
APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Aug. 2002, p. 3848–3854 Vol. 68, No. 8
0099-2240/02/$04.00�0 DOI: 10.1128/AEM.68.8.3848–3854.2002
Copyright © 2002, American Society for Microbiology. All Rights Reserved.

Metabolic Engineering of a Novel Propionate-Independent Pathway for
the Production of Poly(3-Hydroxybutyrate-co-3-Hydroxyvalerate)

in Recombinant Salmonella enterica Serovar Typhimurium
Ilana S. Aldor,† Seon-Won Kim,‡ Kristala L. Jones Prather,§ and Jay D. Keasling*

Department of Chemical Engineering, University of California, Berkeley, California 94720-1462

Received 25 February 2002/Accepted 14 May 2002

A pathway was metabolically engineered to produce poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV),
a biodegradable thermoplastic with proven commercial applications, from a single, unrelated carbon source.
An expression system was developed in which a prpC strain of Salmonella enterica serovar Typhimurium, with
a mutation in the ability to metabolize propionyl coenzyme A (propionyl-CoA), served as the host for a plasmid
harboring the Acinetobacter polyhydroxyalkanoate synthesis operon (phaBCA) and a second plasmid with the
Escherichia coli sbm and ygfG genes under an independent promoter. The sbm and ygfG genes encode a novel
(2R)-methylmalonyl-CoA mutase and a (2R)-methylmalonyl-CoA decarboxylase, respectively, which convert
succinyl-CoA, derived from the tricarboxylic acid cycle, to propionyl-CoA, an essential precursor of 3-hydroxy-
valerate (HV). The S. enterica system accumulated PHBV with significant HV incorporation when the organism
was grown aerobically with glycerol as the sole carbon source. It was possible to vary the average HV fraction
in the copolymer by adjusting the arabinose or cyanocobalamin (precursor of coenzyme B12) concentration in
the medium.

Polyhydroxyalkanoate (PHA) biopolymers are widespread
among microbes and are used for storage of carbon and re-
ducing equivalents in intracellular granules (45). These natural
polyesters have attracted considerable attention because they
have properties similar to those of common thermoplastics or
elastomers, depending on the monomeric composition. PHA
bioplastics, which are biodegradable and made from renewable
resources, offer an exciting alternative to petrochemical-de-
rived plastics.

Biopol [poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV)], a copolymer of monomers of 3-hydroxybutyrate
(HB) and 3-hydroxyvalerate (HV), is a biodegradable PHA
thermoplastic that was produced by Imperial Chemical Indus-
tries, Zeneca Bio Products, and then Monsanto (3, 7, 33). The
latter company terminated production at the end of 1998 be-
cause of high production costs. Biodegradable shampoo bot-
tles, razors, and food trays were made out of this material, and
a number of other products were in development (8).

PHBV is synthesized from its precursors, acetyl coenzyme A
(acetyl-CoA) and propionyl-CoA, by three enzymes (58) (Fig.
1). The first step involves either a condensation of two mole-
cules of acetyl-CoA or a condensation of acetyl-CoA and
propionyl-CoA by a 3-ketothiolase encoded by phaA. The re-
sulting intermediate, either acetoacetyl-CoA or 3-ketovaleryl-
CoA, is reduced by the phaB gene product, an NADPH-de-
pendent acetoacetyl-CoA reductase. This reaction generates

3-hydroxybutyryl-CoA and 3-hydroxyvaleryl-CoA, which are
incorporated into the growing polymer chain by PHA synthase
or polymerase, encoded by phaC, as four- and five-carbon
monomers, respectively.

When PHBV was produced industrially, glucose and propi-
onate were supplied to a fed-batch fermentation of Ralstonia
eutropha, a natural PHA accumulator. Adjusting the ratio of
these carbon sources in the feed controlled the copolymer
composition (9). A major factor in the prohibitively high price
of Biopol was that propionate, which was activated to form the
propionyl-CoA precursor of HV, is expensive to produce in-
dustrially and is considerably more costly than glucose (45). A
more economical alternative is to produce propionyl-CoA
from an inexpensive, unrelated carbon source.

