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ABSTRACT: The erythromycin precursor polyketide 6-deoxyerythronolide B (6-dEB) is produced from
one propionyl-CoA starter unit and six §2Zmethylmalonyl-CoA extender units. In vitro studies have
previously demonstrated that the loading module of 6-deoxyerythronolide B synthase (DEBS) exhibits
relaxed substrate specificity and is able to accept butyryl-CoA, leading to the production of polyketides
with butyrate starter units. We have shown that we can produce butyryl-CoA at levels of up to 50% of
the total CoA pool irEscherichia colicells that overexpress the acetoacetyl-CoA:acetyl-CoA transferase,
AtoAD (EC 2.8.3.8), in media supplemented with butyrate. The DEBS polyketide synthase (PKS) used
butyryl-CoA and methylmalonyl-CoA supplied in vivo by the AtoAD and methylmalonyl-CoA mutase
pathways, respectively, to produce 15-methyl-6-dEB. Priming DEBS with endogenous butyryl-CoA affords
an alternative and more direct route to 15-Me-6-dEB than that provided by the chemobiosynthesis method
[Jacobsen, J. R., et al. (1993tience 27,7367—369], which relies on priming a mutant DEBS with an
exogenously fed diketide thioester. The approach described here demonstrates the utility of metabolic
engineering irE. coli to introduce precursor pathways for the production of novel polyketides.

The rise of antibiotic-resistant pathogenic bacteria has processed to produce 15-R-6-dEB, which is subsequently fed
intensified the search for new and improved antibacterial to a bioconversion strain &. erythraealeficient in 6-dEB
agents. One approach for generating compounds that aresynthesis to convert the 15-R-6-dEB into the 15-R-
effective against resistant organisms involves chemical erythromycin analoguet]. Using chemobiosynthesis, many
modification of existing antibiotics to enhance and expand 6-dEB analogues have been produced. Analogues of par-
their activities. The antibacterial erythromycins, for example, ticular interest are derived from 15-Me-6-dEB, which is
can be chemically modified to produce novel antibiotics produced from feeding 3-hydroxy-2-methylhexanyl-SNPC
called ketolides [e.g., ABT773, telithromycin (Figure 1)], to Streptomyces coelicol@xpressing DEBS with an inactive
which are active against macrolide-resistant pathogenic KS1 (3).
bacteria ). A promising new series of ketolide antibiotics In the present study, we developed Escherichia coki
is derived from 15-substituted erythromycins, which are based system for 15-Me-6-dEB production which does not
generated by a combination of chemobiosynthei8)(and rely on chemobiosynthesis. The system takes advantage of
biochemical transformationgl). the relaxed specificity of the wild-type DEBS loading domain

In Saccharopolyspora erythragtne natural erythromycin  for different acyl-CoA starter units. When DEBS is expressed
producer, the erythromycin precursor polyketide 6-deoxy- in S. coelicolor a mixture of propionyl-CoA-derived 6-dEB
erythronolide B (6-dEB) is produced from one propionyl- and acetyl-CoA-derived 14-nor-6-dEB is produced. In vitro
CoA starter unit and six &-methylmalonyl-CoA extender  studies with purified DEBS proteins have demonstrated that
units, catalyzed by 6-deoxyerythronolide B synthase (DEBS) both butyryl-CoA and acetyl-CoA are accepted as starter
(5). 6-dEB is subsequently converted to erythromycin by a units, although propionyl-CoA is the preferred substréte (
series of post-polyketide synthase oxidation, glycosylation, 7). These results led us to explore the possibility of producing
and methylation reactions. We are interested in the produc-15-Me-6-dEB inE. coliby supplying butyryl-CoA as a starter
tion of 15-substituted 6-dEBs for use as novel scaffold unitin vivo.
precursors for erythromycin analogues. Currently, the pro- Two strategies have been successfully used to supply
duction of erythromycin analogues is accomplished by precursors for 6-dEB biosynthesiskn coli (8—10). In both
tedious chemical syntheses and biotransformations or bycases the starter unit, propionyl-CoA, has been produced by
“chemobiosynthesis”. The most practical of these, chemo- feeding propionate to a. coli strain overexpressing PrpE,
biosynthesis, involves feeding a diketide thioesterNsf a propionyl-CoA ligase. The two pathways used for extender
propionylcysteamine (SNPC) to an organism that expressesunit supply are the propionyl-CoA carboxylase (PCC)
DEBS with an inactive ketosynthase 1 (K$Homain @). pathway, in which (&)-methylmalonyl-CoA is produced
The SNPC diketide is incorporated at DEBS KS2 and is directly from carboxylation of propionyl-CoA8], and the

