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ABSTRACT In this study, we screened poly(3-hydroxybutyrate) (PHB) synthase
PhaC1 and PHB depolymerase PhaZa1 of Ralstonia eutropha for the presence of
phosphorylated residues during the PHB accumulation and PHB degradation phases.
Thr373 of PHB synthase PhaC1 was phosphorylated during the stationary growth
phase but was not modified during the exponential and PHB accumulation phases.
Ser35 of PHB depolymerase PhaZa1 was identified in the phosphorylated form dur-
ing both the exponential and stationary growth phases. Additional phosphosites
were identified for both proteins in sample-dependent forms. Site-directed mutagen-
esis of the codon for Thr373 and other phosphosites of PhaC1 revealed a strong
negative impact on PHB synthase activity. Modifications of Thr26 and Ser35 of
PhaZa1 reduced the ability of R. eutropha to mobilize PHB in the stationary growth
phase. Our results show that phosphorylation of PhaC1 and PhaZa1 can be impor-
tant for the modulation of the activities of PHB synthase and PHB depolymerase.

IMPORTANCE Poly(3-hydroxybutyrate) (PHB) and related polyhydroxyalkanoates (PHAs)
are important intracellular carbon and energy storage compounds in many prokaryotes.
The accumulation of PHB or PHAs increases the fitness of cells during periods of star-
vation and under other stress conditions. The simultaneous presence of PHB syn-
thase (PhaC1) and PHB depolymerase (PhaZa1) on synthesized PHB granules in Ral-
stonia eutropha (alternative designation, Cupriavidus necator) was previously shown
in several laboratories. These findings imply that the activities of PHB synthase and
PHB depolymerase should be regulated to avoid a futile cycle of simultaneous syn-
thesis and degradation of PHB. Here, we addressed this question by identifying the
phosphorylation sites on PhaC1 and PhaZa1 and by site-directed mutagenesis of the
identified residues. Furthermore, we conducted in vitro and in vivo analyses of PHB
synthase activity and PHB contents.

KEYWORDS PHB accumulation, PHB synthase, PhaZa1, phosphorylation, Ralstonia
eutropha, PHB metabolism

The ability to synthesize polyhydroxyalkanoates (PHAs) is a widespread feature of
(aerobic) prokaryotes. They accumulate during periods of imbalanced growth, in

the presence of excess suitable carbon, in the absence of nitrogen or phosphorous
sources, or under oxygen-limiting conditions (1–3). PHAs are synthesized as water-
insoluble granules approximately 200 to 500 nm in diameter. A thin surface layer (3- to
4-nm thickness) consisting of up to 14 species-specific proteins covers the polymer core
of the poly(3-hydroxybutyrate) (PHB) granules (4–6). For an excellent overview on PHA
granule structure and biotechnological applications see reference 7.

The proteins of the PHB surface layer in Ralstonia eutropha are divided into several
functional groups and include (i) the PHB synthases (PhaCs) (8, 9), (ii) the PHB depoly-
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merases (PhaZs) (10–12), (iii) the phasins (PhaPs) (13–17), proteins with (iv) regulatory
(PhaR) (18, 19) and (v) activating (PhaM) (20–22) roles, and (vi) proteins with unknown
functions (5). The PHB synthase (PhaC1) and PHB depolymerase (PhaZa1) proteins are
the two key enzymes in R. eutropha responsible for the biosynthesis and degradation
(mobilization) of PHB, respectively. Remarkably, both proteins are constitutively present
during all stages of growth (5, 23, 24). Their presence implies that the activities of PHB
synthase and PHB depolymerase should be regulated to avoid a futile cycle of simul-
taneous PHB synthesis and PHB degradation. The covalent modification of proteins,
such as the phosphorylation of specific residues, is a well-known cellular tool for
modifying the activity of enzymes. The phosphorylation status of PHB synthase or PHB
depolymerase has not been investigated. In this contribution, we examined whether
the accumulation and mobilization of PHB by PHB synthase and PHB depolymerase
could be altered by phosphorylation.

RESULTS
PhaC1 is phosphorylated during the stationary growth phase in nutrient

broth-grown cells. The PHB synthase gene (phaC1) was fused with the enhanced
yellow fluorescent protein (eyfp) gene in a plasmid and transformed into a ΔphaC1
background of R. eutropha. PHB synthesis in the ΔphaC1 background is restored by this
plasmid (22). Pulldown experiments were performed using nutrient broth (NB)-
gluconate-grown R. eutropha ΔphaC1 cells harboring the phaC1-eyfp fusion plasmid.
When these cultures were harvested in the exponential growth phase (6 h after
inoculation, PHB accumulation), no phosphorylation sites were detected in two inde-
pendent experiments. Thus, no phosphorylation could be detected on actively PHB-
synthesizing PhaC1 protein. In contrast, the residue T373 was phosphorylated in every
sample at the stationary phase (24 h after inoculation). At this time point, PHB was no
longer synthesized, and the cells degraded previously accumulated PHB. In addition,
peptides with phosphorylated T30, T94, and T109 of PhaC1 were identified in lysates of
cells harvested at the stationary phase in two of three experiments. The residues S10,
T11, S16, S149, S178, T191, S196, and T198 were identified as phosphorylation sites in
only one experiment (Table 1). We conclude that PhaC1 is present in a multiphospho-
rylated state during the stationary growth phase. Residue T373 appears to be the most
essential residue because it was detected in the phosphorylated form in all repetitions.
Furthermore, residue T373 is the only phosphorylated residue located in the C-terminal
catalytic domain of PhaC1. Two different groups independently crystalized PhaC1 and
determined the 3-dimensional structure (25) (26, 27). The four amino acids before and
after T373 of PhaC1 could not be resolved (25), suggesting that the region around T373
does not have a defined structure and might be flexible. The structure solved by the
other group revealed the presence of a loop around the T373 location, a finding that
would also be in agreement with a high degree of flexibility of the region around T373.
However, the rationale for choosing T373 for a detailed analysis will be explained later.
Interestingly, cells grown on fructose-mineral medium exhibited no phosphorylation

