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Phasins (PhaP) are proteins normally associated with granules of poly(3-hydroxybutyrate) (PHB), a bio-
degradable polymer accumulated by many bacteria as a reserve molecule. These proteins enhance growth and
polymer production in natural and recombinant PHB producers. It has been shown that the production of PHB
causes stress in recombinant Escherichia coli, revealed by an increase in the concentrations of several heat
stress proteins. In this work, quantitative reverse transcription (qRT)-PCR analysis was used to study the effect
of PHB accumulation, and that of PhaP from Azotobacter sp. strain FA8, on the expression of stress-related
genes in PHB-producing E. coli. While PHB accumulation was found to increase the transcription of dnaK and
ibpA, the expression of these genes and of groES, groEL, rpoH, dps, and yfiD was reduced, when PhaP was
coexpressed, to levels even lower than those detected in the non-PHB-accumulating control. These results
demonstrated the protective role of PhaP in PHB-synthesizing E. coli and linked the effects of the protein to
the expression of stress-related genes, especially ibpA. The effect of PhaP was also analyzed in non-PHB-
synthesizing strains, showing that expression of this heterologous protein has an unexpected protective effect
in E. coli, under both normal and stress conditions, resulting in increased growth and higher resistance to both
heat shock and superoxide stress by paraquat. In addition, PhaP expression was shown to reduce RpoH protein
levels during heat shock, probably by reducing or titrating the levels of misfolded proteins.

Escherichia coli is used for the production of many heterol-
ogous products, such as proteins (42), biofuels (8), and bio-
plastics (26). High growth rates and the availability of different
tools to manipulate its metabolism make E. coli an ideal can-
didate as a host for the synthesis of these compounds. How-
ever, the accumulation of high levels of recombinant products
is known to produce stress in cells (16, 18, 38).

The heat shock stress response can be defined as the re-
sponse of the cell to high temperatures, during which proteins
are no longer able to fold properly (12). In E. coli, the heat
shock response is regulated by the sigma factor RpoH and
results in a transient increase in the expression of cytoplasmic
chaperones, such as GroEL, IbpA, and DnaK, and proteases,
such as Lon and FtsH (12). IbpA and IbpB are small heat
shock proteins that bind to inclusion bodies formed by mis-
folded proteins, thereby preventing irreversible aggregation
and aiding in folding (1, 24). It has been shown that the pro-
duction of heterologous proteins (18) and biofuels, such as
ethanol (11) and butanol (38), causes an increase in the ex-
pression of several stress-related proteins, in particular, heat
shock proteins, such as GroEL, GroES, DnaK, IbpA, and
IbpB.

Poly(3-hydroxybutyrate) (PHB), the best known polyhy-

droxyalkanoate, is a biodegradable polymer accumulated by
many bacteria as a reserve material and has thermoplastic
properties that make it suitable for the replacement of tradi-
tional plastics (26). Recombinant PHB-synthesizing E. coli
strains carrying pha genes from different bacterial sources have
been constructed (21). One such strain carrying PHB synthesis
genes from Azotobacter sp. strain FA8, phaBAC (34), accumu-
lates the polymer constitutively from different carbon sources,
including agroindustrial by-products (30). Natural PHB pro-
ducers accumulate the polymer in granules and have several
proteins involved in their formation and regulation (33, 36).
Among these are phasins (PhaP), small PHB granule-associ-
ated proteins that positively affect polymer synthesis and the
number and size of PHB granules (35, 43).

Proteome analysis of PHB-producing recombinant E. coli
strains compared to nonproducing strains revealed an increase
in heat shock proteins, suggesting that PHB accumulation
causes stress in cells (16). In accordance with this, the small
heat shock proteins IbpAB and DnaK have been found asso-
ciated with PHB granules in E. coli (14). There is experimental
evidence that suggests that the presence of phasins may relieve
this stress, as expression of PhaP1 from Cupriavidus necator
(formerly Ralstonia eutropha) enhances growth and PHB syn-
thesis both in natural producers and in recombinant E. coli
(36, 45).