Many organisms produce propionate (and propionyl-CoA)
by the fermentation of a variety of organic compounds (56). In
the well-studied methylmalonyl-CoA pathway, succinyl-CoA is
an important intermediate. The conversion of succinyl-CoA to
(2R)-methylmalonyl-CoA proceeds through the action of co-
enzyme B12-dependent methylmalonyl-CoA mutase (20). Next,
(2R)-methylmalonyl-CoA is converted to (2S)-methylmalonyl-
CoA via methylmalonyl-CoA epimerase. To convert (2S)-
methylmalonyl-CoA to propionyl-CoA, two alternative en-
zymes are involved. For example, in Propionigenium modestum,
a biotin-dependent, sodium ion-translocating methylmalonyl-
CoA decarboxylase complex converts (2S)-methylmalonyl-
CoA to propionyl-CoA and uses the energy of decarboxylation to
transport sodium (14). In Propionibacterium shermanii, a bio-
tin-dependent transcarboxylase complex catalyzes the revers-
ible transfer of a carboxylate group from (2S)-methylmalonyl-
CoA to pyruvate, generating propionyl-CoA and oxaloacetate
(68).

A novel pathway which offers original conversion of succinyl-
CoA to propionyl-CoA for recombinant PHBV production was
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discovered (Fig. 1). A previously unelucidated Escherichia coli
operon (sbm-ygfD-ygfG-ygfH), encoding a pathway for the con-
version of succinate to propionate, was discovered by conduct-
ing a sequence analysis of members of a superfamily of croto-
nases (enoyl-CoA hydratases) encoded on the E. coli genome
(18). Sleeping beauty mutase (Sbm) catalyzes the coenzyme
B12-dependent conversion of succinyl-CoA to (2R)-methylma-
lonyl-CoA. The next step in the pathway involves a novel
methylmalonyl-CoA decarboxylase (YgfG), which catalyzes
the conversion of (2R)-methylmalonyl-CoA to propionyl-CoA.
This activity had never been reported before [the previously
studied decarboxylase and transcarboxylase act on (2S)-meth-
ylmalonyl-CoA], and it is not biotin dependent. Finally, pro-
pionyl-CoA is converted back to succinyl-CoA by propionyl-
CoA:succinyl-CoA transferase (YgfH). There is also a fourth
gene in the operon, ygfD, located between sbm and ygfG, which
encodes a putative protein kinase. This enzyme may be a reg-
ulatory enzyme, but it has not been thoroughly investigated.
Interestingly, the genome of Salmonella enterica serovar Ty-
phimurium, a close relative of E. coli, does not contain genes
homologous to the genes in the operon (37).

The 2-methylcitric acid cycle (Fig. 1) is responsible for the
catabolism of propionate as a sole carbon and energy source in
many gram-negative bacteria (5, 6, 32, 60) and has been stud-
ied extensively in S. enterica (23–28, 32, 43, 62). It has been
proposed that this cycle is a detoxification pathway for propio-
nyl-CoA (23).

In an analogous manner to which citrate synthase condenses
a molecule of acetyl-CoA and oxaloacetate to make citrate for
the citric acid (tricarboxylic acid [TCA]) cycle, 2-methylcitrate
synthase condenses a molecule of propionyl-CoA and oxalo-
acetate to synthesize 2-methylcitrate for the 2-methylcitric acid
cycle (Fig. 1). These two cycles compete for the acetyl-CoA

and propionyl-CoA precursors, respectively, necessary for
PHBV production.

A mutant strain of Burkholderia sacchari, defective in prpC,
accumulated a copolyester with a higher HV content than that
of its parent when it was fed propionate (precursor of propio-
nyl-CoA), presumably because of decreased propionyl-CoA
catabolism in the mutant strain (5, 52). The prpC mutation
should also eliminate competition for propionyl-CoA derived
from an unrelated substrate, and this could be manipulated for
recombinant PHBV production. Therefore, a well-character-
ized S. enterica prpC mutant (62) was chosen as the host strain
for this study. Like E. coli, S. enterica does not naturally accu-
mulate PHA, and it has a number of advantages as a recom-
binant PHBV producer (1, 31). Furthermore, preliminary re-
sults indicated that S. enterica is a better host for reconstituting
Sbm and YgfG activities than E. coli.

