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The macrocyclic core of the antibiotic erythromycin, 6-deoxyerythronolide B 
(6dEB), is a complex natural product synthesized by the soil bacterium Sac- 
charopolyspora erythraea through the action of a multifunctional polyketide 
synthase (PKS). The engineering potential of modular PKSs is hampered by the 
limited capabilities for molecular biological manipulation of organisms (prin- 
cipally actinomycetes) in which complex polyketides have thus far been pro- 
duced. To address this problem, a derivative of Escherichia coli has been ge- 
netically engineered. The resulting cellular catalyst converts exogenous pro- 
pionate into 6dEB with a specific productivity that compares well with a 
high-producing mutant of S, erythraea that has been incrementally enhanced 
over decades for the industrial production of erythromycin. 

Erythromycin, a broad spectrum antibiotic ed and posttranslationally modified modular 
synthesized by the bacterium S. erythraea, is PKSs in this heterologous host. For example, 
a prototype of a class of complex natural deoxyerythronolide B synthase (DEBS), which 
products called polyketides (1). These bi- synthesizes the macrocyclic core of erythromy- 
omolecules are synthesized from simple cin, is a 2-megadalton a,P2y2 complex com- 
building blocks such as acetyl coenzyme A posed of two equivalent sets of 28 distinct 
(acetyl-CoA), propionyl-CoA, malonyl-CoA, active sites, seven of which must be posttrans- 
and methylmalonyl-CoA through the action lationally pantetheinylated. Once coexpressed 
of large modular megasynthases called PKSs in E. coli in an active form, the three DEBS 
(2). Polyketide structural complexity often subunits would represent the largest and per- 
precludes the development of practical labo- haps the most highly elaborated polypeptides in 
ratory synthetic routes, leaving fermentation this bacterium. Second, the building blocks for 
as the only viable source for the commercial polyketide biosynthesis must be available in E. 
production of these pharmaceutically and ag- coli. For example, 6-deoxyer)ithronolide B 
riculturally useful agents. But the challenges (6dEB, 1) is synthesized from one propionyl- 
associated with developing scalable and eco- CoA-derived primer unit and six (2S)-methyl- 
nomically feasible fermentation processes for malonyl-CoA-derived extender units (Fig. 1). 
polyketide production from natural biological Although E. coli synthesizes propionyl-CoA, 
sources (principally the Actinornyces family this substrate is formed under conditions that 
of bacteria) are enormous and represent the are incompatible with typical high cell density 
most serious bottleneck during polyketide fermentation conditions (3). Moreover, (2.9 
preclinical and clinical development. Analo- methylmalonyl-CoA has not been observed as a 
gous to the pivotal role of E. coli in the metabolite in E. coli (4). Therefore production 
production of therapeutic proteins, the ability of 6dEB in E. coli would require re-engineering 
to produce complex polyketides in this ex- its metabolism to synthesize these two precur- 
ceptionally well-developed heterologous host sors. Lastly, in order to design an effective 
can be expected to benefit natural product cellular catalyst for 6dEB biosynthesis, intracel- 
drug and agrochemical development. lular DEBS activity needs to be well-synchro- 

Notwithstanding the importance of this ob- nized with precursor biosynthesis to maximize 
jective, three challenges are encountered in the the relevant stoichiometric and kinetic parame- 
production of complex polyketides in E. coli. ters. Here we address each of these three issues. 
The first is the ability to express correctly fold- Although the expression of DEBS genes has 

been achieved in the model actinomycete S p p -  
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coli BL21(DE3) harboring the sfp phospho- 
pantetheinyl transferase gene (9) on p ~ ~ ~ 5 6  
(10). The expression levels of the three DEBS 
genes (11) were found to be comparable to 
those reported earlier from S. erythraea (12) or 
S. coelicolor (13). However, although DEBS3 
was found to be active in these lysates, 
DEBS1+TE and DEBS2 lacked any detectable 
activity (14). Consistent with these results, re- 
combinant DEBS3 could be purified from these 
lysates using procedures described earlier (IS), 
but neither DEBS1 +TE nor DEBS2 could be 
purified in detectable quantities. The key pa- 
rameter that facilitated detection of in vitro 
activity and subsequent purification of 
DEBSl+TE and DEBS2 was the incubation 
temperature after IPTG (isopropyl-P-D-thioga- 
lactopyranoside) induction. Upon lowering the 
expression temperature from 30" to 22"C, ac- 
tive DEBSI+TE, DEBS2, and DEBS3 pro- 
teins could be detected in recombinant E. colr 
lysates. Low temperature induction conditions 
were subsequently maintained throughout the 
course of this studv. 

