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Bacterial aromatic polyketides are important therapeutic com-
pounds including front line antibiotics and anticancer drugs. It is
one of the last remaining major classes of natural products of
which the biosynthesis has not been reconstituted in the geneti-
cally superior host Escherichia coli. Here, we demonstrate the
engineered biosynthesis of bacterial aromatic polyketides in E. coli
by using a dissected and reassembled fungal polyketide synthase
(PKS). The minimal PKS of the megasynthase PKS4 from Gibberella
fujikuroi was extracted by using two approaches. The first ap-
proach yielded a stand-alone Ketosynthase (KS)�malonyl-CoA:ACP
transferase (MAT) didomain and an acyl-carrier protein (ACP)
domain, whereas the second approach yielded a compact PKS
(PKS�WJ) that consists of KS, MAT, and ACP on a single polypeptide.
Both minimal PKSs produced nonfungal polyketides cyclized via
different regioselectivity, whereas the fungal-specific C2-C7 cy-
clization mode was not observed. The kinetic properties of the two
minimal PKSs were characterized to confirm both PKSs can syn-
thesize polyketides with similar efficiency as the parent PKS4
megasynthase. Both minimal PKSs interacted effectively with ex-
ogenous polyketide cyclases as demonstrated by the synthesis of
predominantly PK8 3 or NonaSEK4 6 in the presence of a C9-C14 or
a C7-C12 cyclase, respectively. When PKS�WJ and downstream
tailoring enzymes were expressed in E. coli, the expected nona-
ketide anthraquinone SEK26 was recovered in good titer. High-cell
density fermentation was performed to demonstrate the scale-up
potential of the in vivo platform for the biosynthesis of bacterial
polyketides. Using engineered fungal PKSs can therefore be a
general approach toward the heterologous biosynthesis of bacte-
rial aromatic polyketides in E. coli.

cyclase � ketosynthase � megasynthase

E scherichia coli is a powerful microorganism for understand-
ing and engineering the biosynthesis of natural products.

This is attributed to its faster growth characteristics, more
abundant genetic tools, and a better understanding of its primary
metabolism compared with native hosts. Nearly all major classes
of natural products have been synthesized and engineered in E.
coli, including macrolides (1), cyclic peptides (2), terpenes (3),
and alkaloids (4). A noticeable exception has been the pharma-
ceutically important bacterial aromatic polyketides, which in-
clude important human therapeutics such as tetracyclines and
anthracyclines. Bacterial aromatic polyketides are synthesized by
type II aromatic polyketide synthases (PKSs) from soil-borne
actinomycetes (5). The barrier to reconstituting the biosynthesis
of aromatic polyketides in E. coli has been the inability to
generate the elongated poly-�-ketone backbone from malonyl-
CoA, which requires a minimal PKS (6) that consists of a
ketosynthase (KS)-chain length factor (CLF) (also known as
KS�-KS�) heterodimer and an acyl-carrier protein (ACP) (Fig.
1B). Despite repeated attempts by numerous groups, expression
of the core KS-CLF heterodimer in E. coli has always resulted in
100% of the proteins as inclusion bodies. Therefore, an alter-
native minimal PKS machinery capable of generating an elon-
gated polyketide backbone, as well as interacting with the

immediate tailoring enzymes, is needed to synthesize bacterial
aromatic polyketides in E. coli.