In this paper, we describe reconstitution of the novel pro-
pionyl-CoA biosynthesis pathway (Sbm and YgfG activities)
in a recombinant strain of S. enterica that has a mutation in
prpC and harbors the Acinetobacter PHA synthesis operon
(phaBCA). This heterologous pathway converts succinyl-CoA
to propionyl-CoA, the essential precursor of HV in PHBV,
without addition of propionate to the culture medium.

MATERIALS AND METHODS

Bacterial strains and plasmids, culture media, and growth conditions. The
E. coli and S. enterica strains and plasmids used are listed in Table 1.

To construct pBAD-Cro, a 4.4-kb fragment including sbm, ygfD, and ygfG was
amplified by PCR from E. coli W3110 genomic DNA, which had been extracted
with a genomic DNA extraction kit (Qiagen). The forward primer 5�-TGA ACT
GAT TGA CTT AAC GCC-3� and the reverse primer 5�-AAA GCC GCT AAA
TGC CAC-3� were designed by using GCG SeqWeb Primer Selection. The
product was first cloned into the EcoRV site of pBluescriptII SK� (Stratagene)
in a blunt-end ligation. Next, the 3.9-kb operon was PCR amplified from the
clone by using forward primer 5�-G GAA TTC ATG TCT AAC GTG CAG
GAG TGG C-3� and reverse primer 5�-CTC TAG ATT AAT GAC CAA CGA
AAT TAG GTT TAC-3�. These primers contained appropriate restriction sites
for cloning and facilitated the ligation of the operon as an EcoRI-XbaI fragment
into pTrc99A to construct pTrc-Cro. The operon was subsequently subcloned
from pTrc-Cro as an NcoI-XbaI fragment into pBAD24 to form pBAD-Cro.

In both cases, the PCR was conducted with Platinum Pfx DNA polymerase
(Invitrogen) by using a model PTC-200 thermal cycler (MJ Research). Samples
were incubated at 94°C for 2 min (for initial denaturation), and this was followed
by 25 cycles of denaturing at 94°C for 15 s, annealing at 55°C for 30 s, and
extension at 68°C for 5 min. There was a final extension period of 7 min at 68°C.

pMMB-pha was constructed by subcloning a 4.6-kb EcoRI-SalI fragment,
harboring the Acinetobacter PHA synthesis operon from pISA1 (1), into vector
pMMB206 (39).

All cloning steps were performed by using standard procedures (49). In most
cases plasmid preparation was performed by using kits from Qiagen; in the case
of preparations involving pMMB206-derived plasmids, boiling lysis was used to
facilitate restriction digestion. Electromax E. coli DH10B (Invitrogen) was used
to screen for correct clones, and enzymes and molecular biology reagents were
purchased from Roche and Invitrogen, respectively.

Transformation into S. enterica was performed by using electroporation, after
cells were made electrocompetent with a series of washes in 10% glycerol (49).
Plasmids were first transformed into the hsdSB121 (restriction-negative and
modification-positive) strain JR501 and then isolated and transformed into the
desired S. enterica strain.

PHBV accumulation. PHA synthesis experiments were performed in morpho-
linopropanesulfonate (MOPS)-buffered medium (40) with 274 mM glycerol un-
der aerobic conditions by using the method described previously (1). Propionic
acid (8 mM) was added in experiments involving exogenous propionate but was
omitted in experiments involving pMMB-pha and pBAD-Cro, which tested the
propionate-independent pathway for HV accumulation. Expression of the plas-
mid-encoded genes was induced with isopropyl-�-D-thiogalactopyranoside
(IPTG) and arabinose when the culture reached an optical density at 600 nm

