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Abstract
This is the first report of a poly-3-hydroxybutyrate (PHB) synthase in Escherichia coli. The enzyme
was isolated from the periplasm using ammonium sulfate fractionation, hydrophobic, and size-
exclusion chromatography and identified by LC/MS/MS as YdcS, a component of a putative ABC
transporter. Green Fluorescent Protein-tagged ydcS, purified by 2D native gel electrophoresis, also
exhibited PHB synthase activity. Optimal conditions for enzyme activity were 37 °C, pH 6.8–7.5,
100 mM KCl. Km was 0.14 mM and Vmax was 18.7 nmol/mg protein/min. The periplasms of
deletion mutants displayed <25% of the activity of the parent strain. Deletion mutants exhibited ~25%
less growth in M9 medium, glucose, and contained ~30% less PHB complexed to proteins (cPHB)
in the outer membranes, but the same concentration of chloroform-extractable PHB as wild-type
cells. The primary sequence of YdcS suggests it may belong to the alpha/beta hydrolase superfamily
which includes polyhydroxybutyrate (PHB) synthases, lipases and esterases.
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Introduction
Polyhydroxybutyrate (PHB) synthases catalyze the polymerization of R-3-hydroxybutyryl-
CoA to high molecular weight polymer (>60,000 units) in many soil and water bacteria [1–
3]. However, synthases that produce the short polymers of R-3-hydroxybutyrate (< 200 units),
which are ubiquitous components of all cells – prokaryotic and eukaryotic [4–7], remain
unknown. These short polymers are found complexed to other macromolecules and thus are
referred to as cPHB.

Escherichia coli does not synthesize high molecular weight PHB, but it contains cPHB (~ 140
units) associated with inorganic polyphosphate in the cytoplasmic membranes [5,6], and ~ 5%
of its proteins are modified by cPHB [7–9]. Theodorou et al [10] showed that the AtoS-AtoC
signal transduction system in the cytoplasmic membrane, which induces the atoDAEB operon
for growth with short-chain fatty acids, can positively modulate the levels of cPHB biosynthesis
in E. coli. They suggest that periplasmic acetoacetate acts as an inducer. Here we examine the

© 2008 Elsevier Inc. All rights reserved.
Rosetta N. Reusch, Telephone: 517-355-6463 Ex 1594, FAX: 517-353-8957, rnreusch@msu.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Biochem Biophys Res Commun. Author manuscript; available in PMC 2010 November 17.

Published in final edited form as:
Biochem Biophys Res Commun. 2008 September 26; 374(3): 485–489. doi:10.1016/j.bbrc.2008.07.043.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



distribution of cPHB synthase activity in cell fractions of E. coli, and isolate a periplasmic
protein with cPHB synthase activity which is a potential participant in the cPHB modification
of some E. coli outer membrane proteins.

Materials and methods
Strains

E. coli clones of ydcS deletion mutants (JWK1435-1,2) and parent strain (BW25113), His-
tagged and GFP-tagged ydcS (JW1435-His; JW1435-GFP) were obtained from the National
BioResource Project, Japan [11].

Cell fractionation
Cells of E. coli BW25113, were cultured in LB medium, collected by centrifugation and
resuspended in 10 mM KHepes, pH 7.3. Lysozyme (20µg/ml) and EDTA (1 mM) were added
and the cell suspension was incubated for 30 min at room temperature. DNase (50 µg/ml),
RNase (50 µg/ml) and MgCl2 (5 mM) were added, and the cells were broken by ultrasonication.
Unbroken cells were removed by low speed centrifugation, and the supernatant (S3K) was
centrifuged at 18,000 rpm for 60 min at 4 °C. The resulting pellet (P18K) was saved, and the
supernatant (S18K) was centrifuged at 45,000 rpm for 2½ hrs at 4 °C. The envelope fraction
(P18K pellet) was further separated into cytoplasmic membrane, and outer membrane fractions
on sucrose step gradients as previously described [12]. NADH oxidase activity was used as a
marker for cytoplasmic membranes [13] and ketodeoxyoctanoate was used as a chemical
marker for outer membranes [14]. Protein concentrations were determined with the Bio-Rad
Protein Assay.

Preparation of periplasmic fraction
Periplasmic fractions were isolated by osmotic shock using the method of Nossal and Heppel
[15]. The periplasmic fraction contained < 4% of the KDO activity of the outer membrane
fraction per mg protein and < 7% of the NADH oxidase activity of the cytoplasmic membranes
per mg protein.