methylmalonyl-CoA mutase/epimerase pathway, in which
* Address correspondence to this author. Telephone: 510_731_5224'_(2R)-methylmalonyI-CoA is derived from the TC.:A cycle
Fax: 510-732-8401. E-mail: kealey@kosan.com. intermediate succinyl-CoA and converted to ti&igomer
*These authors contributed equally to this work. by the action of the methylmalonyl-CoA epimerase (9). The
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erythromycin A and its semisynthetic ketolide derivatives ABT773 and telithromycin.
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Ficure 2: Ato pathway for utilization of acetoacetate and other
four-carbon fatty acids ifE. coli.
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mutase/epimerase pathway can be used to supply $e (2
methylmalonyl-CoA extender unit independently of the
propionyl-CoA starter unit, thus enabling potential acyl-CoA
starter unit analogues to be incorporated into the DEBS
loading domain without competition from the natural starter
unit, propionyl-CoA.
The ato operon inE. coli controls utilization of aceto-

acetate and short-chain fatty acids (Figure 2). The Ato

CoA:acetoacetyl-CoA transferase, encoded by at@AD
genes {1). This enzyme also efficiently activates butyrate
and a number of other short-chain fatty acids (A. Yeliseev
et al., unpublished results) to their corresponding acyl-CoA
derivatives. Mutant strains oE. coli capable of using
butyrate as a sole carbon source constitutively express both
atoADand the fatty acig-oxidation genesl(1). Expression

of the ato pathway alone should allow the accumulation of
butyryl-CoA in the cell upon feeding butyrate.

In the background of an engineer&d coli strain that
produces methylmalonyl-CoA by the methylmalonyl-CoA
mutase pathway and harbors plasmids expressing DEBS, we
overexpressed AtoC, the positive regulatoatdAD. Upon
feeding butyrate, butyryl-CoA was produced in this strain
and successfully incorporated as the starter unit into DEBS
to form 15-Me-6-dEB.

MATERIALS AND METHODS

Chemicals.Antibiotics were used at the following con-
centrations: carbenicillin (carb), 10@g/mL; kanamycin
(kan), 50ug/mL; streptomycin (strep), 20g/mL; tetracycline
(tet), 7.5ug/mL. *H]-B-Alanine (50 Ci/mmol) was purchased
from American Radiolabeled Chemicals. Sodium propionate,
sodium butyrate, monosodium glutamate, succinic acid, and
hydroxocobalamin were purchased from Sigma and prepared
as stock solutions, which were adjusted to pH-7@1. Glass
beads (106tm, acid washed) and acyl-CoA thioesters were
purchased from Sigma. The CoA standard mix contained 0.5
mM CoA and 1.6 mM each of malonyl-, methylmalonyl-,
succinyl-, acetyl-, propionyl-, and butyryl-CoA.