The fungal nonreducing PKSs are involved in the biosynthesis
of fungal aromatic metabolites, including the well-known my-
cotoxin aflatoxin (7). Unlike bacterial aromatic PKSs in which
the enzymatic components are dissociated, a fungal PKS is a
megasynthase that contains the required catalytic domains in a
single polypeptide (8) (Fig. 1 A). These domains include the
starter-unit:ACP acyltransferase (SAT) involved in starter unit
selection (9), KS, malonyl-CoA:ACP transferase (MAT) for
extender unit loading (10), product-template (PT) (11), ACP,
and thioesterase/claisen-cyclase (TE/CLC) (12). The juxtaposi-
tion of these domains enables the megasynthase to initiate,
extend, and cyclize the polyketide backbone into multicyclic,
fungal-specific products (8). We have recently demonstrated that
full-length fungal megasynthases can be expressed and recon-
stituted in E. coli, hence making this family an attractive
machinery for E. coli-based biosynthesis of bacterial aromatic
polyketides (13). However, despite the analogous iterative
Claisen-like condensations catalyzed by two families of PKSs
during chain elongation (10), cyclization modes of the poly-�-
ketone backbones are drastically different (14, 15) (Fig. 1). For
example, both the fungal PKS4 (16) from Gibberella fujikuroi and
the bacterial frenolicin ( fren) PKS (17) from Streptomyces ro-
seofulvus can synthesize the nonaketide (C18) backbone from 9
malonyl-CoA extender units. The differences in cyclization
modes between the two PKSs, however, give rise to orthogonal
sets of aromatic polyketide products. PKS4 regioselectively
directs the 4 consecutive cyclization reactions, starting with the
C2-C7 aldol condensation, to form the tetracyclic SMA76a 1
(13). In the absence of the TE/CLC domain, which is responsible
for the second ring cyclization in 1, the C2-C7 cyclized polyketide
intermediate spontaneously rearranges to yield the benzopyrone
SMA93 2 (18). In contrast, the fren PKS can be combined with
an accessory cyclase such as TcmN from the tetracenomycin
pathway (19) to cyclize via C9-C14 regioselectivity and afford
PK8 3 (20). Similarly, the fren PKS can also interact with a series
of tailoring enzymes to yield the anthraquinone SEK26 4 (21).

In this report, we demonstrate the dissection and reassembly
of G. fujikuroi PKS4 into a synthetic PKS that can efficiently
synthesize bacterial aromatic polyketides. The engineered PKS
afforded a spectrum of polyketides with cyclization regioselec-
tivity not observed among fungal polyketides. When the PKS
machinery was expressed in E. coli with bacterial tailoring
enzymes, complex bacterial aromatic polyketides were produced
by this host. Our approach overcomes the barrier of reconsti-
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tuting bacterial minimal PKS in E. coli, and paves the way for the
characterization and engineering of the biosynthesis of type II
aromatic polyketides in this powerful organism.

Results and Discussion
Design and Expression of the Fungal Minimal PKS. We previously
demonstrated that bacterial accessory enzymes can interface,
albeit with low efficiency, with the PKS4 megasynthase in vitro
(18). In those experiments, the major product remained 1
because of the robust, built-in C2-C7 cyclization catalyzed by
PKS4. When we coexpressed PKS4 and bacterial cyclases in E.
coli, we were only able to isolate 1. This is most likely caused by
the inability of the dissociated cyclases to access the poly-�-
ketone backbone in vivo.

We reasoned the PT domain within PKS4 may be controlling

the C2-C7 cyclization. This is supported by the findings of
Crawford et al. (7), who showed the PT domain in PksA mediates
the consecutive C4-C9, C2-C11 cyclizations required for the
synthesis of norsorlinic acid. We devised two strategies to
remove the PKS4 PT domain and inactivate the built-in PKS4
cyclization activities (Fig. 2A). In the first approach, the PKS4
KS�MAT didomain and the ACP domain were extracted as
stand-alone proteins based on conserved domain boundaries
(22). This was designed to mimic the dissociated components of
bacterial type II minimal PKS. The KS�MAT (108 kDa) was
expressed in E. coli strain BL21(DE3) and the ACP (13 kDa) was
expressed in BAP1, an engineered strain of BL21(DE3) that
contains a chromosomal copy of the phosphopantetheinyl trans-
ferase Sfp (1) (Fig. 2 A). In the second approach, both the N
terminus SAT and the C terminus TE domains were removed
from PKS4, and the entire PT domain was replaced with a