The growth-enhancing effect of PhaP observed in PHB-ac-
cumulating E. coli is not well understood. It has been proposed
that PhaP could help prevent contact between cellular compo-
nents and PHB granules (16), thus reducing the stress caused
by the presence of the polymer. In PHB granule proteome
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experiments, heat shock proteins were observed to associate
with PHB granules in recombinant E. coli in the absence of
PhaP, but not when PhaP1 from C. necator was present (14,
40). Whether this altered binding of heat shock proteins is due
to changes in transcription of heat shock genes, to changes in
protein concentrations, or simply to protein displacement is
unknown. In previous work (33), we observed that PhaP from
Azotobacter sp. FA8, a 20.38-kDa phasin, enhances growth and
PHB accumulation in recombinant E. coli, as a strain (K24KP)
that constitutively expresses phaBAC and phaP achieves higher
growth rates and cell densities and accumulates more PHB
than the control strain without PhaP (9).

The aims of this work were to analyze the effect of PHB
accumulation on gene transcription in recombinant E. coli and
to characterize the enhancing effect of PhaP on PHB produc-
tion and on cell growth. Based on the results obtained with
both PHB-accumulating and nonaccumulating strains, a rela-
tionship between heat shock proteins and PhaP was proposed.

MATERIALS AND METHODS

Bacterial strains and plasmids. All E. coli strains and plasmids used in this
work are listed in Table 1. All pha genes used were those of Azotobacter sp. FA8.

Growth conditions. For strains KQ1, K24K1, and K24KP, MYAG medium
was used, containing (per liter of deionized water) 6.0 g Na2HPO4, 3.0 g
KH2PO4, 1.4 g (NH4)2SO4, 0.5 g NaCl, 0.2 g MgSO4 � 7H2O, 10.0 g yeast extract,
5.0 g casein amino acids, and 30.0 g glycerol. For plasmid maintenance, 50
�g � ml�1 kanamycin and 20 �g � ml�1 chloramphenicol were added. For strains
ADA1001 and ADA100P, LB medium was used, supplemented with 1 mM IPTG
(isopropyl-�-D-thiogalactopyranoside). All cultures were grown at 37°C in 500-ml
Erlenmeyer flasks containing 50 ml of medium and shaken at 250 rpm.

RNA extraction and quantitative reverse transcription (qRT)-PCR analysis.
Total RNA was extracted from 0.2 ml of pellets of 12-h cultures of strains KQ1,
K24K1, and K24KP using the phenol-chloroform protocol, as previously de-
scribed (37). cDNA was first synthesized from 5 �g of total RNA using Super-
Script III reverse transcriptase (Invitrogen, Carlsbad, CA) according to the
manufacturer’s instructions. A tube for each sample without transcriptase was
made to check for genomic DNA. To remove the remaining RNA, samples were
treated with RNase H for 20 min at 37°C. The resulting cDNA was diluted 1/10
before use in the quantitative PCR (qPCR) assays. Total RNA and DNA were
quantified using a Nanodrop 3000 (Thermo Fisher Scientific Inc.). qPCR ampli-
fication of the cDNAs (95°C for 10 min, 95°C for 15 s, and 60°C for 1 min; 40

cycles) was performed with the Brilliant Sybr green qPCR master mix (Strat-
agene, Santa Clara, CA) plus 1 �M forward and reverse primers. The primers
used are detailed in Table 2. The CT (cycle threshold) method was used for
calculations. The CT is the minimum number of cycles necessary for the ampli-
fication product to be detected. CT values were normalized to the rrsB gene. The
results were expressed as the log2 of the fold change, comparing the expression
of K24K1 or K24KP to the expression of the same gene in the control strain KQ1
or the expression of K24KP with that of K24K1.

Immunoblot analysis. For immunoblot experiments, cells from three indepen-
dent cultures were pelleted and sonicated in 1 ml lysis buffer (50 mM Tris-Cl, pH
8, 1 mM EDTA, pH 8, 100 mM NaCl, and 1 mM phenylmethylsulfonyl fluoride
[PMSF]). The soluble and insoluble fractions were separated by centrifugation
(10 min at 10,000 � g). The protein concentration was measured according to the
Bradford method (4). Equal amounts (30 �g) of total protein were used for
Western immunoblot assay. Proteins were separated by sodium dodecyl sulfate-
10% polyacrylamide gel electrophoresis and transferred to a nitrocellulose mem-
brane (BA85; Schleicher & Schuell). The membrane was probed with rabbit
anti-RpoH (31) at 1:5,000, followed by horseradish peroxidase-conjugated anti-
rabbit antibody (Santa Cruz Biotechnology, Santa Cruz, CA) diluted 1:5,000. The
blots were developed with the ECL Western Blotting analysis system (Amer-
sham-Pharmacia, Uppsala, Sweden) following the manufacturer’s instructions.
To estimate the intracellular content of RpoH, membranes were scanned with
the luminescent image analyzer LAS-1000 plus and quantified with Image Gauge
View 3.12 (Fuji Photo Film Co., Ltd.).