Strains. E. colistrains BL21(DE3) (Novagen, Inc.) and
BAP1 (8), which was adapted for polyketide biosynthesis

pathway is normally induced by acetoacetate with expressionby deletion of theprp operon and introduction of therpE

controlled by AtoC, the positive transcriptional activator
for the operon. Acetoacetate is activated by acetyl-

and sfp genes under the control of the T7 promoter, have
been previously described. K173-145 is a derivative of the
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Table 1: E. coli Strains Used in This Study

strain relevant genotype source/reference
BL21(DE3) F ompT hsds(rs~ mg~) gal dcm(DE3) Novagen
BAP1 BL21(DE3)AprpRBCD:T7,sfp-THprpE 8
K173-145 BAP1panDS25A Kennedy et al., submitted
K207-3 K173-145AygfG:: T7,accAl-TgpccB 10
K214-037 K173-14AygfG: T7;mutAB-T gepi-T fatoC 10

strain BAP1 with a mutation in thpanD gene,panD25A

to allow CoA analysis through feeding of radiolabeled
pB-alanine (J. Kennedy et al., submitted for publicatids).
coli strain K207-3, derived from K173-145, carries integrated
copies of thes. coelicolopropionyl-CoA carboxylase genes,
pccBandaccAl each under control of the T7 promoter and
integrated at the/gfG locus (L0). E. coli strain K214-037,
also derived from K173-145, carries single copies of the
Propionibacterium shermaninethylmalonyl-CoA mutase,
S. coelicolormethylmalonyl-CoA epimerase, arfg. coli

Table 2: Plasmids Used in This Study

T7

plasmid origin resistance regulated genes reference

130 ColE1l carb DEBS2DEBS3 8
pKOS173-158 ColEl kan DEBS1 10
pKOS149-49.A92 ColEl carb atoC this work
pKOS173-091 ColEl kan  atoAD this work
pKOS207-15a pl5a tet mutARB epi, atoC 10
pKOS214-004 pl5a tet atoC this work
pKOS149-58b.A7 ColEl carb mutAB epi, atoC this work

atoC genes, each under control of the T7 promoter and described9, 10, 12). Briefly, 20 uL of an overnightE. coli

integrated at thggfGlocus (L0). See Table 1 for a list dE.
coli strains used in this study.

Plasmids.The plasmids pBP130, expressing DEBS2 and
DEBS3 under control of the T7 promoter in a plasmid
backbone derived from pET21c (c&band pKOS173-158,
expressing DEBS1 under control of the T7 promoter in a
backbone derived from pET28a (Kdnhave been described
previously 8, 10). The geneatoC was amplified by PCR
from E. coli genomic DNA introducing amNdd site at the
start codon and aAurll site downstream of the stop codon.
After the sequence of thetoC gene was verified, thatoG
containingNdd/Aurll fragment was cloned into pKOS116-
95b ), replacing thenutABcontainingNdd/Nhd fragment

culture was used to inoculate 1 mL of LuriBertani (LB)
medium containing 10uCi of [3H]-B-alanine (specific
activity, 50 Ci/mmol). Media supplements, growth, and
induction conditions paralleled those described in the
Polyketide Analysis section below. Following growth at 22
°C, the cells were collected by centrifugation and were
resuspended in 300L of cold (4 °C) 10% trichloroacetic
acid (TCA) containing 5L of CoA standard mix, 0.15 mL

of 100um diameter glass beads was added, and the samples
were vortexed at £C for 2 min. After centrifugation to
remove precipitated protein, 10Q of the supernatant was
loaded onto an HPLCHPLC was performed using a 150

4.6 mm % ODS-3 Inertsil HPLC column (Ansys Technolo-

and creating plasmid pKOS149-49.A92, a pET22b derivative gies). HPLC buffer A contained 100 mM NaPiO, and 75

expressingatoC. The atoAD genes were amplified frorg.
coli genomic DNA by PCRHindlll and Aurll sites were

mM NaOAc, pH 4.6, and buffer B contained 40% buffer A
and 60% methanol. The HPLC column was equilibrated with

introduced upstream and downstream of the start and stop95% buffer A/5% buffer B at a flow rate of 1 mL/ min.