Although plasmid-based coexpression of 
the sfp gene facilitated posttranslational modi- 
fication of the DEBS proteins in E. coli, inte- 
gration of this gene into the chromosome was 
desirable before attempting coexpression of all 
the DEBS genes. Using homologous recombi- 
nation, a single copy of the sfp gene under 
control of the T7 RNA polymerase promoter 
was integrated in the prp operon of 
BL21(DE3), yielding E. coli BAPl (Fig. 2) 
(16).This site was chosen for sfp gene insertion 
for two reasons. First, the prp operon is puta- 
tively responsible for propionate catabolism in 
E. coli (17). Because propionate was intended 
to be the sole source of carbon building blocks 
for 6dEB biosynthesis, concurrent propionate 
catabolism and anabolism were deemed unde- 
sirable. By deletingprpRBCD in the process of 
sfp integration, the ability of BAPl to utilize 
propionate as a carbon and energy source was 
eliminated. Second, together with the sfp gene. 
the prpE gene in BAPl was also placed under 
control of an IPTG-inducible T7 promoter. 
PrpE is thought to convert propionate into pro- 
pionyl-CoA (18); therefore, in the presence of 
exogenous propionate, propionyl-CoA can be 
expected to accumulate inside the cell at the 
same time as DEBS is expressed in an active 
form. 

As a final step toward engineering E. coli 
for 6dEB production, a suitable pathway for 
(2S)-methylmalonyl-CoA biosynthesis need- 
ed to be engineered. Recently, the propionyl 
CoA carboxylase Qcc) genes from S. coeli-
color have been isolated and characterized 
(19).Preliminary experiments confirmed that 
the genes encoding the two subunits, pccA 
and pccB, could be expressed in E. coli in an 
active form and that the activity of the bio- 
tinylated subunit (pccA) could be enhanced 
upon coexpression of the E coli birA biotin 
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Fig. 1. (A) The 6-de- 
oxyerythronolide B A 
synthase. Catalytic do- 
mains: KS, ketosyn- 
thase; AT, acyl trans- 
ferase; ACP; acyl carri- 
er protein; KR, ketore- 
ductase; ER, enoyl 
reductase: DH. dehv- 
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OH 

4 4 4 4 4 4 
DEBS1 (370 kDa) DEBS 2 (380 kD@ DEBS 3 (332 kDa) 

I I I dratase, TE, thioesth- 
ase. DEBS utilizes 1 
mole of propionyl-CoA 
and 6 moles of (25)- 
methylmalonyl-CoA PmpionyCCoA 
to synthesize I mole 
of 6-deoxyerythronol- B 
ide B (GdEB, 1). (8) ~a I' 
Truncated DEBS1 +TE 
produces the triketide 
lactone 2. (C) The rifa- 
mycin synthetase is a 6dEB,1 
polyketide synthase 
that is naturally prim- C NRPS n 

ed by a nonri6osomal 
PKS loading module, - 
comprised of two do- (,,.. 
mains: an ATP-depen- 

ATP dent adenylation do- 
main (A) and a thiola- 
tion domain (T). Sub- 
stitution of this A-T E 
didomain in placeof the loading didomain of DEBS yields an engineered "hybrid synthase that utilizes exogenous acids such as benzoic acid to synthesize 
substituted macrocycles such as 3 in an engineered strain of E. coli. 