FIG. 1. Novel metabolic pathway for PHBV production from an
unrelated carbon source. 1, Sbm; 2, methylmalonyl-CoA decarboxylase
(YgfG); 3, 3-ketothiolase (PhaA); 4, acetoacetyl-CoA reductase (PhaB);
5, PHA synthase (PhaC); 6, 2-methylcitric acid synthase (PrpC). The
citric acid cycle (left) and the 2-methylcitric acid cycle (right), which
compete for acetyl-CoA and for propionyl-CoA, respectively, are
shown. The 2-methylcitric acid cycle is blocked in the expression sys-
tem described in this paper, as indicated. PHV, poly(3-hydroxyvaler-
ate); PEP, phosphoenolpyruvate.
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(OD600) of 0.15. For the experiments in which plasmid-encoded genes were fully
induced, 0.1% arabinose and 500 �M IPTG were added. For the arabinose
induction study, a 200-ml culture was cultivated in a 1-liter shake flask, induced
with 500 �M IPTG, and then split into 40-ml cultures in 250-ml flasks with
different concentrations of arabinose, ranging from 0 to 0.1%. When other
medium components were added, their final concentrations were 0.1% succinate,
0.2 mM methionine, 100 �g of ampicillin per ml, and 50 �g of chloramphenicol
per ml. Exogenous cyanocobalamin (CN-B12) (Sigma), a precursor of coenzyme
B12, was added, in general, at a concentration of 1 �M from a 1-mg/ml stock
solution, which was stored in a plastic container in the dark. The CN-B12 con-
centration was varied for the coenzyme B12 dependence study.

For the studies involving external propionate, in general, experiments were
performed in triplicate, and the averages and standard deviations of the results
are presented below. The other data reported below are representative of trends
observed in repeated experiments.

PHBV analysis. Following a 40-h PHA synthesis phase, cells were harvested by
centrifugation, washed, and dried as previously described (1). PHBV was quan-
tified following propanolysis by using a Varian 3800 gas chromatograph with a
Silco-steel-packed column (custom packing was with liquid-phase 10% RT-1000
on a solid support of Chromosorb W-AW [Restek Corporation]) (1, 47). PHBV
copolymer (Aldrich) was used to generate a standard curve. The polymer content
was defined as the ratio of PHA mass to dry cell mass (DCW) in a given sample,
expressed as a percentage. The HV fraction was defined as the ratio of HV to
HV plus HB in the copolymer, expressed in mole percent.

RESULTS

Propionate-dependent PHBV synthesis in JE4199, an S. en-
terica prpC mutant. S. enterica JE4199 harboring pISA1 clearly
showed enhanced HV incorporation in the copolymer com-
pared to the incorporation in the parent when propionate was
added to the medium, indicating that when the 2-methylcitric
acid cycle was blocked, more propionyl-CoA was shunted to

HV biosynthesis (Table 2). In these experiments, the parent
(TR6583) harboring the R. eutropha PHA synthesis operon
yielded an HV fraction considerably lower than the fraction
when it harbored the Acinetobacter operon. However, the HV
fraction when the R. eutropha operon was used markedly in-
creased when the operon was introduced into the prpC mutant
host, JE4199. The total polymer content varied from run to run
for a given expression system, while the molar fraction of HV
remained relatively constant, so the HV accumulation effects
were very reproducible.

With its advantageous behavior established for propionate-
dependent PHBV biosynthesis, JE4199 harboring the Acin-
etobacter PHA synthesis operon was used as a host for the
propionate-independent pathway involving Sbm and YgfG,
encoded on pBAD-Cro. pMMB-pha was used instead of pISA1
in order to provide a PHA synthesis plasmid compatible with
pBAD-Cro. The Acinetobacter operon cloned into pMMB206
showed the same advantageous behavior, relative to the be-
havior of the R. eutropha operon cloned into this vector, as
when pBAD24 was used (data not shown).