codons, respectively, and add site was incorporated at

Following sample injection a linear gradient program con-

the ATG start codon. The 1.35 kbp product was digested sisting of the following steps was implemented: from 5%

with Hindlll and Aurll and subcloned into Litmus28 (New

to 20% buffer B over 30 min, to 45% buffer B over 20 min,

England Biolabs) to give pKOS173-073. Following sequence to 90% buffer B over 10 min, and to 5% buffer B over 1

verification, anNdd/Sad fragment containing th@toAD

min. The eluant was monitored at 260 nm and by an on-line

genes was subcloned from pKOS173-073 into pET26b to radiometric detection Packard Instruments 500 TR flow
give pKOS173-091. The plasmid pKOS207-15a, expressing scintillation analyzer.

mutAR epi, andatoCeach under the control of independent
T7 promoters in a backbone derived from pACYC184jtet
has been described previoushg). The plasmid pKOS214-
004 was derived from pKOS207-15a by digestion wthdl
and religation to remove thmautABandepi genes, resulting

in a pACYC184-derived plasmid withitoCunder the control

of the T7 promoter. The plasmid pKOS149-58b.A7 was
made by cloning thetoC-containingNsil/Avrll fragment
from pKOS149-52-45 10) into the Nsi/Nhd sites of

Polyketide AnalysisAs described previoushy], overnight
cultures of the polyketide production strains were grown in
LB medium with the appropriate antibiotics. These overnight
cultures were diluted 1:50 into 25 mL of LB medium with
the appropriate antibiotics in a 250 mL Erlenmeyer flask and
grown at 37°C until the ORyporeached 0.40.5. The cultures
were then cooled to 25C and induced with 0.5 mM IPTG,
and media supplements were added to the following final
concentrations: aM hydroxocobalamin (added in the dark),

pK0OS143-24-30 [essentially the same as pKOS143-35-5050 mM succinate, and 50 mM glutamate and propionate and

(9) except theP. shermaniimethylmalonyl-CoA epimerase
is replaced by th&. coelicolormethylmalonyl-CoA epime-

butyrate as indicated. After 48 h at 22, the ORQ of the
cultures was determined, and the cells were collected by

rase]. pKOS149-58b.A7 has the same configuration as centrifugation. Cell-free supernatant (5 mL) was mixed with

pKOS207-15amutAB epi, andatoC, each under the control
of independent T7 promoters in a backbone derived from
pPET22b (carB). For a list of relevant plasmids used in this
study, see Table 2.

Acyl-CoA AnalysisThe detection ofH-labeled acyl-CoAs
by [3H]-$-alanine feeding td. coli panDstrains has been

an equal volume of ethyl acetate to extract the polyketide
products into the organic fraction (top layer). The organic
fraction was dried under vacuum, and the precipitate was
resuspended in 5Q€L of methanol. The polyketide products
were detected by LC-MS and quantified by evaporative light
scattering detection (ELSD) as describ&). (Polyketides
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Ficure 3: Butyryl-CoA production irE. coli overexpressing PrpE,
AtoAD, or AtoC. E. coli strains BL21(DE3) or BAP1 (with an
integrated copy oprpE under T7 promoter control) were trans-
formed with the vector pET22b, a pET derivative overexpressing
atoC(pKOS149-49.A92) or a pET derivative overexpresstmAD
(pPKOS173-91), and the acyl-CoA profiles of the resulting strains
were determined (see Materials and Methods). The levels of butyryl-
CoA are expressed as a percentage of the total CoA pool.

were quantified by comparing the peak area from the ELSD

with a standard curve of peak areas generated from an
authentic sample. Polyketide titers are reported as the averagé

with standard errors of duplicate or triplicate samples, derived
from independent colonies of the strain analyzed.