Biomass determination. Samples were immediately chilled at 0°C by place-
ment on ice. The cell dry weight (CDW) concentration, defined as grams (CDW)
per liter of culture broth, was determined by placing an accurately measured
volume of culture (10 ml) into a previously dried and weighed 15-ml centrifuge
tube. After centrifugation at 10,000 � g for 10 min at 4°C, the cell pellet was
washed twice with deionized water by resuspension and centrifugation. After
decanting the supernatant, the centrifuge tube was dried in an oven at 85°C for
36 h and then cooled in a desiccator and weighed.

Analysis of PHB production. The PHB content was quantitatively determined
by gas chromatography using a slight modification of the method described by
Braunegg et al. (5). About 10 mg freeze-dried biomass (0.1 mbar; 8 h) was
accurately weighed and placed in Teflon-stoppered vials. Methanolysis was car-
ried out by adding 2 ml CH3OH-H2SO4 (85:15 [vol/vol]) and 2 ml CHCl3 to the
samples, which were incubated at 100°C for 140 min and cooled to room tem-
perature. The aqueous phase was discarded, and the organic phase was extracted
twice with deionized water. After settling of the layers, the organic phase was
dried over anhydrous Na2SO4. The methyl esters of 3-hydroxybutyrate were
quantified in a Hewlett Packard HP 5890 gas chromatograph equipped with a
Hewlett-Packard FFAP (Hewlett-Packard Co., Palo Alto, CA). Pure PHB from
C. necator was used as a standard. The PHB concentration was defined as grams

TABLE 1. E. coli strains and plasmids used in this study

Strain or
plasmid Relevant characteristics Reference or source

E. coli strains
K1060a F� fadE62 lacI60 tyrT58(AS) fabB5 mel-1 32
KQ1 Same as K1060, carrying pQEKm and pBBR1MCS; Kmr Cmr This work
K24K1 Same as K1060, carrying pJP24K and pBBR1MCS; Kmr Cmr 9
K24KP Same as K1060, carrying pJP24K and pADP; Kmr Cmr 9
MC4100a araD139 �(argF-lac)U19 rpsL150 relA1 flbB5301 deoC1 ptsF25 rbsR 6
ADA100 Same as MC4100, but ��(ibp::lacZ) 3
ADAQ1 Same as ADA100, carrying pQEKm and pBBR1MCS; Kmr Cmr This work
ADAK1 Same as ADA100, carrying pJP24K and pBBR1MCS; Kmr Cmr This work
ADAKP Same as ADA100, carrying pJP24K and pADP; Kmr Cmr This work
ADA1001 Same as ADA100, carrying pBBR1MCS; Cmr This work
ADA100P Same as ADA100, carrying pADP; Cmr This work

Plasmids
pQEKm Expression vector; ColE1 ori; Apr Kmr 30
pJP24K pQEKm derivative containing the phaBAC genes from Azotobacter sp. strain FA8

under the control of a T5 promoter/lac operator element; Kmr
30

pBBR1MCS Broad host range; lacPOZ� mob RP4; Cmr 23
pADP pBBR1MCS carrying phaP from Azotobacter sp. FA8; Cmr 9

a Strain obtained through the E. coli Genetic Stock Center, Yale University, New Haven, CT.
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of polymer per liter of culture broth. The PHB content was defined as a per-
centage of CDW (wt/wt).