TABLE 1 Summary of all PhaC1 phosphorylation sites found in pulldown experiments

PhaC1 expt no.
Proteome analysis
sitea Medium

Phosphorylation site during growth atb:

Exponential
phase Stationary phase

Undetermined
growth phase

1 Hohenheim NB —d — T30, T373
2 Hohenheim NBc — S10, T11, S16, T30, T94, T109, T373,

S178, S196, T198
—

3 Tübingen NBc — T94, T109, S149, T191, T373 —
4 Hohenheim MSMe — — —
aAnalyses were performed by the core facilities of the University Stuttgart Hohenheim (Hohenheim) or the University of Tübingen (Tübingen).
bBold type indicates phosphosites that were identified at least twice.
cExponential and stationary phases refer to the 6-h and 24-h time points, respectively.
d—, no phosphorylation detected.
eExponential and stationary phases refer to the 22-h and 96-h time points, respectively.
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(regardless of whether the samples were taken at the exponential or the stationary
growth phase) (Table 1).

Phosphomimetic T373D PhaC1 mutein has reduced PHB synthase activity. We
exchanged the threonine codon of residue 373 in PhaC1 to aspartate; the introduction
of a negative charge mimics phosphorylation at this position. The purified T373D
protein had a similar circular dichroism (CD) spectrum to that of the wild-type (WT)
protein, suggesting no changes in the structure of the T373D protein (see Fig. S1 in the
supplemental material). Upon the testing of the T373D mutein, we could not detect
PHB synthase activity in the first 8 min of the assay (Fig. 1A). In comparison, the
wild-type PhaC1 protein had almost wholly polymerized the available substrate during
the same period. Only after a more extended incubation with 3-hydroxybutyryl-
coenzyme A (3-HB-CoA), the T373D mutein showed detectable (low) PHB synthase
activity (data not shown). When the concentration of the PHB synthase was increased
10-fold to 1.3 �M, the lag phase of the wild-type (WT) protein was absent. In contrast,
the PHB synthase activity of the PhaC1 T373D mutein was clearly detectable at 1.3 �M
but only after a lag phase of at least 1 min and with a lower specific activity compared
to that of the wild-type protein at the same concentration (Fig. 1B). A negative charge
at position 373 strongly diminished the activity under the applied assay conditions. To
determine whether the reduced activity was caused by the negative charge, we
changed the phaC1 codon at position 373 to an asparagine codon and purified the
resulting T373N mutein. Upon testing the T373N mutein, we detected low PHB syn-
thase activity. The activity was higher than with the T373D mutein but was strongly
reduced in comparison to that of the wild type (Fig. 2). Replacing the 373 threonine
residue with alanine resulted in a strongly reduced state with detectable PHB synthase
activity. The behavior is similar to that of the T373D mutant (Fig. 2). Lastly, we
exchanged the T373 codon for glutamate and determined the activity of the purified
T373E mutein. The activity was considerably reduced compared to that of the wild type
but was higher than that for the T373D/N/A muteins (Fig. 2). In summary, the phos-
phomimetic T373D mutein resulted in the loss of most of its PHB synthase activity, but
changing the residue at 373 to other residues also altered PHB synthase activity.

T373D and other PhaC1 muteins are still activated by PhaM. It is well known that
PHB synthase of R. eutropha in vitro has a lag phase of several minutes before the
reaction begins and proceeds with maximal activity (28). However, in the presence of
the multifunctional protein PhaM (20, 21, 29), which is attached to PHB granules in vivo,
the lag phase of the PhaC1-catalyzed reaction is abolished, and the specific activity of
PhaC1 is increased approximately 3-fold. To test whether the PhaC1 T373 muteins still
respond to the presence of PhaM, we repeated the activity determinations of PhaC1
T373 muteins in the presence of purified PhaM. As shown in Fig. 2, the presence of
PhaM reduced the lag phase of all PhaC1 muteins. Even the PhaC1 mutein with the

FIG 1 In vitro PHB synthesis by purified His6-PhaC1. A discontinuous PHB synthase assay was performed
using purified PHB synthase muteins His6-PhaC1WT or His6-PhaC1T373D in the absence of PhaM. (A) With
130 nM His6-PhaC1WT or His6-PhaC1T373D, the lag phase of PhaCT373D is approximately 7 min longer than
the lag phase of PhaC1WT. (B) With 1.3 �M His6-PhaC1WT or His6-PhaC1T373D, the lag phase of PhaCT373D

is approximately 1 min longer than the lag phase of PhaC1WT. Results were obtained from triplicates;
error bars show the standard deviations.
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phosphomimetic substitution (T373E) showed higher activity in the presence of PhaM
than wild-type PhaC1 in the absence of PhaM. However, the activities of the PhaC1
muteins with PhaM differed among each other in the same sequential order as in the
absence of PhaM. We conclude that residue 373 is not involved in the interaction of
PhaC1 with PhaM or in the activation of PhaC1. However, the nature of residue 373
seems to be necessary for the general activity of the enzyme and determines the extent
of the lag phase in vitro (Fig. 2).