RESULTS

Butyryl-CoA Production in E. coliProduction of 15-Me-
6-dEB in E. coli required the expression of a pathway for
the biosynthesis of the butyryl-CoA starter unfthe ato
operon inE. coli controls utilization of acetoacetate and
short-chain fatty acids (Figure 211). To construct ark.
coli strain capable of accumulating butyryl-CoA, two ap-
proaches were tested: (1) overexpression oatbADgenes
and (2) overexpression atoC, the positive regulator of the
ato operon. Production of soluble AtoAD and AtoC was
verified by SDS-PAGE (data not shown). AtoAD col-
lectively constituted approximately 36% of the total protein
and AtoC constituted 22%. The levels of the protein bands

corresponding to AtoAD were also raised upon overexpres-

sion of AtoC but to a lesser extent (10% of total protein for
AtoA and AtoD, collectively). CoA analyses showed that
butyryl-CoA constituted approximately 50% of the total CoA
pool when eitheatoAD or atoC were overexpressed in the
presence of 100 mM butyrate (Figure 3). The addition of
100 mM butyrate did not alter the growth characteristics of
the strain. In our polyketide production strains, derived from
E. coli strain BAP1 8), PrpE, a propionyl-CoA ligase that
has previously been shown to convert butyrate to butyryl-
CoA (13), is also overproduced. However, although expres-
sion of PrpE does lead to the production of butyryl-CoA,
significantly lower levels of butyryl-CoA 3% of the total

Biochemistry, Vol. 42, No. 48, 20034345

CoA pool) accumulate in the presence of PrpE alone,
compared to that produced by strains also overexpressing
atoAD or atoC (~50% of the total CoA pool; Figure 3).
Thus, overexpression ftoAD, either directly or through
overexpression of its positive regula@oC, was necessary
and sufficient to produce butyryl-CoA as the predominant
acyl-CoA inE. colicells grown in the presence of butyrate.
For the experiments described below, overexpressiaod?
was used to generate butyryl-CoA.

Propionyl-CoA Is the Preferred Starter Unit for DEBS in
Vivo. The ability of butyryl-CoA to serve as a starter unit
and prime 6-dEB biosynthesis in vivo was first tested using
K207-3 (Table 1), a strain d&. coliin which the propionyl-
CoA ligase gene and the propionyl-CoA carboxylase genes
are integrated on the chromosome such th&-(2ethyl-
malonyl-CoA is generated from propionyl-CoAQ). The
DEBS genes anatoC (for butyryl-CoA production) were
expressed from plasmids pKOS173-158, pBP130, and
pKOS214-004 (Table 2). The strain was grown in LB with
the addition of the appropriate antibiotics, 5 mM propionate,
and 0, 1, 5, 10, or 50 mM butyrate. The results show that
although the butyrate-derived polyketide 15-Me-6-dEB was
produced, more of the propionate-derived polyketide (6-dEB)
was generated (Figure 4A). As the butyrate concentration
was increased, the titer of 6-dEB decreased while the titer
of 15-Me-6-dEB showed an initial increase, followed by a
decrease. Analyses of acyl-CoA pools from these fermenta-
tions (Figure 4B) showed that as the concentration of butyrate
increased, the relative butyryl-CoA level increased while the
relative levels of (&)-methylmalonyl-CoA and propionyl-
CoA decreased. The reduction in overall polyketide titers
eflected the reduction in &-methylmalonyl-CoA and
propionyl-CoA precursor levels as the butyrate concentration
was increased. In conditions where the levels of butyryl-
CoA and propionyl-CoA were equal (i.e., when both pro-
pionate and butyrate were fed at 5 mM), approximately 10-
fold more 6-dEB was produced than 15-Me-6-dEB. Further
analysis of these data, comparing the ratio of propionyl-CoA
to butyryl-CoA to the ratio of 6-dEB to 15-Me-6-dEB
revealed a strong linear correlation (Figure 4C; linear
correlation coefficientR = 0.987). These results demon-
strated that in order to produce butyryl-CoA-derived 15-Me-
6-dEB as the predominant polyketide species in engineered
E. coli, propionyl-CoA must be eliminated or its intracellular
concentration must be significantly reduced.