Radioactive assay for PHB synthase
The reaction mixture (100 µl) contained 10 µl sample, 6 µl of 14C-3-hydroxybutyryl-CoA (50
mCi/mmole; 0.1 mCi/ml.), 0.1 mM 3-HB-CoA, 0.4 mg BSA, 10 µg E. coli phospholipids, 100
mM KCl, 100 mM KHepes, pH 7.4. A reaction mixture without added sample was included
in each group of assays. The mixtures were incubated at 37 °C for 1 hr, and cooled on ice. An
equal volume of ice-cold 30% trichloroacetic acid (TCA) was added and mixtures were
incubated on ice for 1 h. The precipitates were collected on Whatman GF/F filters in a Millipore
1225 Sampling Manifold, washed 3x with 3 ml 10% TCA, then 2x with acetone. The dry filters
were added to scintillation fluid, and radioactivity was determined in a Beckman Model
LS6500 scintillation counter.

Co-A release assay for PHB synthase
Release of CoA during oligomerization of 3-HB-CoA was measured in a discontinuous assay
[16,17]. The reaction mixture (100 µl) contained 10 µg periplasmic fraction or 1 µg YdcS-
GFP, 1 mM 3-HB-CoA, 10 µg E. coli total phospholipids, 100 mM KCl, 100 mM KHepes,
pH 7.5. The mixtures were incubated at 37 °C for 1 hr, then 7.7 µl 100% TCA was added to
stop the reaction and the mixture was cooled on ice. After centrifugation to remove precipitated
protein, supernatant (102 µl) was added to 573 µl of 1 mM DNTB (5,5-dithiobis-(2-
nitrobenzoic acid), in 0.5 M potassium phosphate, pH 7.8, and A412 was measured. A standard
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curve of CoA (Sigma) versus A412, measured in the same medium, was used to convert A412
to CoA.

Chemical assay for cPHB
The procedure used is an adaptation of the method of Karr et al. [18] as described by Huang
and Reusch [7].

Liquid chromatography/Mass spectrometry (LC/MS/MS)
The gel band was subjected to in-gel tryptic digestion according to Jensen et.al. [19]. The
extracted peptides were automatically injected by a ThermoElecton Micro-Autosampler onto
an Agilent Zorbax 300 SB-C18 5 × 0.3 mm peptide trap. The bound peptides were eluted onto
a 15 cm × 75 µm Microm Magic C18 AQ column (Michrom BioResources , Auburn, CA) and
then eluted with a gradient of 5% B to 90% B using a ThemoElectron Surveyor LC (Buffer A
= 99.9% Water/0.1% formic acid, Buffer B = 99.9% acetonitrile/0.1% formic acid) into a
ThermoElectron LTQ-FTICR mass spectrometer. Survey scans were subjected to automatic
low energy collision-induced dissociation (CID) in the LTQ. The resulting MS/MS spectra
were converted to peak lists using BioWorks Browser v 3.2 and searched against a database
consisting of all E. coli sequences from the National Center for Biotechnology Information.
Identifications were considered positive when 2 peptides per protein were identified with a
significant Mascot score (p< 0.05).

Purification of YdcS
(NH4)2SO4 was added to 45% saturation to the periplasmic fraction obtained from E. coli
BW25113 cells. After incubation for 2 h at 4 °C, the mixture was centrifuged, and the pellet
dissolved in 20mM Tris, pH 7.5, 1 M (NH4)2SO4, 1 mM EDTA, 1mM DTT and loaded onto
a HiPrep 16/10 phenyl FF (high sub) column. Elution was with a linear gradient of
(NH4)2SO4 (1 M to 0 M) in 20 mM Tris, pH7.5, 1 mM EDTA, 1 mM DTT. Fractions were
tested for PHB synthase activity by the radioactive assay, and the active fractions were pooled
and loaded onto a HiPrep 16/10 Q FF column. Elution was with a linear gradient of NaCl (0–
1M), 20 mM Tris, pH 8.0, 1 mM EDTA, 1 mM DTT. Active fractions were pooled and an
aliquot was loaded onto a Superdex 75 column. Elution was with 20mM Tris, 1 mM EDTA,
1mM DTT, pH 7.5.at a flow rate of 0.5 ml/min; fractions with PHB synthase activity eluted at
~20 ml.