Treatments with heat, paraquat, and hydrogen peroxide. For heat stress ex-
periments, bacterial cultures, grown in LB medium to an optical density at 600
nm (OD600) of 0.5, were transferred from 30 to 45 or 52°C and then kept at the
transferred temperature for 30 min. For oxidative-stress experiments, 1.5 mM
paraquat was added to cultures grown in LB medium at 37°C to an OD600 of 0.5.
The viability of cells for each culture was determined by the colony count
method, using LB plates. Survival was expressed as a percentage of the number
of CFU at time zero, which was taken as 100%. Sensitivity to H2O2 was measured
using sterile Whatman No. 1 filter disks (6 mm) impregnated with 5 �l of 30%
H2O2 (Merck, Darmstadt, Germany) placed on top of bacterium-seeded plates.
Zones of inhibition were measured after incubation at 37°C for 24 h.

Analysis of ibpA expression by measurement of �-galactosidase activity. Ex-
pression of the ibpA-lacZ fusion was determined by means of �-galactosidase
assays. Strain ADA100, transformed with different plasmids, was grown aerobi-
cally in LB medium, and 0.2-ml samples were taken at different times during
cultivation. �-Galactosidase activity measurements were performed as previously

described (41) from at least three independent experiments. Values are given in
Miller units (28).

Comparison between PhaP and IbpA protein sequences. Sequence alignment
was performed using ClustalW (http://www.ebi.ac.uk/Tools/msa/clustalw2/) with
the default settings option.

RESULTS

Biomass, polymer accumulation, and protein production
are higher in the presence of PhaP. E. coli strains K24K1 (PHB
producer), K24KP (PHB and PhaP producer), and KQ1 (a
control strain that does not produce PHB or PhaP) were grown
in shaken flask cultures using MYAG medium. In accordance
with previous results (9), strain K24KP produced more PHB
and biomass than the strain without PhaP (Table 3). To better

TABLE 2. Primers used for qRT-PCR analysis

Gene Primer pair Description Reference

groEL 5�-GTAACGACGCTCGTGTGAAA-3� Chaperone; its expression is regulated by RpoH. 12
5�-GCAACGGAAACACCATCTTT-3�

groES 5�-AATGGCCGTATCCTTGAAAA-3� Chaperone; its expression is regulated by RpoH. 12
5�-AATTGCCAGAATGTCGCTTT-3�

dnaK 5�-GAACCCGCAAAACACTCTGT-3� Chaperone; its expression is regulated by RpoH. 12
5�-GTGCCATTTTCTGGCCTTTA-3�

ibpA 5�-AATCTGCTGGTGGTGAAAGG-3� Small heat shock protein; its expression is regulated by RpoH. 1
5�-ACCAGGTTAGCACCACGAAC-3�

rpoH 5�-GGCTGAAAAGCTGCATTACC-3� Alternative sigma factor 	H; it controls the heat shock response. 12
5�-ATTACCATGGCGATCTGGAA-3�

rpoE 5�-GTCGTCCACCTTCCAGTGAT-3� Alternative sigma factor 	E; it controls the responses to heat shock and other
stresses on membrane and periplasmic proteins.

27
5�-TAAATCTTCCGGGAGGGACT-3�

rpoS 5�-CGGAGTTGAGGTTTTTGACG-3� Alternative sigma factor 	S; master regulator of the general stress response 17
5�-GGCCGTTAACAGTGGTGAAT-3�

dps 5�-TGCTTTATACCCGCAACGAT-3� Protects against different types of stresses; its expression is regulated by RpoS. 2
5�-GAAGCCATCCAGCATTTCAT-3�

poxB 5�-ATCGCCAAAACACTCGAATC-3� Pyruvate oxidase; its expression is regulated by RpoS. 7
5�-CTCCGCTAAGTTGTGCTTCA-3�

yfiD 5�-AACTCTTTCTGGCTGCTGGA-3� Stress-induced alternate pyruvate formate-lyase subunit 44
5�-ACCTTCAACGCGAACTTCTG-3�

rrsB 5�-GTGCTACAATGGCGCATACA-3� 16S rRNA 29
5�-GGCATTCTGATCCACGATTA-3�

TABLE 3. Biomass, PHB, and protein concentrations for 12-h shaken flask cultures of strains KQ1 (control strain), K24K1
(PHB-producing strain), and K24KP (PHB- and PhaP-producing strain)