Methylmalonyl-CoA and Butyryl-CoA (in the Absence of
Propionyl-CoA) Can Be Made in E. cokxpressing the
Mutase and Ato Pathways. A pathway independent of
propionyl-CoA has been developed for the production of
methylmalonyl-CoA inE. coli (9). This pathway utilizes
vitamin B;,-dependent methylmalonyl-CoA mutaseutAB
which interconverts succinyl-CoA andRmethylmalonyl-
CoA, and methylmalonyl-CoA epimerasepi, to generate
the (2)-methylmalonyl-CoA isomer, which is used exclu-
sively by DEBS (4). To demonstrate that it was possible
to produce (3)-methylmalonyl-CoA and butyryl-CoA in the
samek. colicell, a plasmid (pKOS149-58b.A7) withutAB
epi, and atoC under the control of the T7 promoter was
introduced into BL21(DE3). Analysis of the acyl-CoA pool
in this strain upon feeding 100 mM butyrate clearly
demonstrated the presence of both butyryl-CoA (36% of total
CoAs) and methylmalonyl-CoA (3% of total CoAs) and the
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el mented with propionate, 0.& 0.2 mg of 6-dEB/L was
. produced and no 15-Me-6-dEB was detectable. When

T . T ] butyrate alone was used, the major polyketide product was
Butyrate fed (mM) 15-Me-6-dEB (0.6+ 0.1 mg/L), with 6-dEB (0.3t 0.1 mg/

L) also produced. The propionate and butyrate additions had
‘r no noticeable impact on the growth characteristics of the
- o strain.

The detection of 6-dEB without the addition of exogenous
propionate suggests that propionyl-CoA is produced in the
25 - engineered strain. Propionyl-CoA could arise from trace

2 L amounts of propionate in LB, from degradation of
threonine 15), or from the decarboxylation of methylma-
lonyl-CoA through the action of/gfG, a native E. coli
1E . decarboxylase. To examine whether YgfG-catalyzed decar-
05 | " boxylation of methylmalonyl-CoA was a significant source

of propionyl-CoA and also to create a more stable strain with
y y ! reduced plasmid load, thutARB epi, andatoC genes were

0 &'I> 1IO 1I5 20 25 30 . K X .
6-dEB : 15-Me-6-dEB integrated into the=. coli chromosome so as to disrupt the

FicURe 4: 6-dEB and 15-Me-6-dEB production using the propionyl- Y9fG gene. This strain, K214-037, was then tested for 15-
CoA carboxylase (PCC) pathway for §2methylmalonyl-CoA Me-6-dEB and 6-dEB production by introducing the DEBS
production.E. coli strain K207-3 (with PCC genes integrated and genes on plasmids (pKOS173-158 and pBP130). In the

UQ<§SV1T773P1F%W()E)€EV gga\;ro') \éVithBF;'?g?i(dDSE%KSOZSZ?-Sg‘é ggt)oc), absence of exogenous propionate or butyrate in this strain,
p - ,and p an was }

grown as described in the Materials and Methods in the presence<<o'1 mg of 6 dEB./L was prOdu.Ced compared to £:8.05
of 5 mM sodium propionate with sodium butyrate varied from 0 M@ of 6-dEB/L without disruption oygfG. When 5 mM

to 50 mM. Panel A shows titers of 6-dEB and 15-Me-6-dEB. Panel propionate was fed to K214-037 with the DEBS plasmids,
B shows levels of individual acyl-CoAs expressed as a percentagel.5 + 0.1 mg of 6-dEB/L was produced and no 15-Me-6-

of the total acyl-CoA pool. Standard errors are shown for both plots. §EB was detectable. When 5 mM butyrate was fed to this
Panel C shows a plot of the propionyl-CoA:butyryl-CoA ratio vs L M .

