria are cultivated in the presence of a surplus of a suit-
able carbon source. Ralstonia eutropha H16 (alternative designa-
tion, Cupriavidus necator) has become the model organism of
PHB research, and the species is also used in industrial processes
to produce PHB as a biodegradable polymer with plastic-like
properties (2–4). The intensive research of the last few decades has
led to a good understanding of the biochemical routes leading to
PHB/PHA and of the biochemical properties of proteins with es-
tablished functions in PHB/PHA metabolism. For example, the
key enzymes of PHB synthesis, the PHB synthases (PhaCs), of
many PHB-accumulating species have been purified; the coding
genes were cloned; and the polymerization reaction has been stud-
ied (for overviews and recent results, see references 5 to 11).
Meanwhile, much evidence has accumulated showing that PHB
granules are not simply storage molecules but represent well-de-
fined subcellular organelles that consist of a polymer core and a
surface layer to which many proteins with specific functions are
attached (12). Besides the aforementioned PHB synthase, small
amphiphilic polypeptides, so-called phasin proteins (PhaPs) (13,
14) that mediate between the hydrophilic cytoplasm and the hy-
drophobic polymer and that can contribute to higher stress resis-
tance of PHA-accumulating bacteria (15), and PHB depoly-
merase(s) (PhaZs) (16–18) have been identified in PHB granules
of all investigated PHB-accumulating species. Moreover, at least
two proteins were identified that can bind both to the PHB gran-
ule and to DNA. One is PhaR, a transcriptional regulator that can
be titrated from its DNA binding site by binding to the PHB gran-
ule surface (19–21); the other is PhaM, which is responsible for

anchoring PHB granules to the bacterial nucleoid via binding to
the PHB synthase PhaC1 and to DNA (11, 22, 23). A comparable
set of PHA granule-associated proteins (PGAPs) is present in the
surface layer of medium-chain-length PHA in bacteria such as
Pseudomonas putida (reference 24 and references therein) and in
all PHA-accumulating species that have been examined, including
Archaea (25, 26). At present, it is not known whether the PHB/
PHA granule surface layer is a phospholipid monolayer in which
the proteins mentioned above are embedded or whether the gran-
ule surface layer consist of proteins only. (For recent overviews
and reports on PHB granule formation, see references 9 and
27–29.)

Analysis of the protein compositions of cell fractions by a com-
bination of SDS-PAGE, trypsin digestion, and liquid chromatog-
raphy coupled with mass spectrometry (LC-MS) is a powerful and
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widespread tool for the determination of expression profiles. Pro-
teome analysis has been used to study the composition of the
surface layer of isolated PHB granules and to identify PGAPs.
Recently, a Brazilian group determined the proteins of PHB gran-
ules isolated from Herbaspirillum seropedicae (30). Remarkably, a
histone-like protein with some features similar to those of PhaM
and PhaF (11, 22–24), two outer membrane proteins (OMPs),
several hypothetical proteins, and also a protein of the tricarbox-
ylic acid (TCA) cycle (aconitase) were identified, in addition to
proteins with well-established functions in PHB metabolism
(PHB synthase, the phasin PhaP, and the PHB depolymerase
PhaZ). Proteins with functions not obviously related to PHB me-
tabolism had already been identified in earlier studies of PHA-
accumulating bacteria. One example from R. eutropha is the chap-
erone GroEL, which was present in substantial amounts in the
PHB granule fraction of a �phaP1 mutant (13). On the other
hand, some phasin proteins were identified in a membrane frac-
tion from R. eutropha by proteome analysis (31). However, PHB
granules were not the subject of that study, and PHB granule-
associated proteins might have contaminated the membrane frac-
tion.

We recently determined the proteome of PHB granules iso-
lated from R. eutropha (29). Again, several proteins with known
functions in PHB metabolism were identified, but a considerable
number of outer membrane proteins and many other proteins
(404 in total) were also detected. It is unlikely that several hundred
proteins have a specific function in PHB metabolism and are
bound to PHB granules in vivo. Presumably, many of the detected
proteins bind artificially to PHB during cell disruption or during
the PHB granule isolation process and therefore should be con-
sidered false-positive PHB granule-associated proteins. One pos-
sible way to identify true-positive PGAPs is to construct fusions
with green fluorescent protein variants and to determine the sub-
cellular localization of the fusion by fluorescence microscopy.
Only the proteins that colocalize with PHB granules are true in

vivo PGAPs. This method has been used to confirm the subcellular
localization of PHB synthases, phasins, and PHB depolymerases
(32–39). Because of the high number (�400) of proteins identi-
fied in the PHB granule fraction by proteome analysis (29), the in
vivo confirmation of their subcellular localizations would require
the construction of hundreds of fusions with green fluorescent
protein. This is hardly practicable, and therefore, we decided to
use another approach to identify in vivo PHB granule-associated
proteins; to this end, four subcellular fractions (soluble, mem-
brane, membrane-associated, and PHB granule fractions) were
prepared from R. eutropha cells, and the proteomes of all four
fractions were determined and compared. Proteins specifically
present only in the PHB granule fraction but absent in the other
fractions should resemble “true” PHB granule-associated pro-
teins.

MATERIALS AND METHODS
Bacterial strains, plasmids, and culture conditions. The bacteria and
plasmids used in this study are shown in Table 1. Escherichia coli strains
were grown on LB medium supplemented with the appropriate antibiot-
ics at 37°C. R. eutropha H16 strains were routinely grown on nutrient
broth (NB) (0.8% [wt/vol]) with or without addition of 0.2% (wt/vol)
sodium gluconate at 30°C. Alternatively, R. eutropha was grown on glu-
conate (1.0% [wt/vol]) mineral salts medium (MM) (40). For proteome
analysis, six parallel cultures of R. eutropha H16 were grown (each in a
3-liter Erlenmeyer flask filled with 400 ml NB medium supplemented with
0.2% sodium gluconate or 400 ml MM with 1% [wt/vol] sodium gluco-
nate; inoculum size, 0.1 volume). The optical density at 600 nm (OD600)
was followed, and after �8 h (NB-gluconate) or �30 h (MM-gluconate),
the cells were at the end of exponential growth. At this time point, four
parallel cultures were harvested by centrifugation, and the two remaining
cultures were used to complete the growth curve. The harvested cells were
suspended in 10 mM Tris-HCl, pH 8, and transferred to 50-ml Falcon
tubes. The washing step with 50 ml buffer was repeated once, and the wet
weight of the cell pellet was determined. The cells were stored frozen
(�20°C) until use.