Single mutations of PhaC1 phosphosites have no detectable effect on PHB
accumulation or PHB mobilization in vivo. The results described above clearly
demonstrate that mutating the phosphosite T373 to other residues reduced the PHB
synthase activity of the purified protein in vitro. To evaluate whether these mutations
also influence the accumulation of PHB in vivo, we investigated the formation of PHB
in R. eutropha ΔphaC1 harboring a phaC1-containing plasmid with or without muta-
tions. The following phaC1 variant genes were tested: phaC1 (WT), phaC1 (T373D),
phaC1 (T373N), and phaC1 (T373A). All plasmids had a pBBR1MCS2 backbone, and the
phaC1 variant genes were cloned as fusions with eyfp under the control of the
endogenous phaC1 promoter.

No substantial differences in PHB granule number, size, or eYFP-PhaC1 colocaliza-
tion occurred at 0, 2, 4, 6, 8, 10, and 24 h of growth (data not shown). The growth was
monitored photospectroscopically, but no difference between the various strains was
observed (see Fig. S2). We conclude that the constructed single phaC1 T373 mutation
caused no significant differences in the PHB contents during growth on NB-gluconate
medium. However, a microscopic inspection of cells for PHB content is imprecise;
therefore, we repeated the experiments with several selected strains. This time, the PHB
content in samples taken during accumulation and mobilization was measured via gas
chromatography; however, no significant differences were detected in PHB contents
between the wild-type and the cells with T373 mutations (T373A, T373D, and T373N)
(Fig. 3).

Combined PhaC1 phosphosite mutations decreased PHB accumulation in vivo.
Three additional phosphorylated residues were detected in two independent pulldown
experiments: T30, T94, and T109. Therefore, a phosphomimetic mutation and a non-
phosphorylatable mutation for each of these residues were generated and introduced
into R. eutropha ΔphaC1 to study the role of each phosphosite. As it was observed that
the addition of PhaM could rescue the activity of PhaC1 T373 muteins in vitro, plasmids
were also conjugated to a double deletion mutant of R. eutropha lacking both phaC1

FIG 2 In vitro PHB synthesis by purified His6-PhaC1. A discontinuous PHB synthase assay was performed
using purified PHB synthase mutants His6-PhaC1WT, His6-PhaC1T373A, His6-PhaC1T373D, His6-PhaC1T373E, or
His6-PhaC1T373N (each 150 nM) in the presence or absence of 150 nM His6-PhaM. Results were obtained
from triplicates; error bars show the standard deviations.
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and phaM. All these strains were grown on NB medium with 0.2% gluconate and
analyzed for PHB content and localization. Samples were taken after 0, 2, 4, 6, 8, 10, and
24 h of growth; none showed a significant difference compared to the wild type (see
Table S1). Differences in the PHB contents can also lead to differences in the optical
densities. Therefore, the growth curves of these strains were documented (see Fig. S4).
However, all growth curves perfectly overlaid with that of the wild type. Consequently,
we hypothesized that multiple phosphorylations of PhaC1 may be necessary to regu-
late the activity of PhaC1 and to provoke a detectable effect on PHB accumulation in
vivo.

To investigate the effect of the simultaneous mutagenesis of different phosphory-
lation sites, we combined the mutations for all phosphorylated residues detected at
least twice in independent experiments on a single phaC1 gene. The optical density at
600 nm (OD600) was determined during growth, but no significant difference between
cells harboring wild-type PhaC1 and the combined mutant strains was observed (see
Fig. S3A). The PHB contents of R. eutropha strains harboring PhaC1 (T30D plus T94D
plus T109D plus T373D) were slightly lower than that of the wild type. However, a
significantly reduced PHB content was only seen in samples taken during the PHB
accumulation phase (after 4 h of growth). In contrast, cells containing PhaC1 (T30N plus
T94N plus T109N plus T373N) had the same PHB content as the wild type during all
growth phases (Fig. S3B). The experiment was repeated with these two strains by
harvesting the cells at more time points during PHB accumulation to ensure that the
observed difference at the 4-h time point between the PhaC1 (T30D plus T94D plus T109D
plus T373D) and PhaC1 wild type can be observed during the whole PHB synthesis period.
Indeed, after 1, 2, 4, and 6 h of growth, the PHB contents of cells harboring PhaC1 (T30D
plus T94D plus T109D plus T373D) were significantly lower than the PHB content of cells
with wild-type PhaC1. The results confirm that combined phosphomimetic mutations of
PhaC1 downregulate PHB synthase activity in vivo (Fig. 4).

Residue S35 of PHB depolymerase PhaZa1 is phosphorylated. Analog pulldown
experiments as described above for eYFP-PhaC1 were performed for R. eutropha
ΔphaZa1 cells that harbored a plasmid carrying an eyfp-phaZa1 fusion. One residue
(S35) was identified in the phosphorylated form in the pulldown samples of all
experiments, regardless of during which growth phase or from which medium the
sample was taken. Residues T28 and T26 were additionally identified in phosphorylated
forms in two and one of four replicates, respectively (Table 2).