the 6-dEB:15-Me-6-dEB ratio. A strong linear correlation can be strain, titers of 15-Me-6-dEB were 090.1 mg/L with o_nly
seen R = 0.987). trace amounts<0.1 mg/L) of 6-dEB observedntegration

of the acyl-CoA supply genes at thigfGlocus thus resulted

absence of significant amounts of propionyl-CoA (Figure 5). in & 1.5-fold increase in polyketide titers and a reduction in

Production of 15-Me-6-dEB Using the Ato and Mutase background 6-dEB production when butyrate was fed to this
Pathways.Plasmids encoding the DEBS genes under the Strain.
control of T7 promoters (pKOS173-158, pBP130) were
introduced into the strain K173-145 with the plasmid DISCUSSION
pKOS207-15a, which expresses tmeitAB epi, and atoC The goal of this study was to engineer Bn coli host
genes for methylmalonyl-CoA and butyryl-CoA production. capable of producing 15-Me-6-dEB from butyryl-CoA and
The strain was fermented in the presence of either 5 mM (25)-methylmalonyl-CoA precursors. Production of 15-
propionate or 5 mM butyrate for the production of 6-dEB substituted 6-dEB analogues by direct fermentation is a novel
or 15-Me-6-dEB, respectively (Figure 6). When supple- alternative to chemobiosynthesis, which relies on feeding

@

prop-CoA : but-CoA
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Ficure 6: Chromatograms showing 6-dEB and 15-Me-6-dEB productidh itoli. Strain K173-145 with plasmids pKOS207-1%autAB
epiatoQ), pKOS173-158 (DEBS1), and pBP130 (DEBS2 and DEBS3) was fermented as described in the Materials and Methods in the
presence of 5 mM sodium propionate (A propionate) or 5 mM sodium butyrate (4 butyrate). Strain K214-037m{utABepiatoC
integrated on chromosome) with plasmids pKOS173-158 (DEBS1) and pBP130 (DEBS2 and DEBS3) was similarly fermented in the
presence of 5 mM sodium propionate ¢Bpropionate) or 5 mM sodium butyrate (B butyrate). The panels are HPLC chromatograms
(ELSD detection) of extracts of these cultures. The 6-dEB and 15-Me-6-dEB peaks are indicated.

synthetic diketides to a8. coelicolorstrain expressing DEBS  for propionyl-CoA over butyryl-CoA) 16). Hu et al. have
deficient in the first ketosynthase domai).( shown that trans-acting factors can also influence starter unit
The endogenous. coli ato pathway was utilized in order  processing and subsequent polyketide product rafi@s (
to generate butyryl-CoA in vivo to serve as the starter unit In S. coelicolorfermentations, the acetyl-CoA-derived 14-
for DEBS. Overexpression of eithatoAD or atoC coupled nor-6-dEB can constitute 50% of the total polyketide
with butyrate feeding was sufficient to generate intracellular produced. However, in the natural erythromycin producer,
levels of butyryl-CoA as high as 50% of the total CoA pool S. erythraeaonly trace amounts of 14-norerythromycins are
(see Figure 3). Moreover, the intracellular butyryl-CoA levels detected. The disruption afry-ORF5 which encodes a
could be manipulated by altering the concentration of thioesterase Il (TEIl), irS. erythraeacauses a significant
butyrate in the growth medium (see Figure 4). increase in the production of 14-norerythromycins?)(
The starter unit selectivity of DEBS was assessed in an Similarly, coexpression ofry-ORF5 with DEBS in S.
E. coli strain expressing botprpE andatoC and fed both coelicolordramatically reduced 14-nor-6-dEB titers. The fact
propionate and butyrate. This established an in vivo competi- that 14-nor-6-dEB is not observed i coli fermentations
tion between the natural starter unit, propionyl-CoA, and is intriguing (and fortuitous), considering that acetyl-CoA
butyryl-CoA for the DEBS loading domain. The polyketide is readily detectable in thg. coli strain used here (see Figure
product ratio {10:1 6-dEB:15-Me-6-dEB) observed when 5). The presence of an endogenous protein with activity
the intracellular concentrations of propionyl-CoA and bu- similar to that of theS. erythraeaTEIll is a possible
tyryl-CoA were equal showed that, in this system, DEBS explanation for the absence of the acetyl-CoA-derived 14-
preferred propionyl-CoA to butyryl-CoA by a factor of10. nor-6-dEB inE. coli extracts.
The selectivity of the DEBS loading domain that we observed  The high relative specificity of DEBS for propionyl-CoA
in vivo is consistent with that measured in vitro for (a) a over butyryl-CoA underscored the need for a production host
truncated version of DEBS consisting of DEBS1 plus the with clearly defined acyl-CoA pathways. Since the produc-
thioesterase domain (DEBS1-TE) (8-fold preference for tion system utilized wild-type DEBS for polyketide biosyn-
propionyl-CoA over butyryl-CoA) 7) and (b) the isolated thesis, it was necessary to eliminate sources of propionyl-
DEBS loading didomain, consisting of an acyltransferase CoA to prevent the preferred starter unit from competing
(AT) and an acyl carrier protein (ACP)-@0-fold preference  with butyryl-CoA for the loading domain of DEBS. Hence,
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we could not supply the &-methylmalonyl-CoA extender