E. coli strain CDWa

(g � liter �1)
PHB

(g � liter�1)
% PHB
(wt/wt)b

Soluble protein concnc

(g � liter�1)
Soluble protein

concn/CDW

KQ1 9.20 
 0.07 NDd ND 2.7 
 0.6 0.29 
 0.13
K24K1 11.60 
 0.06 2.4 
 0.1 21 
 1 1.7 
 0.3 0.15 
 0.09
K24KP 12.23 
 0.08 3.0 
 0.3 27 
 2 3.5 
 0.5 0.28 
 0.13

a CDW, cell dry weight.
b The amount of PHB is given as a percentage of the CDW (average 
 standard deviation).
c Soluble proteins were extracted by sonication and centrifugation, and the amounts of proteins were determined by the Bradford assay as described in Materials and

Methods.
d ND, not determined.
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analyze the metabolic state of the cells and to compare the
results obtained in this work with previous publications, the
concentration of soluble proteins related to total biomass was
also determined after 12 h of growth (early stationary phase).
Soluble-protein levels in the PHB producer (K24K1) were half
those observed for the control strain; however, the presence of
PhaP (K24KP) restored soluble protein to the control strain
levels (Table 3).

The expression of stress-related genes is increased in the
presence of PHB. A previous proteomic analysis showed an
increase in proteins related to the heat shock response in
PHB-producing recombinant E. coli compared to the non-
PHB-producing strain (16). To analyze whether this increase is
due to changes in transcription, several stress-related genes
were chosen for expression analysis by qRT-PCR. The genes
and corresponding primers are detailed in Table 2. The ex-
pression of each gene in the PHB-producing strain (K24K1)
was compared to its expression in the control strain (KQ1)
(Fig. 1A to C, white bars). The most significant increases in
gene expression in K24K1 were for the chaperones dnaK and
ibpA (approximately 3- and 2.4-fold, respectively), with only
slight increases observed for the chaperone genes groEL and
groES. Minor changes were observed in the expression of the
sigma factor genes rpoH, rpoE, and rpoS, which regulate the
heat shock, envelope, and stationary-phase stress responses,
respectively. Finally, only a slight increase was observed for
poxB, which encodes a pyruvate oxidase (7) induced by RpoS.

The expression of stress-related genes decreases in the pres-
ence of PhaP. The effect of PhaP on the expression of the
stress-related genes during PHB production was examined,
comparing K24KP to K24K1. This revealed dramatic decreases
in expression for most of the genes tested in the presence of
PhaP. The greatest changes were observed for the chaperone
genes ibpA and dnaK, followed by the RpoS-controlled stress
genes dps and yfiD, the chaperone genes groEL and groES, and
rpoH (Fig. 1D). No changes were observed for rpoE and rpoS.

Unexpectedly, the presence of PhaP in PHB-producing cells
(K24KP) reduced the expression of 7 out of 10 stress-related
genes to levels even below those observed in the control strain
that does not accumulate PHB (KQ1) (Fig. 1A to C, black
bars), demonstrating the magnitude of the PhaP effect.

ibpA encodes a small heat shock protein previously found
associated with PHB granules only in the absence of PhaP.
Since ibpA transcription was the most affected by PhaP expres-
sion, we confirmed our qRT-PCR results using a fusion of the
ibpA promoter to the reporter gene lacZ (3). After 12 h of
growth in MYAG, the expression levels for the ibpA-lacZ fu-
sion in ADAK1, the PHB-producing derivative, were two times
higher than in ADAQ1, the control strain without PHB (153 

25 and 74 
 11 Miller units for strains ADAK1 and ADAQ1,
respectively). ibpA-lacZ expression levels for the PHB- and
PhaP-producing strain were 2.5 times lower than in the PHB-
producing strain (61 
 17 for ADAKP), in accordance with the
qRT-PCR results.