R. eutropha strains harboring a phosphomimetic T26D or S35D PhaZa1 mutein
are reduced in PHB mobilization efficiency. The identification of phosphorylated
residues in the PHB depolymerase polypeptide suggested that the activity of PhaZa1
could be regulated by phosphorylation. To find evidence for this hypothesis, we
exchanged the identified residues by site-directed mutagenesis and investigated the
effect of these modifications on PHB metabolism. Unfortunately, the activity of PHB

FIG 3 PHB contents of R. eutropha strains. R. eutropha ΔphaC1 (pBBR1MCS2_PphaC_phaC1_eyfp), R.
eutropha ΔphaC1 (pBBR1MCS2_PphaC_phaC1_T373A_eyfp), R. eutropha ΔphaC1 (pBBR1MCS2_
PphaC_phaC1_T373D_eyfp), and R. eutropha ΔphaC1 (pBBR1MCS2_PphaC_phaC1_T373N_eyfp) were
grown on NB with 0.2% Na gluconate. Results were obtained from biological triplicates; error bars
show the standard deviations.
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depolymerase PhaZa1 cannot be assayed accurately in vitro, because the enzyme
requires the environment of a PHB granule to achieve the correct conformation
enabling activity. The use of isolated native PHB granules as a substrate for in vitro PHB
depolymerase activity determination is limited, as granules isolated from R. eutropha
harbor several PHB depolymerase isoenzymes (for details, see references 5 and 12).
Furthermore, the granules lack the appropriate numbers of phasins and other PHB
granule-associated proteins when PHB granules are isolated from recombinant Esche-
richia coli strains harboring the PHB biosynthetic genes phaCAB. Therefore, the impor-
tance of the identified phosphorylation sites of PhaZa1 for the mobilization of PHB
could be investigated only by an in vivo analysis. To this end, we mutagenized the
identified phosphorylation sites of phaZa1 to aspartate (phosphomimetic) and to
asparagine (not phosphorylatable) codons. The recombinant plasmids with the variant
phaZa1 genes were then conjugatively transferred to R. eutropha ΔphaZa1. The growth
on NB-gluconate medium and the PHB contents were determined for all strains (Fig. 5).
A chromosomal deletion of phaZa1 led to an impairment of PHB degradation during
the stationary growth phase (Fig. 5). The complementation of the chromosomal
deletion of phaZa1 by a wild-type copy of phaZa1 was clearly demonstrated by the
increase of the PHB content up to �40% of the cellular dry weight (cdw) in the first 26
h and the subsequent mobilization of three quarters of this PHB until 48 h to values of
around 10% PHB (see Fig. S5). The strains with the phosphomimetic T26D and S35D
mutations revealed strongly reduced abilities to mobilize accumulated PHB (residual
PHB content �20% of cdw or �50% of the maximum compared to the PHB content at
26 h set to 100%). The strain with the T26N mutation showed near wild-type mobili-
zation activity (PHB content after 48 h, �10% of cdw or �25% of the maximum). The
other strains (with T28D, T28N, and S35N mutations) showed an intermediate pheno-

FIG 4 PHB accumulation of R. eutropha H16 strains during exponential growth. Data represent the PHB
contents of R. eutropha ΔphaC1 (pBBR1MCS2_PphaC_phaC1_eyfp) and R. eutropha ΔphaC1 (pBBR1MCS2_
PphaC_phaC1_T30D_T94D_T109D_T373D_eyfp) grown on NB medium with 0.2% gluconate. Results were
obtained from biological triplicates; error bars show the standard deviations.

TABLE 2 Summary of all PhaZa1 phosphorylation sites found in pulldown experiments

PhaZa1
expt no.

Proteome analysis
sitea Medium

Phosphorylation site during growth atb:

Exponential
phase

Stationary
phase

Undetermined
growth phase

1 Hohenheim NB —d — S35
2 Hohenheim NBc S35 T26, T28, S35 —
3 Tübingen NBc — S35 —
4 Hohenheim MSMe S35 T28, S35 —
aAnalyses were performed by the core facilities of the University Stuttgart Hohenheim (Hohenheim) or the
University of Tübingen (Tübingen).

bBold type indicates phosphosites that were identified at least twice.
cExponential and stationary phases refer to the 6-h and 24-h time points, respectively.
d—, no phosphorylation detected.
eExponential and stationary phases refer to the 22-h and 96-h time points, respectively.
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type, with PHB contents of around or slightly greater than 20% of cdw (�50% of the
maximum at 26 h) (Fig. 5; see also Fig. S6). These data show that a modification of
residue T26 and/or S35 significantly decreased the efficiency of PHB mobilization by the
PhaZa1 variant.

DISCUSSION

The critical enzymes of PHA synthesis (PHA synthase [PhaC1]) and PHA degradation
(PHB depolymerases [PhaZs]) are constitutively expressed and present on the PHB
granules in R. eutropha (23, 24, 30). This expression pattern poses the questions of how
the synthesis and mobilization of carbonosomes are regulated and how a futile cycle
of simultaneous synthesis and degradation is avoided. One possibility is that PHA
synthesis and degradation are controlled by signaling molecules as described in a
previous study (31). An additional possibility could be through allosteric regulation of
PHB synthase and PHB depolymerase activities. Here, we demonstrate that the PHB
synthase and PHB depolymerase can both be phosphorylated.