Kennedy et al.

production of other 15-R-6-dEB analogues, as long as their

unit via the propionyl-CoA-dependent PCC pathway, which corresponding acyl-CoA starter units can be generated in vivo
we have previously shown supports higher polyketide titers and incorporated into DEBS.

than does the methylmalonyl-CoA mutase pathwid).(The
use of the methylmalonyl-CoA mutase pathway enabled the
production of 15-Me-6-dEB as the predominant polyketide
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CoA and resulted in a reduction in the amount of 6-dEB
produced when butyrate was fed to figgG-deficient strain.

Me-6-dEB from acyl-CoA precursors k. coli, further

metabolic engineering, media development, and classical 2

strain improvement are three well-established routes to 5
increase polyketide productivity. It is likely that the supply
of methylmalonyl-CoA via the methylmalonyl-CoA mutase
pathway is limiting polyketide titers as we have consistently
observed lower titers for 6-dEB production when methyl-

malonyl-CoA is supplied by the methylmalonyl-CoA mutase 5.
pathway rather than the PCC pathwal0); As methyl- 6.

malonyl-CoA is derived from the TCA cycle intermediate,
succinyl-CoA, strategies aimed at boosting the steady-state

level of succinyl-CoA could increase methylmalonyl-CoA 8.

levels. In addition, methylmalonyl-CoA mutase requires the
vitamin B;, cofactor which is not produced de novo By

coli. To supply By, the vitamin B, precursor, hydroxo-
cobalamin, is added to the growth media, and the precursor
is taken up byE. coliand converted into the mature cofactor
(9, 18). It is possible that intracellular levels of the vitamin
B1, cofactor are insufficient for full activity of methyl-
malonyl-CoA mutase and that strategies aimed at boosting 3
vitamin By, levels could also increase the methylmalonyl-
CoA pool.

The metabolic engineering approach described here may
be difficult to replicate with natural polyketide producers
such asStreptomyces cinnamonensigat have redundant
pathways for the generation of starter and extender uts (
20). The advantage of using. coli as a production host is
that no such redundant pathways exist, siBceoli did not
evolve to produce polyketides. Genetic engineering of the
DEBS loading domain is an alternative and complementary
strategy for increasing the specificity of the loading domain
for starter unit analogue2l). A potential disadvantage of
the genetic engineering approach, however, is that AT
domain “swapping” and other engineered modifications to
PKSs can impair enzyme function, leading to less productive
strains. The metabolic engineering approach using wild-type
DEBS has the advantage that no potentially deleterious
changes to the DEBS PKS need to be made. Eheoli
host system described here should also serve for the

10.

12.

14.

16.

17.

18.

19.

20.

21.
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