Fig. 1. Comparison between fungal and bacterial iterative polyketide syn-
thases. (A) Fungal iterative PKS (IPKS) is a megasynthase that contains all of the
catalytic domains on a single polypeptide. The G. fujikuroi PKS4 synthesizes
the nonaketide backbone and cyclizes through C2-C7 regioselectivity. The
TE/CLC domain catalyzes the C1-C10 cyclization and leads to formation of 1.
Without the TE/CLC domain, SMA93 2 is isolated. (B) Bacterial type II PKSs. The
minimal PKS consists of the KS-CLF heterodimer and a dissociated ACP domain.
The fren minimal PKS is also a nonaketide synthase. However, cyclization of
the backbone is determined by dissociated cyclases. The TcmN cyclase can fix
the C9-C14 connectivity to form PK8 3. When a defined set of tailoring
enzymes is included with the fren minimal PKS, the anthraquinone compound
SEK26 4 is formed via reduction of C9 and sequential cyclization of C7-C12,
C5-C14, and C3-C16.

Fig. 2. Expression and activities of PKS4 minimal PKS. (A) Construction of
PKS4 minimal PKS domains without the PT domain. All proteins were ex-
pressed and purified from E. coli with N-terminal 6xHis tags. L1, PKS�WJ (129
kDa); L2, PKS4 KS�MAT didomain (108 kDa); and L3, PKS4 ACP domain (13 kDa).
(B) HPLC analysis (280 nm) of minimal PKS activities. All assays used MatB to
generate malonyl-CoA in situ. (i) TE-less PKS4 (10 �M) produced 2 as the
predominant product. (ii) The dissociated PKS4 minimal PKS (10 �M KS�MAT
and 50 �M ACP) synthesized new nonaketides marked with *, while 2 was no
longer formed. The major products were 3 and 5. (iii) PKS�WJ (10 �M) pro-
duced the similar set of compounds as the dissociated minimal PKS. (iv) No
polyketides were produced by the KS�MAT didomain alone (negative control).
(C) Two possible cyclization schemes to afford the naphthopyrone 5.
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KR�ACP linker peptide (�90 aa) from the 6-deoxyerythronolide
synthase (6-DEBS) module 3 (supporting information (SI) Fig. S1
and Tables S1 and S2). The linker was chosen to provide flexibility
to the fused ACP domain, allowing it to access the active sites of
both KS and MAT domains in cis (22). The design yielded a
compact (129 kDa), synthetic megasynthase PKS�WJ that retained
all of the minimal PKS components on a single polypeptide.
PKS�WJ was solubly expressed in BAP1 with N-terminal hexahis-
tidine tag and was purified to near homogeneity at a final yield of
1.6 mg/L (Fig. 2A).

Polyketide Synthesized by the Fungal Minimal PKS. The catalytic
properties of the 2 fungal minimal PKS machineries were
examined in the presence of malonate, CoA, and the Rhizobium
trifolii malonyl-CoA synthase MatB. Whereas the TE-less PKS4
synthesized predominantly 2, both the dissociated minimal PKS
and PKS�WJ produced a similar set of new compounds not
observed with the TE-less PKS4 (Fig. 2B). Selected LC/MS ion
monitoring of the reaction mixture by using either 12C-malonate
or [2-13C]malonate as the malonyl-CoA precursor unambigu-
ously confirmed that many of the new compound (labeled with
* in Fig. 2Bii) are derived from nonaketide backbones (Fig. S2).
Several unidentified octaketides were also synthesized at trace
levels as revealed by MS analysis. Intriguingly, the C2-C7-
cyclized product 2 is no longer synthesized by either minimal
PKS, indicating that the PT domain is essential for directing the
committed cyclization step in the parent megasynthase. As a
negative control, removing the ACP component from the dis-
sociated minimal PKS resulted in the abolishment of all
polyketide synthesis (Fig. 2Biv), confirming the ACP-
dependence of the fungal KS domain.