Purification of GFP- YdcS
An ASKA E. coli ydcS-GFP fusion (JW1435-GFP) (NBRP, Japan) was grown in LB medium
and ydcS-GFP was overexpressed by addition of 0.2 mM IPTG and culture o/n at 30 °C. The
cells were harvested and resuspended in 20 mM Tris, 100mM KCl, 1 mM EDTA, and 2 mM
DTT, pH 7.5. After adding lysozyme (20 µg/ml), RNase (10 µg/ml), and DNase to (5 µg/ml),
cells were broken by ultrasonication. Unbroken cells were removed by low speed
centrifugation and (NH4)2SO4 was added to the supernatant to 45% saturation. The pellet was
collected and dissolved in 20mM Tris, 1 M (NH4)2SO4, 1 mM EDTA, 1 mM DTT, pH 7.5,
and loaded onto a HiPrep 16/10 phenyl FF (high sub) column. YdcS-GFP protein was eluted
with a linear gradient of (NH4)2SO4 (1M −0 M), and fractions displaying green fluorescence
were pooled, and filtered. An aliquot of this solution was loaded onto a Superdex 75 column
equilibrated with 10mM Tris, 1 mM EDTA, 1 mM DTT, pH 7.5. Elution was with the same
solvent at 0.5 ml/min. Purified YdcS-GFP was quantified by its fluorescence, using a standard
curve of fluorescence intensity versus YdcS-GFP concentration (Millipore).
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2-D gel electrophoresis of YdcS-GFP
YdcS-GFP was subjected to 2D electrophoresis using a Mini Protean II 2D cell (Bio-Rad).
Sample buffer contained 5% DTT, 1.6% 5–7 ampholytes, 0.4% 3–10 ampholytes, 0.1% octyl
glucoside, 10% glycerol. First dimension was 4% acrylamide (tube gel), 0.1% octyl glucoside,
1.6% 5–7 ampholytes, 0.4% 3–10 ampholytes. Anode buffer was 7M phosphoric acid; cathode
buffer was 20 mM lysine, 20 mM arginine. Electrophoresis was at 500 V for 10 min and 750
V for 3.5 hr. Second dimension was in a native 12% acrylamide gel, 25 mM Tris, 192 mM
Glycine buffer, pH 7.3. Electrophoresis was at 160 V until the dye front reached the bottom of
the gel.

cPHB from log-phase and competent cell
Cells were cultured in SOB medium [21] with high aeration (275 rev/min) to A600 of 0.4. The
culture was cooled on ice and then equally divided. Cells were collected by centrifugation at
1800 rpm for 15 min at 4° C. One cell pellet was resuspended in ice-cold SOB medium, and
the other in 1/3 volume of ice cold transformation buffer (10 mM KMES (pH 6.2), 100 mM
KCl, 45 mM MnCl2, 10 mM CaCl2) and incubated on ice for 30 min [21]. The cells were
collected by centrifugation, and washed twice with ice-cold dry acetone. The dry pellets were
extracted 2x with 2 ml. warm chloroform (30 °C). The chloroform extracts were filtered and
chloroform was evaporated with a stream of dry nitrogen. The residues were assayed for cPHB
using the chemical assay.

Results
Cellular distribution of PHB synthase activity in E. coli

Late log-phase E. coli BW25113 cells were lysed by ultrasonication. The low-speed pellet
(P3K) was discarded and the supernatant (S3K) was separated into the following density
fractions: envelope fraction (P18K), cytoplasm (S18K), ribosomal fraction (P45K) and
cytosolic fraction (S45K). PHB synthase activity was assayed in each fraction by following
the conversion of water-soluble 14C- 3-HB-CoA into TCA-insoluble oligomers.

As shown in Figure 1, the highest specific activity (cpm/mg protein) was in the envelope
fraction. This fraction was further separated on sucrose density step-gradients into cytoplasmic
membrane and outer membrane fractions. Cytoplasmic membranes contained ~ 20% and outer
membranes ~ 4% of the total activity (Fig. 1 insert). The periplasmic fraction, isolated from
whole cells by osmotic shock, accounted for the ~75% remaining activity. The activity was
very labile, decreasing at a rate of 60% per day at 4 °C, 25% per day at −20 °C and 12% per
day at −80 °C. Addition of E. coli lipids, glycerol, dithiothreitol, various detergents and salts,
either individually or in combination, did not stabilize the enzyme activity.