Remarkably, the phosphorylated peptides of PhaC1 were only detected in samples
harvested during the stationary growth phase on NB medium, thus only during PHB
mobilization. No phosphorylated peptides could be identified in samples harvested at
the exponential growth phase or from cells grown on mineral medium with 2%
fructose. As shown in previous studies, R. eutropha does not degrade PHB under this
condition (24, 31). Phosphorylated peptides of the major PHB depolymerase, PhaZa1,
were identified in samples at all stages of growth and on different media.

In this study, we showed that single mutations of the T373 residue of PhaC1 could
inhibit PhaC1 activity in vitro, but the inhibition can be rescued (partially) by the
presence of PhaM. However, the inhibitory effect of the T373D mutation was not

FIG 5 Growth (A) and PHB contents (B) of R. eutropha ΔphaZa1 (pBBR1MCS2_PphaC_phaZa1_eyfp), R. eutropha
ΔphaZa1 (pBBR1MCS2_PphaC_phaZa1_T26D_eyfp), R. eutropha ΔphaZa1 (pBBR1MCS2_PphaC_phaZa1_T26N_
eyfp), R. eutropha ΔphaZa1 (pBBR1MCS2_PphaC_phaZa1_T28D_eyfp), R. eutropha ΔphaZa1 (pBBR1MCS2_
PphaC_phaZa1_T28N_eyfp), R. eutropha ΔphaZa1 (pBBR1MCS2_PphaC_phaZa1_S35D_eyfp), and R. eutropha
ΔphaZa1 (pBBR1MCS2_PphaC_phaZa1_S35N_eyfp) on NB medium with 0.5% Na gluconate. The PHB content
after 26 h was set to 100% for each strain (for absolute values, see Fig. S6 in the supplemental material).
Results were obtained from 2 biological and 2 technical replicates; error bars show the standard deviations.

Phosphorylation of PhaC1 and PhaZa1 in R. eutropha Applied and Environmental Microbiology

July 2018 Volume 84 Issue 13 e00604-18 aem.asm.org 7

http://aem.asm.org


phenotypically detectable in vivo, even in the absence of PhaM. Either undiscovered
regulators of the PhaC1 activity could rescue the activity of PhaC1 T373D in vivo or the
concentration of PhaC1 in vivo is higher than that in vitro. The difference in concen-
tration thereby overcomes the inhibiting effect of the T373D mutation. Although not
vital for activity, this residue plays a prominent role in PhaC1 activity.

Wittenborn and coworkers successfully crystallized the C-terminal part of PhaC1, but
the region from residue 369 to 377 was disordered and could not be resolved (25).
Flexible protein regions are often detected as disordered during protein crystallization
(32, 33). Intrinsically disordered segments in these proteins often harbor regions that
mediate molecular recognition (34). Such a flexible region could be important for
substrate recognition, stabilization, and interactions with other proteins. Stubbe’s
group proposed a process in which the interaction between two PhaC1 monomers is
stabilized by the electrostatic interactions of residue R398 with the CoA phosphate
group of the incoming substrate. This stabilization could result in a conformational
change in the region of the dimer interface (25). A conformational change of the region
around T373 induced by phosphorylation could then affect the interaction between
R398 and the substrate. Furthermore, the authors described a putative product egress
channel in the C-terminal part of PhaC1 made up of a hydrophobic core that was,
however, too narrow to accommodate a PHB molecule. An alternative possibility is that
a conformational change induced by the phosphorylation of T373 causes the rear-
rangements necessary for an expansion of the channel to enable the passage of a PHB
chain.

The other study describing the PHB synthase structure proposed that PhaC1 could
have been proteolytically cleaved at residue R192 during the crystallization process (26,
27). This explanation aligns with results from the Stubbe lab, where only the C-terminal
part could be crystallized. This group was able to provide a structure of the region
around T373: they described a D-loop consisting of hydrophobic residues with T373 in
the center. They proposed that this loop could mediate hydrophobic interactions
between two monomers. Phosphorylation in the middle of the D-loops (T373) could
abolish these hydrophobic interactions, favoring the dissociation of the active PHB
synthase dimer to inactive monomers.

All phosphorylated residues detected in our study, except T373, were located in the
N-terminal domain of PhaC1 (S10, T11, S16, T30, T94, T109, S149, S178, T191, S196, and
T198). As previously described, the lack of a defined electron density in crystals could
be caused by the high flexibility of the N-terminal part of PhaC1 due to several small
conformational changes induced by phosphorylations (25, 26).

According to the PHB synthase structure solved by Lee’s group, the C-terminal
domains of PhaC1 are located at the center of the dimer, while the N-terminal domains
are located opposite of the dimerization domain (26). It was shown that neither the
N-terminal domain alone nor the C-terminal domain alone could produce PHB. A
full-length protein is necessary for PHB synthesis even if the catalytic domain is located
in the C-terminal part (27, 35, 36). Thus, the phosphorylation sites in the N-terminal part
should not be neglected. Kim and coworkers suggested that the N-terminal domain is
essential for the binding of PhaC1 to PHB granules and the interaction with PhaM (27).
In accordance, our results showed that only a combination of mutated phosphorylation
sites, including those of the N-terminal domain, leads to a decrease in PhaC1 activity in
vivo. The polyphosphorylation of PhaC1 might have a negative effect on PHB synthase
activity. The impact can be explained by a weakening of the binding to PHB granules
due to repulsions arising from the negative charge of the phosphorylation sites.