TABLE 1 Strains and plasmids used in this study

Strain/plasmid Relevant characteristic Source/reference

E. coli JM109 Cloning strain
E. coli S17-1 Conjugation strain 67
R. eutropha H16 R. eutropha wild-type strain DSMZ 428
H16�A0671 Chromosomal deletion of A0671 This study
H16�B1632 Chromosomal deletion of B1632 This study
H16�A0671�B1632 Chromosomal deletions of A0671 and B1632 This study
pBBR1MCS2 Broad-host-range vector; Kmr 68
pBBR1MCS2-PphaC-eyfp-c1 Universal vector for construction of fusions C-terminal to eYFP

under the control of the PphaC promoter
43

pBBR1MCS-2-PphaC-eyfp-A0225 N-terminal fusion of A0225 to eYFP This study
pBBR1MCS-2-PphaC-eyfp-A0671 N-terminal fusion of A0671 to eYFP This study
pBBR1MCS-2-PphaC-eyfp-A2001 N-terminal fusion of A2001 to eYFP This study
pBBR1MCS-2-PphaC-eyfp-B1632 N-terminal fusion of B1632 to eYFP This study
pBBR1MCS-2-PphaC-eyfp-phaZc N-terminal fusion of PhaZc to eYFP This study
pBBR1MCS-2-PphaC-eyfp-A3253 N-terminal fusion of A3253 to eYFP This study
pBBR1MCS-2-PphaC-eyfp-A2924 N-terminal fusion of A2924 to eYFP This study
pBBR1MCS-2-PphaC-eyfp-B0232 N-terminal fusion of B0232 to eYFP This study
pLO3 Suicide vector; Tcr 69
pLO3-�A0671 Deletion vector for A0671; fragments up- and downstream of A0671

cloned between SacI and XbaI sites of pLO3
This study

pLO3-�B1632 Deletion vector for B1632; fragments up- and downstream of B1632
cloned between SacI and XbaI sites of pLO3

This study
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Cell fractioning. Frozen cell pellets (approximately 3 g [wet weight]
from 400 ml of culture) were thawed and resuspended in 20 ml of ice-cold
Tris-HCl buffer (10 mM, pH 8). Shortly before cell disruption, DNase I
and RNase I were added to the samples (100 �l of a 1-mg/ml solution
each) to decrease the viscosity of the samples. The cells were disrupted by
two passages through a cooled French press chamber (Aminco, Silver
Spring, MD, USA) at 95 MPa. For separation of the PHB granules, the
lysed cells were loaded onto a first glycerol gradient consisting of 5 ml 87%
(vol/vol) and 10 ml 50% (vol/vol) glycerol (dilutions of glycerol in 10 mM
Tris buffer, pH 8). After centrifugation for 40 min at 20,000 rpm and 4°C
(Beckman Avanti-35 ultracentrifuge; SW28 swing-out rotor), the super-
natant (which contained soluble proteins and membranes) was separated
from the PHB granules. The PHB granules were diluted with 1 volume of
Tris-HCl buffer (10 mM, pH 8); purified by application of a second glyc-
erol gradient centrifugation step consisting of 5 ml (each) 87%, 80%, 60%,
and 40% glycerol; and stored at �20°C until use. The supernatant was
centrifuged at 35,000 rpm and 4°C for 90 min (TFT65.13 rotor; Kontron)
to separate the membranes from the soluble proteins. To this end, each
supernatant was split into two centrifuge tubes (each containing �7 to 8
ml of supernatant). Seven milliliters of ice-cold Tris-HCl buffer (pH 8; 10
mM) was added to the membrane pellets obtained, and the membranes
were homogenized by repeated passages (�15 times) through a Potter-
Elvehjem homogenizer (a glass/Teflon homogenizer in which the mortar
is made of glass and the pestle is Teflon coated). The homogenized mem-
branes were centrifuged again (90 min; 35,000 rpm; 4°C) and subse-
quently suspended in 300 �l of an ice-cold Na2CO3 solution (100 mM, pH
11.5) with the aid of a glass piston. The membranes were incubated on ice
overnight (carbonate extraction of peripheral membrane proteins). After
centrifugation for 90 min at 35,000 rpm (4°C), the resulting supernatant
was used as a carbonate extract for proteome analysis. The remaining
membrane pellets were washed again as described above and then dis-
solved in 300 �l of 2% (wt/vol) SDS with 10 mM dithiothreitol (DTT).
Part of the PHB granule fraction (0.2 to 1.0 ml, depending on the density
of the PHB granule fraction) was diluted with 5 volumes of Tris-HCl
buffer (10 mM, pH 8) and centrifuged for 1 to 2 min at 12,000 to 13,000
rpm in an Eppendorf centrifuge. These washing and centrifugation steps
were repeated four times. The PHB pellets were then suspended in 100 �l
of 2% (wt/vol) SDS and heated at 95°C for 10 min to solubilize PGAPs
from the granule surface. After an additional centrifugation step to re-
move the insoluble PHB, the supernatant served as the PHB granule ex-
tract. The protein concentrations of the crude extract, carbonate extract,
dissolved membranes, and PHB granule extract were determined with the
bicinchoninic acid (BCA) assay kit (Pierce), and samples were diluted
with 3� sample buffer (6% [wt/vol] SDS, 25% [vol/vol] glycerol, 3%
[vol/vol] 2-mercaptoethanol, 0.15% bromphenol blue) and heated for 3
min at 95°C before being loaded onto gels for proteome analysis.

Construction of fusion proteins with eYFP. Fusions of the gene
(eyfp) for enhanced yellow fluorescent protein (eYFP) with genes of R.
eutropha H16 (Table 1) were generally constructed as N-terminal fusions
using a universal vector (pBBR1MCS-2-PphaC-eyfp-c1) based on the
broad-host-range plasmid pBBR1MCS-2, as described previously (22,
39). All constructs were conjugatively transferred from recombinant E.
coli S17-1 to R. eutropha H16, and selection was achieved by plating on
mineral salts medium supplemented with 0.2% fructose and 350 �g ml�1

kanamycin.
Construction of chromosomal knockouts. Precise chromosomal de-

letions of the A0671 or B1632 gene or of both genes were constructed in R.
eutropha H16 using the sacB-sucrose selection method (15% sucrose was
used for selection) and pLO3 as the deletion vector. The genotype of the
resulting deletion mutant was verified by PCR of the respective genomic
region and determination of its DNA sequence.