To obtain more insights into the cyclization patterns of the
polyketides synthesized by the fungal minimal PKS, the in vitro
reaction was scaled up and the two major products were char-
acterized by 1- and 2-dimensional NMR. Compared with the
authentic standard PK8 (Fig. S3), the first major product (RT �
17.4 min) was identified to be the C9-C14-cyclized nonaketide 3,
which was previously obtained from an engineered Streptomyces
coelicolor strain expressing fren minimal PKS and the C9-C14
cyclase TcmN (20). The second major product (RT � 18.9 min)
has parent ion peak [M � H]� at m/z 299, which is shifted to m/z
308 on the use of [2-13C]malonate as precursor. The mass is in
agreement with that of a nonaketide that has been subjected to
3 dehydrations and 1 decarboxylation. Proton NMR revealed the
presence of 2 methyl signals and the absence of the commonly
observed �-pyrone as a result of O1-C5 esterification, both of
which are consistent with the loss of CO2 at C1 of the polyketide.
Based on additional NMR evidence and comparison to an
authentic standard (Fig. S4), we determined the compound to be
the naphthopyrone 5 (Fig. 2C), which was previously isolated as
a spontaneously cyclized nonaketide produced by a mutant type
III PKS (23). Two possible cyclization modes can lead to the
formation of 5 (Fig. 2C). The first intramolecular aldol conden-
sation of the nascent polyketide can take place either between
C10 and C15 or C5 and C10, followed by additional cyclization
steps, and decarboxylation to yield 5. The minor nonaketide
products were not characterized, and were presumably derived
from other cyclization regioselectivities. It is surprising that the
C7-C12 cyclization regioselectivity commonly observed for type
II aromatic polyketides was not found among the major products.
Together, the synthesis of 3, 5, and other nonaketides showed
that both minimal PKS designs can afford functional enzymes
capable of generating a full-length nonaketide backbone, and the
committed cyclization modes are no longer C2-C7 as found in
products synthesized by parent PKS4 megasynthases.

Kinetic Properties of the Fungal Minimal PKS. To assess whether the
extracted and reconstituted PKS4 minimal PKSs are sufficiently

fast to turn over products under in vivo conditions, we quantified
the kinetic efficiency of PKS�WJ by using [2-14C]malonyl-CoA
and radio-TLC. At 3 �M enzyme concentration, PKS�WJ syn-
thesized polyketides with Vmax � 316 nM/min and displayed
Km � 290 �M toward malonyl-CoA with (Fig. 3A). In addition,
the maximum velocity of the reaction varied linearly with
PKS�WJ concentration to give a kcat � 0.11 min�1 (Fig. 3A Inset).
The catalytic efficiency of PKS�WJ is therefore nearly identical
to that of the intact PKS4 (kcat � 0.1 min�1) (13). These results
provide two important insights into the properties of the syn-
thetic PKS�WJ: (i) removing the SAT and PT domains from the
parent PKS4 does not affect the turnover rate of the minimal
PKS; (ii) the engineered linker between KS�MAT and ACP in
PKS�WJ does not disrupt either KS:ACP or MAT:ACP inter-
action. The synthetic PKS machinery is therefore kinetically
competent to function in E. coli.