In this study, we also demonstrated that the PHB depolymerase is phosphorylated
during the PHB synthesis and PHB degradation phases. Mutagenesis of the phosphor-
ylation sites leads to a downregulation of the PHB-degrading activity of PhaZa1 during
the stationary growth phase. No crystal structure of PhaZa1 is available to understand
in which region of the protein these phosphorylation sites are located. A previous study
described a catalytic triad between the residues C183, D355, and H388 of PhaZa1 (37).
The three phosphorylated residues, T26, T28, and S35, are very close to each other but
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far from the catalytic triad in the primary amino acid sequence. Further studies and a
crystal structure of PhaZa1 are necessary to understand how the activity of PhaZa1 is
affected by phosphorylation.

In a previous study, we assumed that a combination of allosteric regulation and
covalent modification of the enzymes involved in PHB accumulation and mobilization
is necessary to regulate the PHB content of R. eutropha. The PHB content of R. eutropha
was previously shown to be dependent on the concentration of alarmones such as
ppGpp (31). The presence of phosphorylations would be in line with previous data.
Another study had shown that SpoT1 interacted with the nonphosphorylated form of
the EIIANtr component of the phosphotransferase system (PTS) in R. eutropha (38). This
finding indicates a possible phosphorylation cascade from the carbon source uptake
system to SpoT1. SpoT1 can then influence the activity of the PHB synthesis and
mobilization system by the phosphorylation of PhaC1 and PhaZa1.

Conclusion. The major finding of this study is that the key enzymes of PHB synthesis
and PHB mobilization, PHB synthase and the PHB depolymerase, are reproducibly
phosphorylated at the identified residues. Mutagenesis of these residues indicated that
the phosphorylation sites are involved in the activities of these enzymes. Further
studies are necessary to understand how these phosphorylations can regulate the
activities of PhaC1 and PhaZa1 in vivo. It remains unclear whether these phosphoryla-
tions are parts of a signaling cascade.

MATERIALS AND METHODS
Bacterial strains, plasmids, and culture conditions. The bacterial strains and plasmids used in this

study are shown in Table 3. R. eutropha H16 strains were grown aerobically on nutrient broth ([NB] 0.8%
[wt/vol]) with or without sodium gluconate (0.2% or 0.5% [wt/vol] as indicated) at 30°C. Alternatively, R.
eutropha was grown in mineral salts medium (MSM) (39) with fructose (2% [wt/vol]) as a carbon source
at 30°C. Growth experiments for optical density at 600 nm (OD600) and PHB content determinations were
routinely performed with two or three biological replicates (as indicated) and two technical replicates.
Values and error bars in the figures correspond to the mean values and standard deviations, respectively.
E. coli strain XL1-Blue was used for site-directed mutagenesis experiments. Recombinant PhaC1 was
expressed in E. coli BL21(DE3)/pLys. E. coli strains were grown on lysogeny broth (LB) supplemented with
kanamycin.

Construction of gene deletions and site-directed mutagenesis. Precise genomic deletions of R.
eutropha genes were constructed using the sacB-sucrose selection method (10% sucrose used for
selection) and pLO3 as the deletion vector as described previously (40). The genotypes of all generated
constructs and mutants were verified by PCR of the respective DNA regions and determinations of their
DNA sequences. Two primers, each complementary to one strand of the DNA, were used to mutate the
genes carried by the plasmid, with the mutation in the middle of the oligonucleotide. A PCR with
PrimeSTAR HS DNA polymerase (TaKaRa Bio, Inc.) was run under conditions recommended by the
supplier. The template DNA was degraded by a DpnI restriction digest after the PCR, leaving only the
newly synthesized mutated DNA uncut. The DpnI-digested DNA was transformed into E. coli XL1-Blue
cells. The mutated plasmids were identified by DNA sequencing of the complete mutated phaC1 gene.

Protein pulldown and screen for phosphorylations. Genes of interest were fused to eyfp and
expressed in R. eutropha. Cultures were harvested at the time points and during the growth phases of
interest by centrifugation at 5,000 rpm at 4°C for 15 min. The pellets were resuspended in 3 ml pulldown
buffer (25 mM sodium phosphate buffer, 5% glycerol, 50 mM NaCl, 5 mM MgSO4, 5 mM KCl, 20 mM
imidazole, pH 7.5) supplemented with phosphatase inhibitors (5 mM �-glycerophosphate, 5 mM NaF, 10
mM sodium vanadate). The cells were disrupted twice by using a French press (Aminco, Silver Spring, MD,
USA) with a pressure of 1,000 lb/in2. For the pulldown step, magnetic beads from ChromoTek (Germany)
with a binding affinity for eYFP (GFP-Trap_MA for immunoprecipitation of GFP fusion proteins from
mammalian cells) were used. For this, 500 �l of lysate was mixed with 20 �l of magnetic beads that had
been equilibrated three times with 500 �l of pulldown buffer. The pulldown mixture was shaken for 1
h on ice. Subsequently, the beads were washed 5 times with pulldown buffer, and the samples were
transferred to fresh low-bind tubes. The samples were eluted in 40 �l of 2.5% SDS and denatured for 5
min at 95°C.