Proteome analysis. Proteome analysis was performed by the pro-
teome core facility of the Life Science Center, University of Hohenheim
(Stuttgart, Germany), as described in detail previously (41), with some
modifications. Three replicates, each with 50 to 200 �g of the respective

protein fraction, were diluted in sample buffer (see above) and separated
on a 10% SDS-polyacrylamide gel (SDS-PAGE). The gel was stained with
0.12% (wt/vol) colloidal Coomassie brilliant blue G250, 10% (wt/vol)
ammonium sulfate, 10% (vol/vol) methanol, 20% (vol/vol) phosphoric
acid. Each sample lane was cut into 5 slices (soluble fraction), 3 slices
(membrane fraction), 3 slices (membrane-associated fraction), or 1 slice
(PHB granule fraction), with only a short electrophoresis time of 20 to 25
min; digested with trypsin: and extracted with acetonitrile (10 min). The
supernatants were vacuum dried and dissolved in formic acid (15 �l; 0.1%
[vol/vol]). Five microliters was subjected to LC-tandem MS (MS-MS)
analysis. The data were analyzed using Scaffold proteome software (ver-
sion 3.4.9). Only proteins that were identified by at least two peptides and
that had a protein probability of �99% were considered. Label-free quan-
tification was performed by calculating the ion intensities using Progen-
esis LC-MS software 3.1 (Nonlinear Dynamics) as described elsewhere
(41). Protein abundance was calculated by summing up the abundances
of all peptides assigned to a given protein. Calculations of the P value by
one-way analysis of variance (ANOVA) were done with the sum of the
protein abundances in all runs.

Other methods. Quantitative analysis of PHA content was done by gas
chromatography (GC) after acid methanolysis of lyophilized cells accord-
ing to the method of Brandl et al. (42). For determination of PHB contents
in samples of growth curves, two to four biological replicates, each with
two technical replicates, were performed. Only technical replicates could
be compared directly, but the PHB contents of biological replicates at a
given time point showed considerable variation. Therefore, the time-de-
pendent increase during exponential growth or decrease of PHB content
during the stationary growth phase was determined (slopes of graphs of
PHB content versus time), and the calculated average values of all biolog-
ical replicates were determined. Manipulation and construction of plas-
mids were done by standard molecular biological methods and according
to the supplier=s instructions. Protein concentrations were routinely de-
termined by BCA assay. Polyacrylamide gel electrophoresis was per-
formed under denaturing (sodium dodecyl sulfate) and reducing (mer-
captoethanol) conditions. Gels were stained with Coomassie brilliant blue
G250. Formation of PHB granules was determined by fluorescence mi-
croscopy using Nile red (1 to 10 �g/ml dimethyl sulfoxide [DMSO], Nile
red solution at 5 to 40% [vol/vol]), as described previously (22, 43).

RESULTS
Preparation of subcellular fractions. Cultures of R. eutropha H16
were grown on NB-gluconate medium. The cells were in the late
exponential growth phase, as revealed by maximal OD600 values of
6 to 7 (Fig. 1A), and had a maximum PHB content of about 30% to
40% of the cellular dry weight. Cells were harvested and washed by
centrifugation. Subsequently, the soluble, membrane, mem-
brane-associated, and PHB granule fractions were prepared as de-
scribed in Materials and Methods. All four subcellular fractions
were separated by SDS-PAGE, each with three replicates. As
shown in Fig. 1B, the protein patterns of the replicates appeared
identical but clearly differed for the different subcellular fractions.
This indicated that the four fractions had different protein com-
positions, as was expected for a successful fractioning.

Determination of the proteomes of the soluble, membrane,
membrane-associated, and PHB granule fractions. The poly-
acrylamide gel of each fraction and of each replicate was cut into
slices as specified in Materials and Methods, and each slice was
subjected to trypsin digestion and subsequent LC–MS-MS analy-
sis. In total, 1,756, 889, 439, and 268 proteins were identified in the
soluble, membrane, membrane-associated, and PHB granule
fractions, respectively (see Data Set S1 in the supplemental mate-
rial), if only proteins with at least two separately identified peptide
fragments were considered. The total number of identified pro-
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teins was 2,264, which corresponded to 37% of the 6,116 predicted
proteins (1, 2) of the R. eutropha genome. The number of identi-
fied proteins increased to 2,354 (38.5%) if the threshold was set to
only one identified peptide. A considerable number of the identi-
fied proteins were strongly enriched in one cell fraction and
showed no or only low abundance in the other cell fractions. For
example, citrate synthase (A2627), phosphoenolpyruvate carbox-
ylase (A2921), isocitrate dehydrogenase (A3056), glutamate syn-
thase (A3431), and others (e.g., A3046, A3246, and B1213) are
typical soluble proteins and were found exclusively in the soluble
fraction. Similarly, many typical transport proteins (e.g., A0904,
A1173, A1419, A1467/A1468, A2665/A2666, and B1644), other

membrane proteins (A1373, B1038, and B2295), and membrane-
associated proteins (PHG211, PHG271, A0808, B1229, and
B1721) were found only in the membrane fraction or membrane-
associated fraction (see Data Set S1 in the supplemental material).
On the other hand, many proteins were present in more than one
or even in all fractions. This indicated that the four cell fractions
were contaminated by proteins of other fractions or that some
proteins have multiple locations.