HV formation in JE4199 harboring pMMB-pha and pBAD-
Cro. Initial experiments with pBAD-Cro were conducted in
MOPS medium with glycerol and succinate (precursor of suc-
cinyl-CoA) in order to provide optimal conditions for succinyl-
CoA production and thus HV incorporation. JE4199 harboring
pMMB-pha and pBAD-Cro accumulated significant amounts
of HV compared to the amounts accumulated byJE4199 har-
boring pMMB-pha and pBAD24, a vector control for pBAD-
Cro (16.2 mol% HV in total polymer that accounted for 30.8%

TABLE 1. Bacterial strains and plasmids

Strain or plasmid Relevant characteristics Source or reference

Strains
Escherichia coli DH10B F� mcrA �(mrr-hsdRMS-mcrBC) �80dlacZ�M15 �lacX74 deoR recA1 endA1 araD139

�(ara,leu)7697 galU galK �� rpsL nupG
Gibco

Salmonella enterica serovar
Typhimurium JR501

hsdSA29 hsdSB121 hsdL6 trpC2 metA22 metE551 ilv452 leu3121 rpsL120 galE719 xyl-404
H1-b H2-e,n,x nml (Fels2)� fla-66

61

LT2 derivatives
TR6583 metE205 ara-9 62
JE4199 metE205 ara-9 prpC::MudJ 62

Plasmids
pBAD24 Apr, PBAD, araC, pBR322 ori 17
pMMB206 Cmr, PtaclacUV5, lacIq, RSF1010 ori 39
pTrc99A Apr, Ptrc, lacIq, pBR322 ori Amersham Pharmacia
pBAD-Ae-pha Apr, R. eutropha PHA synthesis operon (phaCAB) in pBAD24 1
pISA1 Apr, Acinetobacter sp. strain RA3849 PHA operon (phaBCA) in pBAD24 1
pMMB-pha Cmr, Acinetobacter PHA synthesis operon from pISA1 in pMMB206 This study
pTrc-Cro Apr, operon including sbm, ygfD, and ygfG in pTrc99A This study
pBAD-Cro Apr, operon including sbm, ygfD, and ygfG in pBAD24 This study

TABLE 2. PHBV production in S. enterica strains, demonstrating the effects of prpC mutation and Acinetobacter and
R. eutropha PHA synthesis constructsa

Plasmid Host Total polymer
(% DCW)

PHBV
(% DCW)

HV in total polymer
(mol%)

pISA1 S. enterica serovar Typhimurium TR6583 40.7 	 18.0 34.2 	 15 14.2 	 1.4
S. enterica serovar Typhimurium JE4199 41.4 	 9.9 27.0 	 8.0 30.6 	 1.9

pBAD-Ae-pha S. enterica serovar Typhimurium TR6583 32.2 	 6.6 30.3 	 7.5 5.6 	 3.7
S. enterica serovar Typhimurium JE4199 24.1 	 8.1 18.2 	 6.0 21.7 	 0.7

a Cells were grown in MOPS-buffered minimal medium containing 274 mM glycerol and 8 mM propionic acid. Expression of the plasmid-encoded genes was fully
induced with 0.1% arabinose when the cell density reached an OD600 of 0.15. The values are means 	 standard errors for triplicate experiments.
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DCW versus no HV in total polymer that accounted for 29%
DCW).

Induction study. The induction study (Fig. 2) showed that
both with and without exogenous succinate, HV incorporation
is dependent on pBAD-Cro expression. Increasing the level of
arabinose between 0 and 0.02% led to increased HV fractions
in the copolymer, while the total polymer level was not ad-
versely affected. Apparently, at arabinose concentrations above
0.02%, expression becomes saturated or there is a bottleneck
in the pathway, and further addition of inducer does not lead
to significantly more HV incorporation. Pellets resulting from
centrifugation of cultures expressing pBAD-Cro were pink
(data not shown), and as the arabinose concentration was
increased, the color darkened, presumably due to more incor-
poration of coenzyme B12 in Sbm. The induction study shows
that the operon harboring the genes encoding Sbm and YgfG
was removed successfully from native control, which involves a
putative 
70 promoter (GenBank accession number AE000375).
Surprisingly, succinate supplementation did not enhance pro-
pionyl-CoA formation, and a high HV fraction could be ob-
tained with glycerol alone.

Vitamin B12 dependence. The vitamin B12 dependence study
(Fig. 3) demonstrated that HV incorporation is dependent on
CN-B12 supplementation of the medium and that it is satu-
rated at CN-B12 concentrations above 1 �M. As observed with
arabinose additions, the cell pellets became a darker pink as
more CN-B12 was added.