PhaP enhances growth in non-PHB-producing E. coli and
reduces the expression of ibpA. Our qRT-PCR results sug-
gested that PhaP expression had significant effects on E. coli
even in the absence of PHB expression. We tested this hypoth-
esis by comparing growth and ibpA-lacZ expression in control
(ADA1001) and PhaP-expressing (ADA100P) strains. In flask
cultures at 37°C, the two strains displayed similar initial growth
rates (Fig. 2A); however, they differed after 3 h, reaching
maximum growth rates (�max) of 0.79 
 0.06 for the PhaP
strain compared to 0.69 
 0.05 for the control, resulting in a
38% higher final biomass for the PhaP-bearing strain than for
the control (3.47 
 0.12 and 2.50 
 0.05 g � liter�1, respec-
tively). The expression levels of ibpA-lacZ were similar for both
strains during most of the time but increased dramatically in
the control strain around the third hour of growth, forming a
sharp peak (Fig. 2B). Interestingly, this peak occurred at the
same time that differences in the growth rates between the two
strains began to appear.

FIG. 1. Effects of PHB and PhaP accumulation on the expression of selected genes by qRT-PCR. The expression of chaperones (A), sigma
factors (B), and stress-related genes (C) in strains K24K1 (PHB producer; white bars) and K24KP (PHB and PhaP producer; black bars) was
compared to the expression in the control strain, KQ1. (D) The expression of all selected genes in strain K24KP was compared to the expression
in K24K1. The results represent the mean values 
 standard deviations of duplicate measurements from three independent experiments.
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PhaP protects E. coli against heat and oxidative stresses.
Our results demonstrated that PhaP affects the expression of
several stress-related genes, suggesting that the protein may
confer stress protection on the cells. This was tested by mon-
itoring the effects of PhaP expression on cell viability and ibpA
expression in response to heat and oxidative stresses. Survival
of lethal heat shock was assessed by transferring control
(ADA1001) and PhaP-expressing (ADA100P) strains from
30°C to 52°C and monitoring viability. PhaP expression con-
ferred increased resistance to heat stress, with 72% survival
after 10 min at 52°C compared to 25% in the absence of PhaP
(Fig. 3A). In addition, expression of the ibpA-lacZ fusion was
much lower in the PhaP-expressing strain (Fig. 3B). After 30
min of exposure to 52°C, the two strains showed similar ex-
pression levels.

Cells were also subjected to oxidative stress using 1.5 mM
paraquat. Similar to what was observed during heat shock,
PhaP expression conferred increased resistance, with 72% sur-
vival after 10 min compared to 33% for the control strain.
Sensitivity to H2O2 was analyzed using impregnated filter
disks, but in this case, the results were similar for both strains
(the inhibition halos were 1.70 
 0.06 cm for ADA1001 and
1.77 
 0.05 cm for ADA100P).

Since these results were similar to those obtained in cells
overexpressing ibpA (22), the possibility that PhaP could be
structurally related to IbpA was analyzed. The amino acid
sequences of both proteins were compared using ClustalW, but
no significant similarities were found.

RpoH levels are reduced in the presence of PhaP. Our re-
sults demonstrated that the presence of PhaP decreases ex-
pression of several heat shock genes, such as ibpA, that are
regulated by the sigma factor RpoH, suggesting lower RpoH

activity. In addition, rpoH transcription was also observed to
decrease in the presence of PhaP in the PHB-producing cells
(Fig. 1B). Since RpoH is mostly regulated at posttranscrip-
tional levels (13), we tested the effect of PhaP on the RpoH
concentration using Western blot analysis both before and
after heat shock at 45°C. Samples containing equal amounts of
proteins from cultures of control and PhaP-expressing strains
(ADA1001 and ADA100P) were used before and 5 and 10 min
after shifting to 45°C. The levels of RpoH both before and
after heat shock were higher in ADA1001 (Fig. 4). There was
a slight decrease in the concentration of RpoH 5 and 10 min
after heat shock for both strains, but the control strain contin-
ued to have higher RpoH levels than ADA100P at all times
tested (Fig. 4), demonstrating that the presence of PhaP de-
creases RpoH levels.

DISCUSSION

Previous studies on the effect produced by PHB accumula-
tion in E. coli were based on proteomics analysis and showed

FIG. 2. Growth and ibpA expression in the presence and absence of
PhaP. Growth (A) and ibpA expression (B) were measured for strains
ADA1001 (control strain) and ADA100P (PhaP producer) in cultures
grown at 37°C. The expression of ibpA was calculated by measuring the
�-galactosidase activity of the ibpA-lacZ fusion present in strains
ADA1001 and ADA100P. The results shown represent the mean val-
ues for each parameter 
 standard deviations of duplicate measure-
ments from three independent cultures.