Two hundred sixty-eight proteins were identified in the PHB
granule fraction. However, when we looked for proteins that were
present solely in the PHB granule fraction but were absent in the
other three fractions, only 12 proteins remained (Table 2). We

FIG 1 Growth of R. eutropha H16 and subcellular fractioning for proteome analysis. (A) Growth of R. eutropha on NB-gluconate medium. The arrow indicates
the time of harvesting of part of the culture for proteome analysis. The bars show the PHB contents at different time points. The error bars indicate standard
deviations. CDW, cell dry weight. (B) SDS-PAGE of subcellular fractions (three replicates for each fraction). The 1st (from the left) and the 11th lanes contain
marker proteins.
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conclude that these 12 proteins represent specifically (“true”)
PHB-associated proteins. Surprisingly, many putative OMPs were
identified in the PHB granule fraction, but many peptides of these
OMPs were also present in great abundance in the membrane
fraction (see Data Sets S1 and S2 in the supplemental material and
Discussion below). We assume that the outer membrane proteins
and most of the other remaining proteins of the PHB granule
fraction probably represent false-positive proteins that bind arti-
ficially to PHB granules during the isolation process. However, we
cannot exclude the presence of some PHB granule-specific pro-
teins that have double or multiple in vivo localizations or that bind
only very loosely to PHB granules and detach during the granule
isolation process.

Eight out of the 12 specifically PHB granule-bound proteins
had been previously described as PGAPs or as proteins with
prominent functions in PHB metabolism. These proteins are
the intracellular PHB depolymerase (PhaZa1) and six phasin
proteins (PhaP2 to PhaP7). The second PHB synthase-like pro-
tein, PhaC2, the function of which is unknown, was also spe-
cifically present in the PHB granule faction, although only at
low abundance. The phasin PhaP1, the PHB synthase PhaC1,
the transcriptional regulator PhaR, and the recently identified
PhaM protein showed multiple localizations, in addition to a
PHB granule localization. The presence of PhaR and PhaM in
fractions other than the PHB granule fraction is explained by
their multiple in vivo localizations: both proteins can bind to
PHB granules and to the nucleoid (19–23). The finding of PHB
synthase (PhaC1) and of the phasin PhaP1 in several cell frac-
tions is discussed below.

A0225, A0671, A2001, and B1632 are novel PHB granule-as-
sociated proteins in R. eutropha. The four new specifically PHB

granule-associated proteins are A2001 (hypothetical protein),
A0225 (patatin-like phosholipase), and A0671 and B1632 (both
are putative �/	 hydrolases with PHB synthase/depolymerase sig-
natures). The A2001 gene codes for a hypothetical protein of 159
amino acids (mass, 17.8 kDa). The deduced amino acid sequence
of A2001 has a UvdE (UV damage repair endonuclease) and a TIM
barrel motif. The relationship of UV repair to PHB metabolism is
not known. Interestingly, the A2001 gene is part of a three-gene
operon (A2001 to A2003). The genes adjacent to A2001 (A2002
and A2003) code for the PhaB2 protein (acetoacetyl-coenzyme A
[CoA] reductase) and the second PHB synthase, PhaC2, respec-
tively. The function of (soluble) PhaB2 in PHB metabolism has
been described previously (2-4, 44), and the colocalization of
PhaC2 with PHB granules has also been shown (5-11, 38) and was
confirmed in this study (see Data Set S1 in the supplemental ma-
terial). A protein similar to A2001 (27% identity; 43% similarity)
and in the same genomic context (Rmet5124, in an operon with an
acetoacetyl-CoA reductase and a PHB synthase) is present in Ral-
stonia metallidurans CH34, and the protein has a phasin 2 motif.

The A0225 gene codes for a 51-kDa polypeptide, and the de-
duced amino acid sequence has a patatin motif and a phospho-
lipase motif. Patatin is a storage protein in potatoes but also has
phospholipase activity. Patatin-like phospholipases are frequently
found in bacteria (12, 45).

The products of the A0671 and B1632 genes are predicted to be
�/	-hydrolases and have a domain with unknown function (Duf
3141). This domain is also found in proteins of many proteobac-
teria. A0671 (84 kDa) and B1632 (86 kDa) share 46% identical and
62% similar residues (see Fig. S1 in the supplemental material).
Short stretches of �100 residues have a relationship to type I PHB
synthases and to subunit PhaC of type III PHA synthases. BLASTP

TABLE 2 Abundances of PGAPs

Granule
ranka

All protein
rankb Locusc PGAPd Mass (kDa)

Abundance
Fold
change
(NB/MM)NB MM

1 1 A1381 PhaP1 20 1.6 � 1010 9.5 � 108 17
2 2 PHG202 PhaP2 20 5.2 � 108 4.9 � 107 11
3 7 B2021 PhaP4 20 7.5 � 107 7.9 � 107 0.95
4 9 B1632 �/	-Hydrolase 86 7.0 � 107 9.9 � 106 7.1
5 10 A2172 PhaP3 20 6.1 � 107 6.8 � 107 0.90
6 11 A1437 PhaC1 64 4.9 � 107 1.9 � 107 2.6
7 17 B1934 PhaP5 16 3.1 � 107 1.5 � 106 21
8 18 A1150 PhaZa1 47 2.4 � 107 3.2 � 106 7.5
9 28 A0671 �/	-Hydrolase 84 1.3 � 107 3.9 � 106 3.3
10 36 A0225 Phospholipase 51 1.0 � 107 1.3 � 106 7.7
11 40 A2001 Hypothetical protein 18 9.2 � 106 3.9 � 106 2.4
12 136 B2326 PhaP7 16 1.5 � 106 2.2 � 105 6.8
13 323 B1988 PhaP6 23 2.9 � 105 6.4 � 104 4.5
14 332 A2003 PhaC2 65 2.6 � 105 1.3 � 105 2.0
15 21 A1440 PhaR 21 1.8 � 107 3.4 � 106 5.3
16 224 A0141 PhaM 27 5.8 � 105 1.1 � 105 5.3

22 PHG252 Nitrous oxide red 70 1.4 � 107 2.4 � 107 0.58
29 A0472 ABC transporter 33 8.2 � 106 1.7 � 107 0.48
30 A3284 Omp 40 1.0 � 107 3.1 � 107 0.32
37 A3030 ABC transporter 41 7.3 � 106 2.9 � 107 0.25

a Rank numbers of PHB granule-associated proteins by their relative abundances in granules of NB-grown cells (averages of three replicates).
b Rank numbers sorted by relative abundances of all proteins detected in PHB granules of NB-grown cells.
c Italics indicates examples of proteins that had higher abundance in PHB granules of fructose mineral salts medium-grown cells. Boldface indicates novel, specifically PHB granule-
associated proteins.
d Note that PhaP1, PhaC1, PhaR, and PhaM are also present in other fractions.
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analysis gives PHB synthases/depolymerases as top hits (in addi-
tion to orthologs of A0671 and B1632 in other proteobacteria).