DISCUSSION

In this study, endogenous propionyl-CoA catabolism was
blocked by using JE4199, a strain of S. enterica with a mutation
in prpC, as a host for PHBV biosynthesis. This was very effec-
tive for shunting propionyl-CoA to HV (Table 2) and was
consistent with results obtained with B. sacchari IPT101T pro-
ducing PHBV (5) and with recombinant E. coli producing
polyketides that require propionyl-CoA (13, 44).

The Acinetobacter PHA synthesis operon (phaBCA) pro-
duced a higher HV fraction than the R. eutropha operon
(phaCAB) in a separate study (1), but no clear explanation was
provided. PHA synthesis experiments with JE4199 and its par-
ent (TR6583) harboring the R. eutropha operon indicated that
a larger intracellular pool of propionyl-CoA leads to a signif-
icantly higher HV fraction in the copolymer (Table 2). The
affinities for propionyl-CoA of the two operon-encoded keto-
thiolases (PhaA), which catalyze the condensation of propio-
nyl-CoA and acetyl-CoA in PHBV biosynthesis, may differ. It
would be interesting to determine whether the in vivo Km of
R. eutropha PhaA is higher than that of Acinetobacter PhaA.

Based on the evidence presented here, it seems fairly clear
that succinyl-CoA from the TCA cycle was converted to pro-
pionyl-CoA for HV production (Fig. 2 and 3). However, it is
slightly counterintuitive that this strategy for producing pro-
pionyl-CoA works in S. enterica. First, propionyl-CoA is a
competitive inhibitor of E. coli citrate synthase (35), and thus,
feedback inhibition of synthesis of this critical precursor was
a possibility. Inhibiting citrate synthase with propionyl-CoA
would decrease flux through the TCA cycle for succinyl-CoA
formation, limiting the pool of this intermediate available for
the conversion of succinyl-CoA to propionyl-CoA. Second,
both HB biosynthesis and HV biosynthesis require acetyl-CoA,
which also feeds the TCA cycle, and there is competition
among these pathways for the central metabolic intermediate.

Perhaps S. enterica citrate synthase behaves differently than
E. coli citrate synthase, although this seems unlikely. Also,
possibly because pMMB-pha is a low-copy-number plasmid,
the PHA biosynthetic enzymes encoded on it do not drain all
the acetyl-CoA from the TCA cycle, and sufficient succinyl-
CoA is produced to make propionyl-CoA.

In a previous study, succinyl-CoA, derived from glucose, was

FIG. 2. Variation of total polymer content (E) and polymer com-
position (F) in JE4199 harboring pMMB-pha and pBAD-Cro with
arabinose induction. Cells were grown in MOPS-buffered minimal me-
dium containing 274 mM glycerol with 0.1% succinate (A) and without
succinate (B). Expression of the plasmid-encoded genes was induced
with 500 �M IPTG and different arabinose concentrations when the
cell density reached an OD600 of 0.15. The points obtained when no
arabinose was added are plotted at 0.00001% (wt/vol) arabinose be-
cause zero arabinose could not be plotted on the logarithmic scale.

FIG. 3. Variation of total polymer content (E) and polymer com-
position (F) in JE4199 harboring pMMB-pha and pBAD-Cro with
external CN-B12 (precursor of coenzyme B12). Cells were grown in
MOPS-buffered minimal medium containing 274 mM glycerol. Expres-
sion of the plasmid-encoded genes was induced with 500 �M IPTG
and 0.1% arabinose when the cell density reached an OD600 of 0.15.

VOL. 68, 2002 PRODUCTION OF PHBV 3851



converted to 4-hydroxybutyrate for poly(3-hydroxybutyrate-co-
4-hydroxybutyrate) production in recombinant E. coli harbor-
ing the R. eutropha PHA operon and the Clostridium kluyveri
succinate degradation genes (65). Thus, the TCA cycle has prov-
en to be a viable source of abundant precursors for recombi-
nant PHA copolymer production despite the competition of
citrate synthase with the PHA biosynthesis enzymes for acetyl-
CoA. Furthermore, the pathway from succinyl-CoA to propio-
nyl-CoA is thought to function in a number of natural PHBV
accumulators (30, 42, 50, 64, 67).