FIG. 3. Heat resistance in the presence and absence of PhaP. Vi-
ability (A) and ibpA expression (B) were measured in strains ADA1001
(control strain) and ADA100P (PhaP producer) after heat shock. Cells
were grown at 30°C to an OD600 of 0.5 and then transferred to 52°C for
30 min. The results represent the mean values 
 standard deviations
of duplicate measurements from three independent experiments.

FIG. 4. Immunoblots of RpoH in E. coli in the presence and ab-
sence of PhaP. Strains ADA1001 and ADA100P were subjected to
heat shock, and samples were extracted 0, 5, and 10 min after transfer
to 45°C. Equal amounts (30 �g) of protein were loaded in each lane.
The ratios between the RpoH concentrations (quantified from the
immunoblots) of the two strains are shown below.
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increased levels of several stress-related proteins (14, 16). The
analysis of the transcription of several stress-related genes in
PHB-producing strains performed in the present work shed
light on the effects of PHB accumulation in recombinant E.
coli, and also on the effect of PhaP, in both PHB-accumulating
and nonaccumulating strains. The increased expression of
dnaK and ibpA in the PHB-producing strain suggests that the
accumulation of PHB in E. coli generates stress in the cells.
This is in accordance with whole-cell proteomic studies per-
formed in PHB-producing E. coli (16) that reported an in-
crease in DnaK protein levels, in addition to increased
amounts of GroEL, GroES, and Dps. A previous study that
analyzed pgi mutants, which have high levels of reduced cofac-
tors, reported an increase in the transcription of the stress-
related genes rpoH, dnaK, groES, ibpA, and ibpB when the cells
accumulated PHB (20). In the present work, no significant
differences between the expression levels of rpoH, groEL, and
groES were observed when comparing the PHB-producing
strain with its control strain. The discrepancies between the
studies are probably due to the different genetic backgrounds,
and possibly also to other factors, such as the culture age and
carbon source. The stress produced by the synthesis of PHB
can be compared to the response observed during the produc-
tion of heterologous proteins in E. coli, which generates an
increase in the transcription (10, 19) and concentrations (18) of
several chaperones, such as GroEL, GroES, DnaK, IbpA, and
IbpB.

In C. necator mutant strains that do not produce PhaP1, the
heat shock chaperones DnaK and GroEL were found in the
granules (35), and in recombinant E. coli, IbpAB and GroEL
are also associated with PHB granules (14, 40). It is likely that
PHB production induces the heat shock response by titrating
available cytoplasmic chaperones onto the surfaces of the PHB
granules. Since free chaperones bind and inactivate available
RpoH (13), titration of these proteins by PHB would release
RpoH, thereby inducing expression of heat shock genes. This
hypothesis is supported by the increase in the expression of
several of these chaperones observed in our transcriptional
analysis.

The concentration of soluble proteins in the PHB-producing
strain (K24K1) was half that of the control strain without PHB
(KQ1), in accordance with results obtained in E. coli strains
expressing the phb genes from C. necator (16). This effect has
been attributed to competition for substrates required for the
synthesis of amino acids and other cellular metabolites, such as
acetyl-coenzyme A (CoA) and/or NAD(P)H, which are used
for polymer accumulation (25). Our results showed that the
presence of PhaP from Azotobacter sp. FA8 restored the con-
centration of soluble proteins in the PHB-producing strain
(K24KP) to levels similar to those in the control strain (KQ1).
Phasins, such as PhaP1 from C. necator and PhaP from Azo-
tobacter sp. FA8, have been shown to enhance not only poly-
mer accumulation, but also cellular growth in E. coli (9, 45). As
K24KP accumulated even more PHB than K24K1, this sug-
gests that the lower protein concentration observed for K24K1
is not only due to the lower availability of substrates used for
PHB synthesis, but also to other factors attenuated by the
presence of PhaP. A possible explanation, suggested by the
presence of the elongation factor Ef-Tu in isolated PHB gran-
ules in recombinant E. coli (14), could be that in the absence of

PhaP the polymer might interact with components of the pro-
tein synthesis machinery, thereby affecting protein production.