Subcellular localization of R. eutropha proteins by construc-
tion of fusions with eYFP. To confirm the results of comparative
proteome analysis, we constructed fusion proteins of selected con-
trol proteins and of the four novel PHB-associated proteins with
eYFP and determined their subcellular localizations after overex-
pression from the constitutive phaC1 promoter. Free eYFP is a
typical soluble protein, and accordingly, expression of eYFP alone
in R. eutropha resulted in uniform cellular fluorescence (Fig. 2A).
The same result was obtained when a randomly selected protein
(A3253; hexaprenyltrans-transferase) that localized in the soluble
fraction in comparative proteome analysis (see Data Set S1 in the
supplemental material) was investigated (Fig. 2A). Fusion analysis
of 3-hydroxybutyryl (3HB) oligomer hydrolase (PhaZc)—a pro-
tein that was found only in the soluble fraction in this study—
revealed soluble localization, and no colocalization with PHB
granules could be detected (Fig. 2A). A2924 and B0232 are two
predicted membrane proteins, and fusion analysis with eYFP con-
firmed their localization at the cell membrane. Remarkably,
B0232, which is annotated as a methyl-accepting chemotaxis pro-

tein and therefore should localize in the membrane near the cell
poles, indeed showed cell pole-specific membrane localization
(Fig. 2A). Finally, the PHB depolymerase PhaZa1, which is a well-
known PHB granule-located PHB depolymerase and was identi-
fied almost only in the PHB granule fraction, clearly colocalized
with PHB granules after expression as a fusion with eYFP (Fig.
2B). Taken together, all the control proteins showed the expected
subcellular localization and confirmed that fusion analysis with
eYFP is a suitable tool to determine subcellular localization. Con-
struction of fusion proteins of the four novel identified proteins
that were specifically present only in the PHB granule fraction (see
Data Set S1 in the supplemental material), namely, A2001, A0232,
A0671, and B1632, with eYFP and constitutive expression con-
firmed that all of them are PHB granule bound in vivo (Fig. 2B).
We conclude that A2001, A0232, A0671, and B1632 represent
novel PGAPs in R. eutropha H16.

Most of the previously described intracellular PHB depoly-
merases and 3-hydroxybutyrate oligomer hydrolases are not
part of the PHB granule proteome. Only one of the previously
described intracellular PHB depolymerases, PhaZa1 (A1150), was
specifically present in high abundance in the PHB granule frac-

FIG 2 Subcellular localization of R. eutropha protein fusions. (A) Subcellular localization of control proteins. Columns (from left to right): 1, cells expressing
eYFP alone without a fused protein; 2, cells expressing soluble hexaprenyltranstransferase (A3253); 3, cells expressing the soluble 3HB oligomer hydrolase PhaZc;
4, cells expressing membrane-bound ECF anti-sigma factor (A2924); 5, cells expressing cell pole-localized methyl-accepting chemotaxis protein (B0232). The bar
(top left) corresponds to 2 �m. (B) Subcellular localization of PHB granule-associated proteins. Columns (from left to right): 1, PhaZa1; 2, A0225; 3, A2001; 4,
A0671; 5, B1632. Note the soluble, cell membrane-specific localization, or cell pole-specific localization of control proteins in panel A and colocalization of PHB
granules with eYFP for all fusion proteins in panel B. The colocalization of fusion proteins with PHB granules was confirmed by identification of translucent PHB
granules using phase-contrast microscopy and by observation of eYfp fluorescence of Nile red-stained cells (not shown). The bar corresponds to 2 �m. All cells
were imaged after staining with Nile red (top rows) or without staining (bottom rows), showing the eYFP fluorescence without cross talk between fluorescence
channels. The cells of all strains were grown in NB-gluconate medium, and after 4 h of growth, samples were taken for microscopy.
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tion, and 17 or 21 peptide fragments were identified there (see
Data Set S1 in the supplemental material). In two of the three
replicates, 2 or 4 peptides of A1150 were detected in the soluble
fraction, which indicates minor contamination of the soluble frac-
tion by the PhaZa1 protein. The other four PhaZa isoenzymes
(PhaZa2 to PhaZa5) were not identified in any fraction, suggesting
that none of the PhaZa2 to PhaZa5 proteins is detectably ex-
pressed under the applied conditions (late exponential phase of
growth on NB-gluconate). The other two putative intracellular
PHB depolymerases (PhaZd1 and PhaZd2), which have high PHB
depolymerase activity when artificially expressed, were also not
detected or were present only in trace amounts in some fractions,
and this result is in line with previous data (13, 14, 39). In contrast,
the two previously described intracellular 3-hydroxybutyrate
oligomer hydrolases (PhaZb and PhaZc) were substantially ex-
pressed but were not specifically present in the PHB fraction.
PhaZb was mainly in the membrane fraction (with traces in the
soluble and PHB granule fractions), and PhaZc was exclusively
present is the soluble fraction. The latter finding was confirmed by
fusion analysis with eYFP, as described above. These data indicate
that PhaZa1 is the only known PHB depolymerase that is bound to
PHB granules in vivo in NB-gluconate-grown cells.