We then investigated the kinetic properties of the dissociated
minimal PKS. Titration of ACP at 3 �M KS�MAT and 2 mM
[2-14C]malonyl-CoA revealed Michaelis–Menten kinetics with
Vmax � 581 nM/min and Km (ACP) � 41 �M (Fig. 3B). The high
Km requirement to reach a comparable velocity as PKS4 or
PKS�WJ is indicative of the catalytic mode in which ACP

Fig. 3. Kinetic analysis of PKS4 minimal PKS toward nonaketide formation.
(A) PKS�WJ (3 �M) exhibited comparable kinetic properties as the parent PKS4,
with Vmax � 316 nM/min and Km � 290 �M toward malonyl-CoA. (Inset) The
linear correlation between Vmax and PKS�WJ concentration. (B) Michaelis–
Menten properties of the dissociated KS�MAT didomain (3 �M) toward the
ACP domain at 2 mM malonyl-CoA. The dissociated PKS required a high
concentration of ACP (Km � 41 �M) to achieve comparable velocity as PKS�WJ.
Data were the average of 3 independent experiments.
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diffusion and the in trans protein–protein interactions play
important roles during catalysis (6), and hints at potential
limitations of the dissociated minimal PKS to function efficiently
in E. coli. To determine the rate of the malonyl-CoA:ACP
transacylation reaction catalyzed by the MAT domain alone, a
KS0�MAT mutant (C514A, 10 nM) was used and the rate of
[2-14C]malonyl transfer to PKS4 ACP (100 �M) was measured
by autoradiography. The apparent rate of malonyl transfer was
�130 min�1 and is comparable to that of the same reaction
catalyzed by freestanding acyltransferases such as S. coelicolor
FabD, which is a commonly used MAT in type II PKS assays.
Therefore, the rate-limiting step of the minimal PKS is likely one
of the catalytic reactions involving the KS domain, including
initiation or the Claisen-like condensation extension steps (6).

The in trans protein–protein interactions of the dissociated
PKS4 minimal PKS also enabled us to investigate the ACP
specificity of the KS�MAT didomain. When PKS4 ACP was
substituted with bacterial type I PKS ACPs (DEBS M3 ACP and
DEBS M6 ACP), bacterial type II PKS ACPs (DpsG and ZhuN),
or heterologous fungal PKS ACPs [LNKS ACP (24) and Gib-
berella zeae PKS13 ACP (25)], no trace of any polyketides
products can be detected by using radio-TLC or LC-MS. This
indicates that the interactions between fungal KS�MAT and its
ACP is highly specific. By using the PKS4 KS0�MAT mutant
didomain, we observed that the MAT domain was able to
transfer [2-14C]malonyl label to the heterologous ACP partners
with nearly equal efficiency as toward PKS4 ACP. This suggested
that the incompatibilities between the PKS4 KS�MAT and
heterologous ACPs are entirely attributed to the highly specific
KS:ACP interactions. This is in sharp contrast to the tolerance
exhibited by the bacterial minimal PKS toward noncognate
ACPs, including those extracted from fungal PKSs (10, 24).

Interaction Between PKS4 Minimal PKS and Bacterial Cyclases. With
the minimal PKS fully functional and the built-in C2-C7 cycliza-
tion mechanism disabled, we assayed whether cyclization fate of
the backbone can now be fully controlled by exogenous cyclases.
Remarkably, when the C9-C14 cyclase TcmN or WhiE-ORFVI
(26) was added to either minimal PKS, the exclusive synthesis of
3 was observed (Fig. 4 Ai and Aii). In both cases, the synthesis
of 3 was accompanied by the near total attenuation of other
nonaketide products shown in Fig. 2B, illustrating both TcmN
and WhiE can completely fix the C9-C14 regioselectivity of the
first intramolecular aldol condensation.

The engineered fungal minimal PKS presents a unique op-
portunity to examine an interesting biochemical question re-
garding type II aromatic PKSs: are there any C7-C12 cyclases
that are specific for unreduced polyketide backbones? This
question stems from the observation that bacterial minimal PKSs
predominantly produce C7-C12 cyclized polyketides (27), in-
cluding octaketide SEK4 7 (28), decaketide SEK15 8, and
dodecaketide TW93c 9 (26). Thus, the C7-C12 cyclization ap-
pears to be controlled by the KS-CLFs and no additional cyclases
are required. From X-ray crystal structure of act KS-CLF,
Keatinge-Clay et al. (29) proposed that the polyketide backbone
is buckled at C9 and C10 in the active site of the KS, hence
positioning C7 and C12 in close proximity and initiating the aldol
condensation. However, putative first-ring cyclases can be found
in all gene clusters of aromatic polyketides that cyclize via
C7-C12 (Fig. 4B), including that of R1128 10 (ZhuI) (30),
mithramycin 11 (MtmQ) (31), and steffimycin 12 (StfQ) (32).
The roles of these enzymes have not been clarified because of the
lack of a minimal PKS that can facilitate independent assay of
C7-C12 cyclase activities.