ligase gene (20). To test whether propionyl- 
CoA carboxylase can synthesize the correct 
isomer of methylmalonyl-CoA in vivo, BAPl 
was transformed with three plasmids: 
pRSG32 carrying the DEBSl+TE gene un- 
der control of the pT7 promoter (8), pTR132 
carrying the pccAB genes (19), and pCY216 
carrying the birA gene (21). M9 minimal 
media cultures of transformed cells were 
grown at 37OC to mid-log phase, followed by 
induction at 22°C with 0.5 liter rnM IPTG, 
arabinose (2.5 glliter), and [l-14C]- or 
[1-13C]-propionate (26 mg/liter or 250 mg/ 
liter), respectively (22). After 12 to 48 hours, 
the culture supernatant was extracted and an- 
alyzed for formation of the expected triketide 
lactone (2) product of DEBSl+TE. Forma- 
tion of triketide lactone under both feeding 
conditions confirmed the ability of BAPl to 
produce polyketides and encouraged us to 
attempt 6dEB production in the same host. 

To coexpress all three DEBS genes and the 
pcc genes, vectors pET2lc and pET28a (Nova- 
gen, Milwaukee, Wisconsin) were modified to 
express two and three genes, respectively (23). 
When tested individually, protein production 
was observed from each gene located on both 
plasmids. BAPl was transformed with these 
plasmids together with the birA plasmid. Indi- 
vidual transfonnants were cultured, induced, 
and analyzed similar to the experiment for 
DEBS1 +TE using [l-'3C]-propionate. Nucle- 
ar magnetic resonance (NMR) analysis of the 
crude organic extract revealed 6dEB as the 
major propionate-derived metabolite of these 

BAP1 ' ~ 7  $ so ,I. PPE, 

Fig. 2. Genetic design of E. coli BAPI. 
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recombinant cells. The product was later puri- 
fied by high-performance liquid chromatogra- 
phy (HPLC) and subjected to mass spectrome- 
try yielding a major peak of the expected mass 
(24). To quantify the productivity of this newly 
characterized polyketide cellular system, cul- 
ture samples were taken periodically, and the 
concentration of 6dEB was measured (Fig. 3). 
From this data it can be calculated that the 
specific productivity of this cellular catalyst is 

0.1 mmol of 6dEB per gram of cellular pro- 
tein per day. This is superior to wild-type S. 
erythraea and compares well to an industri- 
ally relevant strain that overproduces eryth- 
romycin (0.2 mmol of erythromycin per gram 
of cellular protein per day) (25) as a result of 
a decades-long program of directed-strain im- 
provement based on random mutagenesis. 

To demonstrate the power of engineering 
modular PKSs in this previously unknown het- 
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eroloeous svstem. we attemvted to construct a 
derivative of DEBS in whi'ch a PKS module 
was fused to a nonribosomal peptide synthetase 
(NRPStlike (26) module. The first module of 
the rifamycin synthetase has recently been 
shown to be an NRPS-like module comprised 
of two domains: an adenylation (A) and a thio- 
lation (T) domain (27). The A domain activates 
3-amino-5-hydroxybenzoate(as well as benzo- 
ate and several benzoate derivatives) (27) in an 
adenosine triphosphate (ATP)-dependent reac- 

and transfers the aryl adenylate Onto the 
phosphopantetheine arm of the T domain (Fig. 
1), This NRPS-like module was fused uvstream 
of the frst condensation of DEBS in 
lieu of the loading didomain of DEBS (28). In 
the presence of exogenous propionate and ben- 
zoate, the resulting strain of E. coli 
the expected 6dEB analog (31, as c~nfirmed by 
NMR and mass spectrometry (Fig. 1) (29). 

In summary, we have demonstrated the fea- 
sibilivof engineering E. "li to produce 
plex polyketide natural products. Multiple 
changes were made to the E, coli genome for 
relevant 6dEB production, including 
tion of the three DEBS genes from S. ewthraea, 

10. R. S. Cokhale. S. Y. Tsuji, D. E. Cane. C. Khosla, Science 
284, 482 (1999). 

11, Individual transformants were used to start 25 ml  Luria 
Broth (LB) seed cultures containing carbenicillin (100 
pg/ml) and kanamycin (SO &ml) at 250 rpm and 
37°C. These cultures were used to inoculate 1 liter of LB 
medium, and the culture was grown under the same 
conditions. At mid-log phase (OD,, = 0.4 to 0.8) cells 
were induced with 1 mM lPTC and transferred to a 30°C 
incubator. Cells were harvested after 4 to 6 hours and 
their protein content was analyzed via 7.5% SDS-poly- 
acrylamide gel electrophoresis (SDS-PACE). The three 
DEBS proteins were expressed at about 1% total cellular 
protein [see Supplemental Materials for representative 
gel (811. 