Comparison of the PHB granule proteome from NB-gluco-
nate-grown cells with that of gluconate-mineral-medium-
grown cells. R. eutropha reproducibly accumulates PHB during
growth on NB or NB-gluconate medium with a maximum be-
tween 8 h and 12 h (30 to 50% of cell dry weight) after inoculation.
The accumulated PHB is reutilized (mobilized) in the stationary
growth phase, and after 48 h, most of the accumulated PHB has
been consumed. In contrast to this, R. eutropha accumulates
much larger amounts of PHB in gluconate mineral salts medium
(usually about 70 to 80% of cell dry weight), but only a portion of
the accumulated PHB is mobilized in the stationary growth phase.
Even incubation of PHB-rich cells in ammonium-containing
fresh mineral salts solution did not lead to complete mobilization
of PHB within 48 h (15, 16). One reason for this difference could
be that R. eutropha synthesizes different amounts or different
types (or a mixture of both) of intracellular PHB depolymerases
during growth on fructose mineral salts medium in comparison to
NB-gluconate medium. To determine a potential quantitative or
qualitative difference in the PHB granule proteome, we grew R.
eutropha in glucose mineral salts medium until the end of expo-
nential growth and isolated PHB granules by two glycerol gradient
centrifugation and subsequent washing steps. The granules iso-
lated from mineral salts medium are referred to here as MM-PHB
granules in contrast to the NB-PHB granules of NB-gluconate
medium. Replicates using the same amount of proteins (�50 �g)
solubilized from the isolated MM-PHB granules compared to NB-
PHB granules were subjected to SDS-PAGE and subsequent pro-
teome analysis. To allow a direct and quantitative comparison, the
determination of the NB-PHB granule proteome was repeated,
and both fractions (NB-PHB and MM-PHB) were analyzed di-
rectly one after the other. Remarkably, the same 12 (plus 4) pro-
teins that had been identified as associated with NB-PHB granules
were also present in the MM-PHB granule fraction (Table 2; see
Data Set S2 in the supplemental material). No other proteins with
postulated functions in PHB metabolism were identified in sub-
stantial amounts in the MM-PHB fraction (e.g., PHB depoly-
merases other than PhaZa1 or 3HB oligomer hydrolases). How-
ever, the abundance of the MM-PHB granule-associated proteins

was significantly lower than that of NB-PHB granule-associated
proteins (Table 2). In particular, the most abundant proteins of
NB-PHB granules, the two major phasins PhaP1 and PhaP2, were
present in more than 1 order of magnitude higher abundance in
NB-PHB granules than in MM-PHB granules. The differences in
abundance of the other PGAPs varied from 0.9- to 7.5-fold (Table
2 shows details; see Data Set S2 in the supplemental material).

A0671 and B1632 have minor, yet detectable, functions in
PHB mobilization. The amino acid sequences of the A0671 and
B1632 gene products are similar and have a PHB synthase/depoly-
merase signature. Both proteins have a putative lipase box with a
central cysteine (Fig. 3). It is unlikely that the A0671 and B1632
gene products have significant PHB synthase activity, as mutants
in the major PHB synthase (PhaC1) are no longer able to synthe-
size and to accumulate PHB. We therefore speculated that A0671
and B1632 more likely represent PHB depolymerases. To find ev-
idence for the involvement of the two proteins in PHB metabo-
lism, we deleted A0671 and B1632 and constructed a double mu-
tant with deletion of both genes. The wild type, the single mutants
(�A0671 or �B1632), and the double mutant (�A0671 and
�B1632) were grown in NB-gluconate medium, and growth and
PHB contents were determined. As is evident from Fig. 4A, all the
strains did not differ significantly in growth and PHB accumula-
tion. When the PHB accumulation rates of the strains were calcu-
lated from the data during the exponential growth phase, compa-
rable rates of 3.4 to 3.7% (cell dry weight) accumulated PHB per
hour were determined for all the strains, indicating that neither
A0671 nor B1632 contributed significantly to the PHB synthase
activity (Fig. 4C, top). However, a small difference in PHB content
during the mobilization phase (t 
 12 to 48 h) was determined for
the mutants: both single mutants and the double mutant were able
to mobilize previously accumulated PHB, but the residual PHB
contents were slightly higher than in the wild type. In particular,
the PHB content of the double mutant was considerably higher
than that of the wild type (Fig. 4B). When the mobilization of
accumulated PHB was quantified by determination of the PHB
degradation rates in the stationary growth phase, the rates for the
three mutants were lower (0.82 to 0.90% [cell dry weight] mobi-
lized PHB per hour) than for the wild type (1.12% [cell dry
weight] mobilized PHB per hour) (Fig. 4C). These results show
that the ability to mobilize previously accumulated PHB was re-
duced in the mutants and suggest that A0671 and B1632 partially
contribute to PHB-mobilizing activity.

DISCUSSION

A surprisingly high number (18) of PHB granule-associated pro-
teins with proven or postulated functions in PHB metabolism
were previously described or postulated for R. eutropha. These
PGAPs are the PHB synthase PhaC1 (16–18, 46, 47); seven phasin
proteins (PhaP1 to PhaP7) (13, 19–21, 38, 43); seven intracellular

FIG 3 Amino acid alignment of the lipase box-like sequences of A0671 and
B1632. The lipase box-like sequences and four adjacent amino acids of the
A0671, B1632, and Avin03910 proteins were aligned. Note that the central
amino acid of the GXSXG/A lipase box motif is a cysteine in all three se-
quences.
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PHB depolymerases (PhaZ1 to PhaZ7 or PhaZa1 to PhaZa5,
PhaZd1, and PhaZd2) (2, 11, 16, 22, 23, 37, 48–52); two 3-hy-
droxybutyrate oligomer hydrolases (PhaZb, PhaZc, or PhaYs) (24,
53, 54); and the second PHB synthase, PhaC2 (2, 9, 27–29, 38).
The function and biological activity of PhaC2 are not known, but
the protein is attached to PHB granules in vivo after overexpres-
sion as a fusion with eYFP (38). In addition, PhaR and PhaM raise
the number of PGAPs to 20. The latter can also bind to DNA, in
addition to PHB (19, 20, 22, 30), and therefore must have multiple
in vivo localizations, as described in Results. However, for most of
the PhaZa PHB depolymerase isoenzymes, except for PhaZa1 and
the two 3-hydroxybutyrate oligomer hydrolases (PhaZb and
PhaZc), there is no or only poor evidence that they are bound to
PHB granules in vivo. We (in a recent study) and others have
shown that PhaZd1 and PhaZd2 are attached to PHB granules in
vivo and represent two highly active intracellular PHB depoly-
merases when expressed from the constitutive phaC promoter
(13, 39). However, neither PhaZd1 nor PhaZd2 was significantly
expressed in the wild type in NB-gluconate-grown cells. In only
one of the proteome replicates in this study, three PhaZd2-specific
peptide fragments were detected in the membrane fraction. In
conclusion, the composition of the PHB granule proteome, i.e.,

the true number of PGAPs in vivo in R. eutropha, is not known,
and probably, some of the postulated PHB depolymerases or 3HB
oligomer hydrolases are not bound to PHB granules, at least dur-
ing cultivation on NB-gluconate medium.