Purification of an PHB synthase from E. coli periplasm
A PHB synthase was purified from the periplasm of stationary-phase E. coli BW25113 cells
(Table 1). Coomassie blue stain of an SDS-PAGE showed a protein band at ~ 40 kDa (Fig. 2,
lane 4). The purified protein demonstrated significant PHB synthase activity when tested with
the radioactive assay (420 cpm/µg) but the activity was even more labile than that of the
periplasmic fraction. LC/MS/MS of a similar band identified the protein as YdcS, a putative
member of an ABC transporter [20].

Purification and PHB synthase activity of YdcS-GFP
To confirm the PHB synthase activity of YdcS, ASKA clones of His-tagged and GFP-tagged
ydcS were obtained from the National BioResource Project E. coli strain (NBRP, Japan).
Clones of His-tagged ydcS exhibit high toxicity and almost no growth after IPTG induction
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whereas clones of GFP-tagged ydcS exhibit very high fluorescence following IPTG induction.
The green fluorescence was used instead of the radioactive assay to identify YdcS-GFP
fractions and to quantify YdcS-GFP. The purified YdcS-GFP (13 µg from 100 ml culture)
exhibited significant PHB synthase activity in both radioactive (860 cpm/µg protein) and CoA-
release assays. The PHB synthase activity was proportional to the enzyme concentration. YdcS-
GFP was further purified by 2D native gel electrophoresis to rule out co-migration with a
protein of the same MW. The band containing YdcS-GFP displayed significant PHB synthase
activity by the radioactive assay (456 cpm/µg). YdcS-GFP was somewhat more stable than
periplasmic YdcS, but was inactivated by incubation at 70 °C for 20 min.

The identity of cPHB as the product of ydcS-GFP activity in the radioactive assay was further
tested with a chemical assay for cPHB. The crotonic acid formed in this procedure was found
to contain 14C-crotonic acid (2162 cpm). The same procedure performed without YdcS-GFP,
yielded no radioactive crotonic acid.

Enzyme characteristics of YdcS
Due to the rate at which YdcS and YdcS-GFP lost activity, freshly prepared periplasm was
used to determine the enzyme characteristics. Once the activity curves were established, the
maxima were confirmed using purified YdcS-GFP and/or YdcS. The optimum conditions for
the enzyme were a temperature of 37 °C, pH of 6.8–7.8, and ionic strength of 100 mM. A
Lineweaver plot indicated a Km of 0.14 mM and Vmax of 18.7 nmol/mg protein/min.

Effect of ydcS on cell growth and cPHB content
The growth of deletion mutants of ydcS (Keio; JWK-1435-1,2) were compared to that of the
wild-type strain, BW25113. The cell density of the deletion mutants in early stationary phase
was 5–10% less than that of wild-type in LB broth at 37 °C, and ~ 25% less than that of wild-
type in minimal medium, 0.4% glucose at 37 °C (Fig. 4).

The concentrations of cPHB in late log-phase cells of the wild-type parent strain (BW25113)
and the ydcS deletion mutant (JWK-1435-1) were determined by chemical assay. Dried cells
of the ydcS deletion mutant contained ~ 25% less cPHB/mg dry wt. as dried cells of the parent
strain (Table 1). There was no discernible difference in cPHB/mg protein of the cytoplasms or
inner membranes of wild-type and ydcS deletion mutant; however, the outer membranes of the
ydcS deletion mutant contained ~30% less cPHB/mg protein than the parent strain (Table 2).

Effect of YdcS on synthesis of chloroform-soluble polymers of 3-HB
In addition to cPHB, E. coli cells contain short polymers of R-3HB (~140 residues), known as
cPHB, which are complexed to inorganic polyphosphates in the cytoplasmic membranes
[12]. cPHB is not covalently bound and hence, unlike cPHB, it can be extracted from the cells
with chloroform. The concentration of cPHB in log-phase cells is very low but it increases 50
to 100 fold when the cells are made genetically competent by the Hanahan procedure [12,21].

To determine whether YdcS may be responsible for synthesis of cPHB or other chloroform-
extractable polymers of 3-HB, the concentration of chloroform-soluble 3-HB polymers was
determined for equal numbers of log-phase and competent cells of wild-type BW25113 and
ydcS deletion mutants (JWK-1435-1,2). The amount of PHB was too low to measure in the
log-phase cells, whereas the PHB concentrations in the competent cells of wild-type and
ydcS deletion mutants were essentially the same (0.6 ± 0.1 µg/109 cells).
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Discussion
Here we find that YdcS, a periplasmic protein of E. coli, exhibits PHB synthase activity. YdcS
is a 381 aa protein with a 22 aa signal sequence; the mature protein has a MW of 40 kDa and
pI of 6.27. The protein copy number is unknown, but the RNA copy number is 0.1 during log-
phase and 0.18 during stationary phase [22]. YdcS is regulated by RpoS, the sigma factor for
RNA polymerase which controls the expression of ~50 genes responsible for the adaptations
to stress and the survival of stationary-phase cells [23]. It is one of 12 proteins up-regulated as
a physiological short-term adaptation to glucose-limitation [24,25].