Previous work proposed that the stress induced in PHB-
producing strains is partly due to the interaction of PHB with
other cellular components (14, 16). In view of this, it has been
suggested that this effect could be attenuated by the presence
of phasins, which form a barrier between the polymer and the
cytoplasm (16, 40). Proteomic studies of purified PHB granules
from E. coli showed that IbpA was the most abundant protein
found in the granules, but only in the absence of PhaP (40).
This could be solely due to competition between IbpA and
PhaP for granule surface binding or to a reduced concentration
of IbpA in the phaP-expressing recombinants. Our transcrip-
tion analysis demonstrated that expression of ibpA, together
with the other chaperones, is decreased in PHB-accumulating
recombinants in the presence of PhaP. If PhaP prevents the
titration of chaperones by the PHB granules, the increased
level of free chaperones could bind to and inactivate RpoH,
thereby decreasing the heat shock response and, consequently,
the expression of these chaperones.

Significantly, our results demonstrated that PhaP expression
also has a strong beneficial effect in E. coli independent of
PHB accumulation. This was first suggested by the dramatic
decreases in expression of the chaperone genes ibpA, groEL,
groES, and dnaK in strain K24KP to levels significantly below
those observed in non-PHB-producing cells, indicating that
expression of PhaP significantly decreases cytoplasmic stress
during cellular growth. This result was quite unexpected, since
the expression of heterologous proteins is known to induce the
heat shock response instead of reducing it (42). Further exper-
iments showed that expressing PhaP in non-PHB-producing
cells resulted in increased growth rates and cell density at 37°C
compared to control cells. Interestingly, the peak in ibpA ex-
pression in control versus PhaP-expressing cells coincided with
the beginning of differences in growth rates between the two
strains. This could be due to a relative increase in the concen-
tration of misfolded proteins in the control cells, which slows
down growth and triggers the expression of ibpA. The presence
of PhaP alleviates this stress, resulting in higher growth rates
and final cell densities.

Our results also demonstrated that PhaP expression in non-
PHB-producing E. coli provides a protective effect against
stresses: increased resistance to both heat shock and superox-
ide stress by paraquat, but not to hydrogen peroxide, was
observed. Interestingly, the protective effect of PhaP is similar
to that observed in E. coli overexpressing ibpA and ibpB (22),
suggesting an overlap in function between PhaP and IbpA.
This was further reinforced by our finding that ibpA expression
was reduced in PhaP-expressing strains, both during normal
growth at 37°C and in response to heat shock, and the previous
observation that IbpA was no longer present in PHB granules
when PhaP was expressed (40). We note, however, that there
are no sequence similarities between PhaP and IbpA, suggest-
ing no common origin of the two proteins. Since the overex-
pression of IbpA and IbpB has been shown to positively influ-
ence recombinant protein production in E. coli (15), the
similarities observed between the effects of IbpA and PhaP
suggest that PhaP could also enhance the production of re-
combinant proteins in E. coli.

The primary signal that results in the induction of the heat
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shock response is the appearance of protein misfolding due to
an increase in temperature. The amounts of misfolded proteins
relative to those of chaperones and proteases regulate the heat
shock response by affecting RpoH levels (13). Taking this into
account, the reduced heat shock protein transcription observed
in this work in strains expressing PhaP, together with reduced
expression of rpoH during PHB production and RpoH protein
levels during heat shock, suggests that PhaP may affect protein
folding similarly to IbpA (Fig. 5).

We note that in our experiments, levels of RpoH decreased
slightly after 5 and 10 min of heat shock in both the presence
and absence of PhaP. During heat shock, RpoH protein levels
transiently increase before decreasing due to degradation (39).
It is likely that in our experiments the transient increase
peaked before our 5-min time point.

This work has demonstrated the protective role of PhaP in
PHB-synthesizing E. coli and linked the effects of the protein
to the expression of stress-related genes, especially ibpA. Fur-
thermore, the effect of PhaP was analyzed independently of the
production of PHB, showing that the protein has an unex-
pected protective effect in E. coli under both normal and stress
conditions. The results obtained in this work open the door for
novel biotechnological applications of this protein, for exam-
ple, in the production of recombinant proteins and other het-
erologous products in E. coli.
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