12. P. Caffrey, D. j. Bevitt, J. Staunton. P. F. Leadlay. FEBS 
Lett. 304, 225 (1992). 

13. R. Pieper. C. Luo. D. E. Cane, C. Khosla, Nature 378, 263 
(1 995). 

14, DEBSltTE 	(13) and DEBS3 were assayed as previ- 
OUSIV described 11. R. lacobsen, D. E. Cane, C. Khosla, 
Bioc~emistry 37.'4928 (1998)l. Although an assay for 
the entire DEBS2 has not yet been developed, the 
activity of module 3 on this protein can be assayed as 
previously described (70). 

15. N. L. Pohl. R. S. Cokhale, D. E. Cane. C. Khosla, j. Am. 
Chem. Sot. lZ0, 1206 (lgg8). 

16. The method of Hamilton et al. [I. Bacterial. 171. 

pTR132/pCY216. 13C-1-propionate feeding was per-
formed as follows: A single transformant of BAP1/ 
pRSC32/pTR132/pCY216 was used to start a 3-ml LB 
culture with carbenicillin (100 &nl), kanamycin (50 
pglml), and chloramphenicol (34 &ml) at 37°C and 
250 rpm. The starter culture was used to inoculate 
100-ml M9 minimal media with glucose at the same 
antibiotic concentrations as above. These cultures were 
grown at 250 rpm and 37OC to mid-log phase (OD,, = 
0.5 to 0.7), cooled for 15 min in a 22°C bath. and 
induced with 500 pM IPTC and 0.25% arabinose. 13C- 
1-propionate was added to a final concentration of 100 
muliter, and the cultures were incubated at 2ZoC for 12 
to 15 hours. The sample was then centrifuged and the 
supernatant extracted twice with 300-ml ethyl acetate. 
The sample was dried in vacuo, resuspended in CDCI,. 
and analyzed via '3C-NMR. A negative control was 
performed with BL21(DE3)/pRSC32/pTR132/pCY216. 

23. The construction of plasmids pBP130 and pBP144 is 
described in the Supplemental Materials (8). 

24. Plasmids ~BP130. ~BP144. and ~CY216 were trans-
formed into BAP1 as previously described. Culture con- 
ditions were identical to those described for 13C-1-
propionate fed at 250 mglliter (22).Cultures were sam- 
pled regularly over 3 days. Samples were centrifuged and 
the supernatant (either 2 or 20 PI) loaded onto a 
Hewlett-Packard 1090 HPLC using an initial 4.6 x 10 
mm column (Inertsil, C18 ODS3.5 pm: Metachem Tech- 
nologies. Torrance. CA), was washed with water (1 mV 
min for 2 min), and then was loaded onto a main 4.6 x 
50 mm column with the same stationary phase and flow 
rate. A 6-min gradient was then applied starting with 
100% water and finishine with 100% acetonitrile main- -
tained for an additional 1 mln. The sam~les were ana- 
lyzed with an Alltech evaporative light s&ttering detec- 
tion system (ELSD500: Deerfield. IL), and a peak at 
6.4-min retention time was confirmed as hepta-l3C-
labeled 6dEB by mass s~ectrometw (MW.,. = 393).

2 . 	 "", 
Product concentrations were measured in comparison to 
standard 6dEB samples using the same detection 
scheme. At the end of the incubation period, the entire 
culture supernatant was extracted as before with ethyl 
acetate, dried, and analyzed by 13C-NMR. ~dditionalb, 
the final cell pellet wasanalGd via SDS-PACE to con- 
firm the presence of the three DEBS proteins and the 
PCC. NO differences were observed between the ex~res- 
sion levels of the proteins at 12 and 48 hours Lost- 
induction. The stability of each plasmid in BAPl/pBP130/ 
pBP144lpCY216 was also tested at 12 and 36 hours 
post-induction. No loss of pBP144 was observed at 
either time point, whereas ~ B P I ~ Oand pCY216 were 
maintained in 50 and 35% o'f the colonies'at 12 and 36 
hours, respectively. No rearrangement of any plasmid 
was detected at either time point, based on restriction 
analysis of multiple re-transformed colonies. Negative 
controls for the i  3 ~ experiments included - ~ ~ ~ BAPV 
pBP130/pCY216, BAPl/pBP144/pCY216, and BAPl/ 
pBP130/pBP160/pCY216. (Plasmid pBP160 carries a C to 
A null mutation at the active site of the KS domain in 
module 1 [C. Kao, et al., Biochemistry 35, 12363 (1996)l.) 