The PKS4 minimal PKS does not produce any appreciable
amounts of C7-C12-cyclized nonaketides and is therefore an
ideal enzyme for examining the roles of the putative cyclases.
ZhuI, MtmQ, and StfQ were expressed from BL21(DE3) (Fig.

S5) and were each added to PKS�WJ or the dissociated minimal
PKS. HPLC analysis showed, for each reaction, that the enzy-
matic mixture produced predominantly a previously unknown
nonaketide NonaSEK4 6 with the concomitant disappearance of
other nonaketides (Fig. 4 Aiii and Aiv) (Fig. S6) . The C7-C12-
cyclized octaketide 7 was also synthesized at low levels (Fig. 4 A and
Fig. S7). Proton and carbon NMR characterization (Table S3) of 6

Fig. 4. Control of polyketide cyclization with bacterial cyclases. (A) HPLC
analysis (280 nm) of reaction mixtures. Addition of the C9-C14-specific TcmN
(i) or WhiE-ORFVI (ii) to PKS�WJ resulted in the exclusive synthesis of 3; whereas
addition of the putative C7-C12 cyclases ZhuI (40 �M) (iii) or MtmQ (iv) to
PKS�WJ resulted in the synthesis of nonaketide 6 and the minor, octaketide 7.
(B) (i) C7-C12 polyketides produced by bacterial minimal PKSs alone without
aid of cyclases. SEK4, SEK15, and TW93c are produced by the act, tcm, and whiE
minimal PKSs, respectively. (ii) Natural aromatic polyketides with C7-C12-
cyclized first ring. (C) Cyclization of the nonaketide backbone to yield 6, which
confirms the activities of ZhuI, MtmQ, and StfQ as C7-C12 cyclases specific
for unreduced polyketides. See SI Text for MS data and compound
characterization.
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revealed the compound is highly similar to the C7-C12-cyclized
octaketide 7, with several new signals including the distinguish-
ing aliphatic ketone (�C � 208 ppm). Additional 2-dimensional
NMR characterization confirmed the structure of 6 as shown in
Fig. 4C, which is a derivative of 7 that contains an extra ketide
unit at C16. This molecule is cyclized spontaneously after the
regioselective C7-C12 cyclization, which unambiguously verifies
the functions of the 3 cyclases. Their roles in the respective
pathways may be to ensure complete C7-C12 cyclization, as well
as an increase in the rate of the committed cyclization step.
Compound 6 is not synthesized by fungal minimal PKSs, which
further confirms the inability of the PKS4 minimal PKS to direct
the C7-C12 cyclization and points to a different orientation of
the growing polyketide chain in the KS active site compared with
that of bacterial KS-CLF. The synthesis of 6 suggests that,
although the fungal minimal PKS may have some template
influence over the orientation of the nascent polyketide chain to
afford 3 and 5 as the major products, addition of polyketide
cyclases can completely reorient the polyketide backbone and
lead to the formation of highly specific products.