The functions of Sbm and YgfG were identified in vitro by
purifying the relevant proteins, but initial attempts to find
physiological conditions that yielded in vivo enzyme activity
were unsuccessful (18). Based on the HV accumulation re-
ported here, in vivo activity of each of these enzymes under
aerobic conditions is inferred. The role (if any) of the enzyme
encoded by ygfD is unclear, but its expression was not necessary
for HV incorporation in the copolymer (data not shown). In-
terestingly, previous in vitro studies indicated that Sbm func-
tions better with the N-terminal His tag used for its purifica-
tion, as after cleavage the mutase activity was less than 7% of
that measured with the tag present (18). However, the native
form of the enzyme is active in vivo in our expression system,
as it was in an expression system recently developed for re-
combinant polyketide production in E. coli (13).

HV incorporation was dependent on external CN-B12, which
is consistent with the activity of a coenzyme B12-dependent
methylmalonyl-CoA mutase (Fig. 3). In previous work, CN-B12

was nonlimiting at concentrations above �35 nM for coenzyme
B12-dependent growth of S. enterica on (1,2)-propanediol (19)
and at concentrations above 10 nM for the production of
(1,3)-propanediol with a plasmid-encoded, coenzyme B12-de-
pendent glycerol dehydratase in recombinant E. coli (53).
However, apparently, more coenzyme B12 is needed for Sbm in
this expression system.

The physical and mechanical properties of PHBV depend
strongly on the HV fraction in the copolymer. Therefore, to
obtain plastics suitable for different applications, it is critical to
be able to control copolymer composition (12). This is difficult
when PHBV is made from a single carbon source (42), as
varying the external carbon concentration affects both HB and
HV production. A “dial-a-composition” system was described
previously that decoupled exogenous propionate concentra-
tion from copolymer composition (1). The arabinose induction
studies (Fig. 2) indicated that a similar dial-a-composition sys-
tem is possible with the controlled expression of sbm-ygfD-ygfG
at a fixed carbon concentration. However, the present two-
plasmid system likely suffers from the all-or-none phenomenon
associated with the arabinose promoter (51) and could not be
used to obtain a homogenous copolymer (1). Interestingly, the
vitamin B12 dependence study suggested that controlled CN-
B12 addition is another way to adjust copolymer composition,
although this would clearly be uneconomical.

While methylmalonyl-CoA mutase activity was detected in
cell extracts of Rhodococcus ruber, the enzyme responsible for
conversion of methylmalonyl-CoA to propionyl-CoA for the
production of PHBV from an unrelated carbon source in this
organism was not identified in a previous study (67); neither
methylmalonyl-CoA decarboxylase nor methylmalonyl-CoA:
oxaloacetate transcarboxylase activity was detected. Also, a

methylmalonyl-CoA mutase was implicated in HV production
in Nocardia corallina when mutB strains accumulated copoly-
mers with insignificant amounts of HV compared to the
amounts in the wild-type strain (64), but the enzyme(s) respon-
sible for converting methylmalonyl-CoA to propionyl-CoA was
not identified. A YgfG homolog may catalyze propionyl-CoA
formation in these microbes, and perhaps we have reconsti-
tuted a pathway present in organisms that naturally make
PHBV from unrelated carbon sources. Unfortunately, the
genomes of R. ruber and N. corallina have not been se-
quenced, and therefore, the Basic Local Alignment Search
Tool (BLAST) (2) cannot be used to confirm whether such a
homolog is found in these bacteria.

S. enterica may be an excellent host for recombinant PHBV
production (although its Biosafety Class 2 designation is a
major practical disadvantage). In this study, CN-B12 was added
to the medium to provide the essential precursor of coenzyme
B12. However, while E. coli cannot synthesize vitamin B12,
S. enterica is able to generate this cofactor de novo under an-
aerobic conditions (29, 48). Interestingly, anaerobiosis should
also generate succinyl-CoA fermentatively through the reverse
TCA cycle (41), and much of the strain engineering for the
bio-based overproduction of succinate in E. coli (10, 21, 22, 38,
59, 66) could be applied to propionyl-CoA synthesis of PHBV
in S. enterica.