25. W. Minas, P. Brunker, P. T. Kallio, j. E. Bailey, Biotech- 
nol. Prog. 14, 561 (1998). 

26. H. D. Mootz, M. A. Marahiel, Curr. Opin. Chem. Biol. 
1, 543 (1997). 

27. S. j. Admiraal, C. T. Walsh, C. Khosla, in preparation. 
28. The construction 	of plasmid pBP165, carrying the 

rifamycin loading didomain fused to DEBS1 as well as 
the pccAB genes, is described in the Supplemental 
Materials (8). 

29. 13C-NMR (CDCI,, 	 500 MHz) 6: 213.76, 177.43, 79.70, 
76.60, 71.24, 37.72 (enriched carbon atoms only). 
Mass Spectrometry (AP-CI) for expected lZC1,-
13C,H3,0,Na, 463.2757; observed, 463.2847. 
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4617 (1989)] was used for chromosomal gene re-
placement. Specifically, -1 kb of prpR and prpE were 
amplified via polymerase chain reaction (PCR) using 
the following oligonucleotides: (prpE 5' oligonucleo- 
tide) TTTCATATCTCTTTTACCCAATTTTATCACCC-
TTC~(D~DE3' olieonucleotide) TCAATTCTTAATTA- 
ACCCCCCTCAC~CATCCCG~T;(prpR 5' oligonu-
cleotide) TTTATGCATGGCCTAATCCACCAGAAA-
ATGC; (prpR 3' oligonucleotide) TTTCTACACCCC- 
AAAACTCACCTCTTCTAT. The prpE fragment was 
cloned as an Nde I-Eco RI casielte in ~ E T Z ~ Cand 
subsequently was mobilized as an Sph I-Pac I frag- 
ment into the temperature-sensitive plasmid, 
pMAK705. [This fragment, which contained the pT7 
promoter from pET2lc upstream of prpE, served as 
the right-hand homologdus fragment f o r  gene re- 
placement (see Fig. 2).] The Nsi I-Xba I cassette 
encodine the 5 J  end of DroR was used as the left.., , , 
hand homologous fragment for gene replacement 
(Fig. 2). Between these homologous fragments, the 
sfp gene fused to the pT7 promoter (from pRSC56) 

cloned in the orientation shown in Fig,- 2, The 
resultine tem~erature-sensitive ~lasmid was used for 
gene replacement in the chrombsome of BLZl(DE3). 
Double crossover events resulted in generation of the 
BAP1 cell line (Fig. 2), which was subsequently veri- 
fied by PCR amplification and by its ability to produce . . 
panteiheinylated, active DEBSbroteins. 

emsferase gene from subtilis, inno-

duction of genes encoding a heterodimeric pro- 
pionyl-CoA carboxylase from S. coelicolor,de-
letion of the endogenous p r p R B ~ ~genes, and 
overexpression of the endogenous prpE and 
birA genes. When gene exvression was coordi- 
natel; induced at Lw tegperamre, propionate 
could be converted into 6dEB by this metabol- 
ically engineered cellular catalyst with excellent 
kinetic parameters, ~i~~~ the of 
well-established scalable protocols for ferment- 
ing E. coli to overuroduce biovroducts, the 
abilityto synthesize polyi<etides in this 
heterologous host bodes well for the practical 
production of these bioactive natural products. 
Equally important, as indicated by the hybrid 
PKS-NRPS described here, it opens the door 
for harnessing the enormous power of molecu- 
lar biology in E. coli to engineer modular 
polyketide synthases using directed and random 
approaches. 
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