When we recently determined the proteome of isolated PHB
granules from R. eutropha, we identified more than 400 different
proteins (29). Besides previously known PHB granule-associated
proteins, we found a large number of proteins that are annotated
as (putative) OMPs or that are typical soluble proteins, such as
malate dehydrogenase. Presumably, isolated PHB granules are
contaminated by proteins of other cell fractions. On the other
hand, proteins can be misannotated in databases, and, for exam-
ple, a postulated membrane or postulated outer membrane pro-
tein could be part of the surface layer of PHB granules in reality.
This is more likely to be the the case, since there is a scientific
debate as to whether the PHB surface layer consists of a phospho-
lipid monolayer in which proteins such as phasins, PHB synthase,
and PHB depolymerase are embedded (8, 27–29, 55, 56) or
whether the granule surface consists only of proteins. Moreover,
recent studies on PGAPs in H. seropedicae (30), in Synechocystis sp.
(W. Hauf and K. Forchhammer, personal communication), and
in Azotobacter vinelandii (G. Espin, personal communication)

FIG 4 Growth and PHB contents of R. eutropha wild-type (WT) and mutant cells. (A) Cells of the indicated strains were grown on NB-gluconate medium. At
selected time points, samples were taken, and the OD600 and PHB content were determined. (B) Determination of PHB content was repeated for the R. eutropha
H16 wild type and double mutant (�A0671 and �B1632) with more data points in the mobilization phase. Two to four biological replicates, each with two
technical replicates, were performed. (C) The PHB accumulation rate (0 to 12 h) and PHB mobilization rate (12 to 48 h) were calculated from all replicates of the
experiments shown in panels A and B and expressed as percent (cellular dry weight) PHB accumulated/mobilized per hour. The error bars indicate standard
deviations.
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also revealed the presence of OMPs or other proteins with no
obvious function in PHB metabolism. Therefore, we could not
exclude the possibility that at least some of the identified putative
OMPs were misannotated and represent PGAPs. However, con-
vincing evidence for true in vivo localization of these apparently
non-PHB-related proteins on the PHB surface layer is presently
not available.

In this study, we chose an extensive proteome approach for the
identification of true PGAPs and performed a comparative pro-
teome analysis of four separated subcellular fractions. In sum, of
2,264 proteins of all fractions, only 12 were specifically present in
the PHB granule fraction (16 if PhaP1, PhaC1, PhaR, and PhaM
are included) and were not significantly detected in any other
fraction. The last four proteins all have a well-established function
in PHB metabolism, and convincing data exist that they are at-
tached to PHB granules in vivo (12, 19, 22, 36, 38, 40, 57). The PHB
synthase (PhaC1) is constitutively expressed and forms an initia-
tion complex consisting of at least PhaM, PhaC1, and the nucle-
oid. This explains why a portion of the PhaC1 molecules is present
in other cell fractions than PHB. The detection of PhaP1-derived
peptides in other fractions than the PHB granule fraction proba-
bly is a consequence of the extremely high expression level of the
PhaP1 protein under PHB-permissive conditions. PhaP1 contrib-
utes approximately 5% of the total proteins and the phaP1 tran-
script is permanently translated under PHB-permissive condi-
tions, and this results in a fraction of PhaP1 molecules that have
not yet bound to PHB granules. Eight out of the 12 PHB granule-
specific proteins represent previously identified proteins of PHB
metabolism. The phasin PhaP1 was by far the most abundant
protein in the PHB granule fraction, as revealed by quantification
of the ion counts of all PhaP1-specific peptide fragments in the
average of all replicates (Table 2; see Data Set S2 in the supplemen-
tal material). The second- and third-most-abundant proteins
were also phasins (PhaP2 and PhaP4). The PHB synthase PhaC1
was only the sixth-most-abundant protein. Similar differences in
the expression of PHB synthase and phasins were determined by
transcriptional analysis or quantitative Western blot analysis in
previous works (41, 58–60). However, the culture conditions and
the time points of sampling were different from those in our study.

Four novel proteins were identified in the PHB granule frac-
tion in this study. Two of them (B1632 and A671) are putative �/	
hydrolases with PHB synthase/depolymerase signatures, and they
show high amino acid similarity to each other (42% identity and
62% similarity). Interestingly, A0671 and B1632 are also similar
to a putative intracellular PHB depolymerase of A. vinelandii
(Avin03910; D. Segura and L. Adaya, personal communication).
An insertion mutant in Avin03910 accumulates more PHB than
the wild type, and this is in agreement with a putative function as
an intracellular PHB depolymerase. We speculate that A0671 and
B1632, as well as Avin03910, could represent a novel type of intra-
cellular PHB depolymerase and could be responsible for the re-
maining PHB-degrading activity of �phaZa1 mutant strains (16,
42). Although B1632 and A0671 are not related in amino acid
sequence to the PHB depolymerase PhaZa1, the proteins share
similar lipase box-like sequences with a putative active-site cys-
teine (Fig. 3). Determination of the PHB content of A0671 or
B1632, or both, gene deletion mutants in comparison to the wild
type showed slightly decreased PHB mobilization rates (Fig. 4). In
summary, our data indicate that PHB granules of NB-gluconate-
grown R. eutropha cells have two other PHB depolymerases

(A0671 and B1632) that could contribute to the PHB mobilization
ability of R. eutropha, in addition to PhaZa1 (22, 37, 43, 61). How-
ever, B1632 and A0671 do not have amino acid similarities to
PhaZa1 or to other known intra- or extracellular PHB depoly-
merases and probably represent—together with Avin03910 —a
novel type of intracellular PHB depolymerase with high molecular
mass (80 to 90 kDa). We suggest the classification of B1632 and
A0671 (and Avin03910) in a new subgroup of intracellular PHB
depolymerases (subgroup PhaZe) according to the published lit-
erature. We tentatively designate the gene products PhaZe1
(A0671) and PhaZe2 (B1632).