Biosynthesis of Aromatic Polyketides in E. coli. The in vitro data
presented so far provide convincing evidence that a fungal
minimal PKS can be a functional alternative to a type II minimal
PKS. To demonstrate the application of this new enzymatic
machinery in E. coli, we targeted the biosynthesis of anthraqui-
none 4. Compound 4 is derived from a nonaketide backbone
after ketoreduction at C9 by a ketoreductase (KR), C7-C12
cyclization/dehydration by an aromatase/cyclase (CYC1), C5-
C14 cyclization by a second-ring cyclase (CYC2), followed by
spontaneous third-ring cyclization and second-ring oxidation
(21). Two plasmids encoding PKS�WJ, act KR, gris CYC1, and
oxy CYC2, with each gene flanked by a T7 promoter and a T7
terminator, were transformed into BAP1. The resulting strain
was grown in shake flask culture, whereas protein expression was
induced with IPTG and continued at 16 °C for 2 days. The
expression of all 4 PKS enzymes was monitored by SDS/PAGE,
and maximum soluble protein expression levels were reached
24 h after induction. Gratifyingly, analysis of the culture extract
by HPLC and LC-MS revealed 4 was indeed synthesized by our
engineered E. coli strain at �0.4 mg/L (Fig. 5A). The retention
time, UV spectrum, and mass patterns all matched precisely to
those of SEK26 purified from CH999/pSEK26 (Fig. S8). �90%
of 4 were found in the culture media, whereas the remaining 10%
were extracted from the cell pellets. Selected ion monitoring of
the extract showed that no other nonaketide species were
present, confirming the precise timing and specificities of the
three tailoring enzymes in E. coli. Furthermore, to explore the
scale-up potential of this process, we performed a fed-batch
fermentation by using F1 minimal medium and monitored the
level of 4 for �60 h after induction (Fig. 5B). The E. coli culture
started producing detectable amounts of 4 �10 h after induction,
and the titer increased steadily until a maximum of �3 mg/L was
achieved at a plateau OD600 of �70. Prolonged fermentation
beyond the plateau did not result in an increase in polyketide
levels, which may be attributed to loss of enzyme activity or
depleting intracellular malonyl-CoA levels.

In contrast to PKS�WJ, no polyketides can be detected when
the dissociated PKS4 minimal PKS was expressed in E. coli
despite repeated optimization attempts (Fig. 5A). SDS/PAGE
analysis confirmed that both proteins were expressed in the
BAP1 host (Fig. S5). The lack of product turnover is possibly due
to the high Km of ACP toward the stand-alone KS�MAT enzyme
as shown in the kinetic analysis (Fig. 3B). The less efficient
protein–protein interactions between dissociated components
may not be able to sustain the synthesis of the elongated
poly-�-ketone backbone under in vivo conditions. Therefore,
although both designs of minimal PKS were catalytically com-

petent in vitro, the synthetic linker we introduced to religate the
KS�MAT and ACP domains proved to be essential in facilitating
polyketide synthesis in E. coli.

In summary, we have demonstrated the total biosynthesis of
bacterial aromatic polyketides in the workhorse organism E. coli.
The enabling protein-engineering steps were the extraction and
reassembly of the minimal PKS from a nonreducing fungal
megasynthase. The extraction step was important to inactivate
the built-in cyclization modes of fungal megasynthase, and the
reassembly step was indispensable toward establishing a kinet-
ically competent enzyme in E. coli. This approach can be
extended to other fungal megasynthases of different chain-length
specificities and be applied toward the synthesis of other type II
bacterial aromatic polyketides. For example, pharmaceutically
relevant decaketides such as anthracyclines can be synthesized in
E. coli by reengineering a fungal decaketides synthase from the
hypomycetin biosynthetic pathway (33). The genetically superior
E. coli system can also provide immense opportunities toward
biochemical understanding and protein engineering of aromatic
PKS enzymes.

Materials and Methods
Cloning and Expression of the Minimal PKSs. See SI Text.