Both the coenzyme B12 biosynthetic pathway and the novel
pathway from succinyl-CoA to propionyl-CoA should function
in a recombinant E. coli host. Such an organism, harboring the
S. enterica vitamin B12 biosynthetic cluster, produced the co-
factor under anaerobic conditions (46). However, trials involv-
ing CN-B12 addition with E. coli DH10B harboring pBAD-Cro
and pMMB-pha yielded insignificant HV incorporation, in
contrast to experiments performed with S. enterica TR6583
(data not shown). This hurdle must be overcome to generate
an analogous E. coli expression system.

There has been considerable work towards synthesizing
PHBV in planta, a plan which could produce large volumes of
PHAs at low cost from carbon dioxide and sunlight (55). This
has involved converting intracellular threonine to propionyl-
CoA, another strategy used to produce HV from unrelated
carbon sources in natural and recombinant microbes (16, 57,
63). However, when a research group at Monsanto moved this
pathway into Arabidopsis thaliana leaves and Brassica napus
seeds in a complex feat of plant metabolic engineering, the
total copolymer content reached only 3% DCW (54), far below
the 15% DCW deemed sufficient to make extraction and pro-
cessing economical (63). The pathway from succinyl-CoA to
propionyl-CoA probably is inappropriate for transgenic plants
because these organisms neither synthesize nor use vitamin
B12 in their metabolism (15, 48; http://www.nature.com/nbt
/journal/v17/n10/suppinfo/nbt1099_1011_S1.html).

Copolymer composition would be difficult to control in
plants, however, and is best manipulated in a microbial system.
To make such production economical, inexpensive substrates
must be used. Glycerol is more expensive than glucose, but it
was used here to avoid catabolite repression of the PBAD pro-
moter by glucose (17). Presumably, succinyl-CoA derived from
glucose could also be used for HV production, and probably
the PHA yield would be higher with this substrate. Further-
more, the reconstitution of this new pathway is a major step
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towards making PHBV with a desired composition and thus
specific properties using recombinant microbes fed an inexpen-
sive, carbon-laden waste stream (e.g., effluent from a food-
processing plant). If PHBV were made from an abundant TCA
cycle intermediate and copolymer composition were controlled
genetically, the carbon composition of such a stream would not
have to be tightly specified.

A direct comparison of the utility of the pathway from suc-
cinyl-CoA to propionyl-CoA with that of the pathway from
threonine to propionyl-CoA for making PHBV from an unre-
lated carbon source in a recombinant microbe is difficult. An
early study of the threonine pathway in recombinant E. coli
yielded a very low HV fraction unless exogenous valine was
added (16). A later study did not report total polymer values
and indicated that threonine supplementation was necessary
for high HV fractions (63).

1H nuclear magnetic resonance indicated that the extracted
copolymer produced in this study was composed of HB and
HV units and was similar to that produced by Monsanto in
plants (63) (data not shown). Furthermore, the HV fractions
obtained were similar to those used in Biopol (0 to 20%) (34).
An important next step is to develop fed-batch culture meth-
ods for high-level PHBV production that use the pathway from
succinyl-CoA to propionyl-CoA, like the methods involving
exogenous propionate that were established for recombinant
E. coli producing PHBV (11). As described previously, consti-
tutive promoters of different strengths could be used instead of
expensive inducers to create strains capable of producing
PHBV copolymers with desired compositions at low cost (1).

In addition, the novel pathway for propionyl-CoA synthesis
from an unrelated substrate is exciting because of its broad
application. The pathway from succinyl-CoA to propionyl-CoA
is useful not only for PHBV copolymer production but also for
recombinant polyketide antibiotic biosynthesis, which utilizes
propionyl-CoA and (2S)-methylmalonyl-CoA as critical pre-
cursors. By using Sbm and YgfG, as well as methylmalonyl-
CoA epimerase (to convert the R form to the S form), whose
cloning from a number of organisms was recently reported (4,
13, 18, 36), both these polyketide precursors may be synthe-
sized from a simple, low-cost carbon source (13).
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