YdcS is a putative periplasmic-binding protein of an ABC transporter system ydcSTUV [20].
The primary structure of YdcS suggests it may be a member of the α/β hydrolase superfamily
of proteins [26] which includes class III PHA oligomerases as well as lipases and esterases
[27]. All of the enzymes of this family share a common fold with a catalytic triad which is
conserved in the primary sequence in the invariant order nucleophilic residue-acidic residue-
histidine, in which the nucleophilic residue can be cysteine, serine or aspartate, the acidic
residue can be either aspartic acid or glutamic acid and histidine is strictly conserved [28].
YdcS has a lipase box motif at residues 87–91, GYDLV, containing the aspartate nucleophile.
This is unlike PHA synthases and depolymerases whose lipase boxes contain the nucleophiles
cysteine or serine [26], and instead resembles the lipase box sequences found in haloalkane
dehalogenase superfamily which cleave carbon-halogen bonds in halogenated aliphatic
hydrocarbons or epoxide hydrolases which catalyze the hydrolysis of expoxides to the
corresponding vicinal diols [29].

Our data indicate that YdcS does not synthesize cPHB involved in channel formation [30] or
other chloroform-extractable polymers of 3-HB, however, the ~30% decrease in concentration
of cPHB in outer membrane proteins of ydcS deletion mutants is consistent with a role for YdcS
in synthesis of cPHB. The concentration of cPHB is higher in outer membrane proteins than
in other cell compartments (Table 2). Outer membrane proteins are characteristically
amphiphilic; they contain hydrophilic sequences and lack long hydrophobic sequences. These
features presumably allow them to escape the cytoplasmic membrane. The addition of cPHB
to segments of these proteins in the periplasm may serve to facilitate their insertion into the
outer membrane
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Figure 1.
PHB synthase activity in centrifugal fractions of E. coli BW25113 lysates. S-supernatant; P
pellet. Insert shows distribution of activity in P18K fractions (envelope fractions). CM:
cytoplasmic membrane; Per: periplasm; OM: outer membrane. Specific activity; counts per
minute per mg protein.
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Figure 2.
SDS-PAGE gels (12%) of fractions obtained during the purification of YdcS from periplasm
of E. coli BW25113 cells . The gels were stained with Coomassie Blue. Lane 1: 45% ammonium
sulfate precipitant; lane 2: active fractions from HiPrep 16/10 phenyl FF column
chromatography; lane 3: active fractions from HiPrep 16/10 Q FF column chromatography;
lane 4: YdcS after Superdex 75 column chromatography; lane 5: YdcS-GFP purified by the
same sequence after Superdex 75 chromatography.
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Figure 3.
CoA-release assays of periplasmic fraction (▽) and purified YdcS-GFP (△). Reaction mixture
contained 10 µg periplasmic fraction or 1 µg YdcS-GFP, 1 mM 3-HB-CoA, 10 µg E. coli total
phospholipids, 100 mM KCl, 100 mM KHepes, pH 7.5.
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Figure 4.
Growth curves of wild-type (BW25113) and deletion mutants (JWK1435-1,2): Culture
conditions: M9 medium containing 0.4% glucose, 5mM MgSO4, 0.1mM CaCl2 at 37°C with
shaking at 280rpm. Absorbance was measured at 600 nm.
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Table 2

cOHB concentration of whole cells and cell fractions of E. coli BW25113 (wild-type) and JWK1435-1 (ydcS
deletion mutant 1) determined by chemical assay. Cytoplasm includes periplasm. Values are the average of 2
determinations.

E. coli cells Concentration of cOHB

Whole Cells
(µg/mg dry wt.)

Cytoplasm
(µg/mg prot)

Inner Membrane
(µg/mg prot)

Outer Membrane
(µg/mg prot)

BW25113 (WT) 5.0 1.5 ± 0.2 1.4 ± 0.2 3.0 ± 0.4

JWK1435-1 (DM1) 3.7 1.4 ± 0.2 1.3 ± 0.2 2.1 ± 0.3
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