The samples prepared by protein pulldown were allowed to migrate �1 cm into the separating gel
of a 12% SDS-PAGE gel, and the gel was stained with 0.12% (wt/vol) colloidal Coomassie. A proteome
analysis was performed as indicated either by the proteome core facility of the Life Science Center,
University of Hohenheim (Stuttgart, Germany) (41), or by the Proteome Center of the University of
Tübingen. In Hohenheim, the samples were 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 injected into a liquid chromatograph (LC) tandem mass spectrometer (MS-MS). The data
were analyzed using Scaffold proteome software (version 4.8.4). In Tübingen, tryptic in-gel digestion
(above the thick blue running front) was performed before running the samples on a Proxeon Easy-nLC
coupled to a QExactive HF mass spectrometer (method: 60 min, Top7, higher energy collisional
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dissociation [HCD]). The data were processed using MaxQuant software (version 1.5.2.8. with integrated
Andromeda search engine). The spectra were searched against an R. eutropha H16 UniProt database
(6,615 entries). The data were processed with a setting of 1% for the false discovery rate (FDR), i.e., with
an estimation that 1% of all identifications are false positive. The posterior error probability (PEP) (42) was
calculated for each peptide. Phosphorylations were identified by a mass shift of 80 Da at the position of
the phosphorylated residue in the spectrum from electrospray ionization tandem mass spectrometry
(ESI-MS/MS) of the fragmented peptide.

Circular dichroism. Circular dichroism (CD) spectra were measured using a J-815 circular dichroism
spectrophotometer (Jasco, Groß-Umstadt, Germany). Ten microliters of the protein solution with a
concentration of 11 mg/ml was mixed with 30 �l 200 mM KC; 39 �l of this protein solution was pipetted
into a 0.2-mm cuvette. The spectra were collected in a wavelength range between 185 nm and 260 nm

TABLE 3 Strains and plasmids used in this study

Strain or plasmid Relevant characteristicsa

Reference or source
and strain
collection no.

Strains
Escherichia coli BL21(DE3)/pLys For protein expression Novagen, 4512
E. coli S17-1 (SN490) For conjugation 44
E. coli XL1-Blue For site-directed mutagenesis Stratagene, 4505
Ralstonia eutropha H16 (SN1342) R. eutropha wild-type strain DSMZ 428
R. eutropha H16 ΔphaC1 (SN6525) R. eutropha H16 with knockout of phaC1 16
R. eutropha H16 ΔphaC1 ΔphaM (SN6506) R. eutropha H16 with knockout of phaC1 and phaM This study
R. eutropha H16 ΔphaZa1 (SN6167) R. eutropha H16 with knockout of phaZa1 This study

Plasmids
pBBR1MCS2 Broad host range vector; Kmr 44
pBBR1MCS2-PphaC_eyfp-C1 Universal vector for construction of fusions C-terminal to eyfp

under the control of the phaCAB promoter
29

pBBR1MCS2_PphaC_phaC1_eyfp N-terminal fusion of PhaC1 to eYFP 16
pBBR1MCS2_PphaC_phaC1_T30A_eyfp N-terminal fusion of PhaC1 (T30A) to eYFP This study
pBBR1MCS2_PphaC_phaC1_T30D_eyfp N-terminal fusion of PhaC1 (T30D) to eYFP This study
pBBR1MCS2_PphaC_phaC1_T373A_eyfp N-terminal fusion of PhaC1 (T373A) to eYFP This study
pBBR1MCS2_PphaC_phaC1_T373D_eyfp N-terminal fusion of PhaC1 (T373D) to eYFP This study
pBBR1MCS2_PphaC_phaC1_T373N_eyfp N-terminal fusion of PhaC1 (T373N) to eYFP This study
pBBR1MCS2_PphaC_phaC1_T373E_eyfp N-terminal fusion of PhaC1 (T373E) to eYFP This study
pBBR1MCS2_PphaC_phaC1_T94N_eyfp N-terminal fusion of PhaC1 (T94N) to eYFP This study
pBBR1MCS2_PphaC_phaC1_T94D_eyfp N-terminal fusion of PhaC1 (T94D) to eYFP This study
pBBR1MCS2_PphaC_phaC1_T109N_eyfp N-terminal fusion of PhaC1 (T109N) to eYFP This study
pBBR1MCS2_PphaC_phaC1_T109D_eyfp N-terminal fusion of PhaC1 (T109D) to eYFP This study
pBBR1MCS2_PphaC_phaC1_T94N_T373N_eyfp N-terminal fusion of PhaC1 (T94N, T373N) to eYFP This study
pBBR1MCS2_PphaC_phaC1_T94N_T109N_T373N_eyfp N-terminal fusion of PhaC1 (T94N, T109N, T373N) to eYFP This study
pBBR1MCS2_PphaC_phaC1_T94D_T373D_eyfp N-terminal fusion of PhaC1 (T94D, T373D) to eYFP This study
pBBR1MCS2_PphaC_phaC1_T94D_T109D_T373D_eyfp N-terminal fusion of PhaC1 (T94D, T109D, T373D) to eYFP This study
pBBR1MCS2_PphaC_phaC1_T30D_T94D_T109D_