Polyketide Product Detection. Example given for a typical reaction: 10 �M
KS�MAT (with 50 �M ACP) or PKS�WJ was incubated with 20 �M MatB, 100 mM

Fig. 5. Biosynthesis of bacterial aromatic polyketides in E. coli. (A) HPLC
analysis (430 nm) of SEK26 4 biosynthesis by using E. coli BAP1 expressing
PKS�WJ and three tailoring enzymes act KR, gris ARO/CYC, and OxyN. The titer
of 4 in shake flask fermentation was �0.4 mg/L. (B) High-cell density, fed-batch
fermentation production of 4. The maximum titer achieved was �3 mg/L at
OD600 of �70, 60 h after IPTG addition.
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sodium malonate (12C- or 2-13C-labeled), 7 mM MgCl2, 5 mM CoA, and 20 mM
ATP. The bacterial tailoring enzymes were each added to a final concentration
of 40 �M. All polyketide product assays were incubated at room temperature.
The assays were stopped after 4 h and extracted 3 times with 99% ethyl
acetate (EA)/1% acetic acid (AcOH). The organic phase was separated, evap-
orated to dryness, redissolved in 20 �l of methanol, and the reaction mixture
was subjected to HPLC analysis. HPLC (Alltech Apollo 5u, 250 mm � 4.6 mm)
is on a linear gradient of 5–95% CH3CN (vol/vol) �30 min and 95% CH3CN
(vol/vol) further for 10 min in H2O supplemented with 0.1% (vol/vol) triflu-
oroacetic acid at a flow rate of 1.0 ml/min. HPLC retention times were as
follows: SMA76a (1), 28.3 min; SMA93 (2), 20.4 min; PK8 (3), 17.4 min; SEK26
(4), 24.0 min; (5), 18.9 min; (6), 15.0 min; (7), 14.7 min.

LC-MS was conducted with a Shimadzu 2010 EV Liquid Chromatography
Mass Spectrometer by using both positive and negative electrospray ioniza-
tion and a Phenomenex Luna 5u 2.0 � 100 mm C18 reverse-phase column.
Samples were separated on a linear gradient of 5 to 95% CH3CN (vol/vol) �30
min and 95% CH3CN (vol/vol) further 30 min in H2O supplemented with 0.05%
(vol/vol) formic acid at a flow rate of 0.1 ml/min at room temperature.

Polyketide Turnover Assay. A time course analysis was performed on each of
the PKS described in this work. The KS�MAT, PKS�WJ, and PKS4 concentrations
were fixed at 3 �M in phosphate buffer (pH 7.4). For malonyl-CoA titration,
[2-14C]malonyl-CoA concentrations were varied between 50 �M and 5 mM. For
ACP titration, ACP concentrations were varied between 5 and 90 �M and
[2-14C]malonyl-CoA concentration was fixed at 2 mM (1.22 nCi/nmol). The
reaction was initiated by the addition of [2-14C]malonyl-CoA and allowed to

react at room temperature. At each time point (5, 10, and 20 min), a 10-�l
aliquot was quenched and extracted with 300 �l of 99% EA/1% AcOH. The
organic phase was evaporated to dryness, redissolved in 15 �l EA, separated
by TLC (EA/AcOH, 99:1), and quantified with a PhosphorImager.

Small-Scale Shake Flask Low-Density Fermentation. E. coli BAP1 strain trans-
formed with expression plasmid(s) was grown in F1 medium at 37 °C to an
OD600 of 0.4–0.6, at which time the cultures were cooled to 16 °C, and then
induced with 0.2 mM IPTG at 250 rpm and grown at 16 °C for 2 days. For
product detection, 1 ml of cell culture was collected. The cell pellet was
extracted with acetone, evaporated to dryness, and redissolved in methanol.
The medium was extracted with 99% EA/1% AcOH, the organic phase was
separated, evaporated to dryness, and redissolved in methanol. Both fractions
were then subjected to HPLC analysis.

High-Density F1 Fed-Batch Fermentation. Methods for F1 fed-batch fermenta-
tion and medium composition were adopted from methods described by
Pfeifer et al. (34). For details, see SI Text.
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