The genomic context of B1632 is of special interest. The B1632
gene is located close to three other open reading frames, and
B1632 to B1629 apparently form an operon (Fig. 5). The genes
adjacent to B1632 are a predicted phosphate acetyltransferase
gene (phosphotransacetylase; pta1; B1631), a putative acetate ki-
nase gene (ackA; B1630), and a putative enoyl-reductase gene
(fabI2; B1629). All three gene products were expressed in NB-
gluconate-grown cells (see Data Set S1 in the supplemental mate-
rial). A similar gene cluster with the same annotation of genes is
present in many genome-sequenced proteobacterial species, in-
cluding A. vinelandii. The cysteine-containing lipase box of the
B1632 gene product and its similarity to an intracellular A.
vinelandii PHB depolymerase suggest that B1632 is a thiolytic
PHB depolymerase cleaving PHB to 3HB-CoA, similar to PhaZa1
(37, 61). Expression of the complete B1629-to-B1632 operon
could constitute a pathway leading from 3HB-CoA to 3HB-phos-
phate (via Pta1), and subsequently, ATP could be generated via a
(nonspecific) acetate kinase (AckA) reaction, assuming that Pta1
and AckA accept substrates longer than C2 compounds. 3HB
would be the reaction product and could be excreted. Excretion of
considerable amounts of 3HB by R. eutropha was described many
years ago (62). Alternatively, PHB could be thiolytically cleaved
and dehydrated to crotonyl-CoA, as was shown for PhaZa1 (61),
and subsequently reduced to butyryl-CoA via FabI2 or via an acyl-
CoA dehydrogenase, many of which are present in the R. eutropha
genome. Butyryl-CoA could be converted to butyryl-phosphate
(via nonspecific Pta1), and finally, ATP and butyrate would be
formed in an acetate-kinase analogue reaction. Butyrate is also a
product that can be secreted by R. eutropha in substantial
amounts. Formation of ATP via the phosphate acetyltransferase
and acetate-kinase reaction could also take place using the 3HB-
CoA/crotonyl-CoA formed by the PhaZa1-catalyzed thiolytic re-
action. In this context, “old knowledge” from the late 1970s
should be recalled, namely, that growth of R. eutropha under ox-
ygen limitation stimulates formation of PHB and expression of
fermentation enzymes, such as NAD-dependent dehydrogenases
(63, 64). As a consequence of oxygen limitation, fermentation
products, such as ethanol, 2,3-butanediol, and lactate, are formed.
It has also long been known that R. eutropha can produce and
excrete acids, in particular, 3-hydroxybutyrate and butyrate (62,
65), and this finding could have its explanation in the expression
of the B1632-to-B1629 operon.

FIG 5 Genomic context of B1632 in R. eutropha H16. A part of the annotated
genome of R. eutropha H16 (B1628 to B1632) is shown. B1632 to B1629 ap-
parently form an operon.
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The other two new PHB granule-specific proteins (A2001 and
A0225) were present in comparably low abundance (less than the
phasins PhaP1 to Pha5, the PHB synthase PhaC2, and PHB de-
polymerases) but had a higher abundance than PhaP6, PhaP7, and
the second PHB synthase, PhaC2. The ion counts of the last three
proteins were 1 to 3 orders of magnitude lower than those of the
other PHB-specific proteins. The in vivo colocalization of A2001
and A0225 with PHB granules was confirmed by construction of
fusion proteins with eYFP (Fig. 2), but their functions in PHB
metabolism remain obscure. The A0225 protein (a putative phos-
pholipase) could be involved in the removal/cleavage of phospho-
lipids from PHB granules, but a function in the biosynthesis of
phospholipids in the hydrophobic surroundings of the PHB sur-
face or an involvement of A0225 in attachment of PHB granules to
DNA cannot be excluded at this stage. In this context, an interest-
ing phenotype has been described for a transposon mutant of
Legionella pneumophila. In this species, a patatin-like phospho-
lipase gene forms an operon with a 3-hydroxybutyrate dehydro-
genase gene. A mutant with an insertion in the 3HB dehydroge-
nase gene resulted in impaired expression of both genes of the
operon and in decreased phospholipase activity. Interestingly,
mutant cells of L. pneumophila revealed an increased PHB content
(66). It is not clear whether this finding was a consequence of
reduced expression of the 3HB dehydrogenase gene, the patatin-
like phospholipase gene, or both genes.

Eight of the first 20 most abundant proteins in isolated PHB
granules of R. eutropha were proteins with established functions in
PHB metabolism (see Data Set S2 in the supplemental material),
and 8 other proteins represent putative OMPs (see above). How-
ever, none of the last eight proteins were specific to the PHB gran-
ule fraction, and they were also detected in at least one other cell
fraction. These proteins presumably bind artificially to PHB gran-
ules after disruption of the cells and apparently do not belong to
the PHB granule proteome sensu stricto. However, analysis of fu-
sion proteins of outer membrane proteins with fluorescent pro-
teins have not yet been performed to test this assumption.

Analysis of the PHB proteome of MM-gluconate cells revealed
the presence of the same 14 PHB-specific proteins detected in
NB-gluconate cells. However, the relative abundances of most of
these proteins were significantly lower in MM-PHB granules than
in NB-PHB granules (Table 2; see Data Set S2 in the supplemental
material). In particular, the ion counts for peptides of the phasins
PhaP1 and PhaP2 were more than 1 order of magnitude lower in
MM-PHB granules. The different concentrations of proteins of
the PHB granule fraction cannot be caused by differences in gel
loading during electrophoresis. First, care was taken that the
amounts of loaded material were the same for all samples, and
second, a number of proteins identified in the PHB granule fraction
from gluconate-mineral salt medium-grown cells were present in sig-
nificantly higher concentrations than in NB-gluconate PHB granules.
For illustration, proteins with 2- to 4-fold-higher concentrations in
fructose-MM-PHB granules are listed at the bottom of Table 2 (ital-
ics). None of these proteins belonged to the proteins specifically pres-
ent in the PHB granule fraction. The presence of proteins at higher
and at lower concentrations in the two different PHB granule prepa-
rations shows that differences in protein concentrations are not
caused by differences in the amounts of loaded proteins but reflect
different protein compositions of PHB granule fractions. The gener-
ally low abundance of PHB depolymerase proteins among MM-PHB
granule proteins could be one explanation of why mobilization of

PHB in mineral salts medium is much slower than mobilization
of PHB in NB-grown cells. Determination of the functions of the
novel PHB granule-associated proteins will be the subject of future
studies.
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