T373D_eyfp
N-terminal fusion of PhaC1 (T30D, T94D, T109D, T373D) to eYFP This study

pBBR1MCS2_PphaC_phaC1_T30N_T94N_T109N_
T373N_eyfp

N-terminal fusion of PhaC1 (T30N, T94N, T109N, T373N) to eYFP This study

pBBR1MCS2_PphaC_phaZa1_eyfp N-terminal fusion of PhaZa1 to eYFP This study
pBBR1MCS2_PphaC_phaZa1_S35D_eyfp N-terminal fusion of PhaZa1 (S35D) to eYFP This study
pBBR1MCS2_PphaC_phaZa1_S35N_eyfp N-terminal fusion of PhaZa1 (S35N) to eYFP This study
pBBR1MCS2_PphaC_phaZa1_T26D_eyfp N-terminal fusion of PhaZa1 (T26D) to eYFP This study
pBBR1MCS2_PphaC_phaZa1_T26N_eyfp N-terminal fusion of PhaZa1 (T26N) to eYFP This study
pBBR1MCS2_PphaC_phaZa1_T28D_eyfp N-terminal fusion of PhaZa1 (T28D) to eYFP This study
pBBR1MCS2_PphaC_phaZa1_T28N_eyfp N-terminal fusion of PhaZa1 (T28N) to eYFP This study
Fusions to His6 tag

pET28a His tag expression vector; Kmr Novagen
pET28a_phaC1 Plasmid for expression of His6-PhaC1 20
pET28a_phaC1 (T30A) Plasmid for expression of His6-PhaC1 (T30A) This study
pET28a_phaC1 (T30D) Plasmid for expression of His6-PhaC1 (T30D) This study
pET28a_phaC1 (T373A) Plasmid for expression of His6-PhaC1 (T373A) This study
pET28a_phaC1 (T373D) Plasmid for expression of His6-PhaC1 (T373D) This study
pET28a_phaC1 (T373E) Plasmid for expression of His6-PhaC1 (T373E) This study
pET28a_phaC1 (T373N) Plasmid for expression of His6-PhaC1 (T373N) This study
pET28a_phaM Plasmid for expression of His6-PhaM 22

Knockout
pLO3_phaZa1 Plasmid used to generate phaZa1 knockout, Tcr 30

aKmr, kanamycin resistance; Tcr, tetracycline resistance.
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with standard sensitivity and a bandwidth of 1 nm. The spectra recorded with buffer only were used as
a baseline and subtracted from the protein spectra. For each sample, 50 scans were collected, averaged,
and divided by the concentration.

Overexpression and purification of His6-PhaC1. The expression of His6-PhaC1 from recombinant
E. coli BL21(DE3)/pLys harboring pET28a-phaC1 was induced with 0.1 mM IPTG (isopropyl-�-D-
thiogalactopyranoside) at an OD600 of �0.6 and with 4 h of subsequent incubation at 30°C. His6-PhaC1
was purified in the presence of 0.05% (wt/vol) Hecameg via Ni-agarose chromatography according to a
protocol described in detail previously (20). Imidazole and other low-molecular-weight molecules were
removed by size exclusion chromatography (HiPrep 26/10, desalting column, 53-ml bed volume). All
purified PhaC1 proteins were of high purity (see Fig. S7 in the supplemental material). The purification
of PhaM-His6 was performed as described previously (22).

Discontinuous PHB synthase activity assay. PHB synthase PhaC1 is the key enzyme of PHB
synthesis. The precursor 3-HB-CoA is polymerized to polyhydroxybutyrate, while the release of coenzyme
A can be monitored in vitro. Coenzyme A reacts with dithionitrobenzoate (DTNB) to yellow-colored
nitrothiobenzoate (NTB). The formation of NTB can be measured spectroscopically at 412 nm. For the
DTNB assay, the protein concentration is determined using a bicinchoninic acid (BCA) kit and adjusted
for all enzymes (PhaC1 and PhaM). PhaC1 assay buffer (150 mM KH2PO4, 0.2% glycerol, pH 7.2), 0.5 mM
3-HB-CoA, and for some experiments, 150 nM PhaM-His6 were mixed in a total volume of 200 �l in an
Eppendorf tube incubator at 30°C. The reaction was started by adding PHB synthase PhaC1. Aliquots of
the reaction mixture (20 �l) were taken at different time intervals, and the reactions were immediately
terminated by mixing with 40 �l of 10% (wt/vol) trichloroacetic acid. Samples were centrifuged to
remove precipitated protein, and 145 �l of 1 mM DTNB in 0.5 M potassium phosphate (pH 7.8) was
added to 55 �l of the assay mixture. The concentration of formed NTB (i.e., the absorbance at 412 nm)
was determined with a microplate reader (Eon; BioTek) after a 10-min incubation at room temperature.
The reaction was limited by the amount of substrate (3-HB-CoA) (20).

Microscopic methods. Fluorescence microscopy experiments were performed with a Nikon Ti-E
microscope (MEA53100) equipped with F41-007 Cy3 and F41-54 Cy2 filters for the analysis of the
fluorescent proteins (eYFP). Pictures were taken with a digital camera (Hamamatsu Orca Flash 4.0 sCMOS
camera) and processed with Nikon imaging software. The fluorophore eYFP was detected with the aid
of a standard filter set (excitation, 500/24 nm; emission, 542/27 nm) as previously described (6). PHB
granules were visualized by fluorescence microscopy of Nile red-stained cells using standard filters
(excitation, 562/40 nm; emission, 594 nm [longpass filter]) as described previously (6, 31). Insoluble
inclusions could also be visualized by bright-field microscopy and appeared as dark spheres.

Other methods. Quantitative analysis of PHA content was performed using gas chromatography
(GC) after acid methanolysis of lyophilized cells according to reference 43. DNA manipulation and the
construction of plasmids were completed by using standard molecular biological methods and according
to suppliers’ instructions. The amplification of DNA by PCR was performed using commercial oligonu-
cleotides of at least 16 bp in length that were identical in sequence to the corresponding region of the
R. eutropha genome.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/AEM
.00604-18.
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