Biochemistry2006,45, 1321-1330 1321

Heterologous Production of Epothilone C and DHsacherichia coli

Sarah C. Mutka, John R. Carney, Yaoquan Liu, and Jonathan Kennedy*
Kosan Biosciences, Inc., 3832 Bay Center Place, Hayward, California 94545
Receied October 11, 2005; Resed Manuscript Receéd Naember 15, 2005

ABSTRACT. The epothilones are a family of polyketide natural products that show a high potential as
anticancer drugs. They are synthesized by the action of a hybrid nonribosomal peptide synthetase/polyketide
synthase in the myxobacteriugorangium cellulosumin this work, the genes encoding the entire cluster,
epoA epoB epoC epoD epoE andepoF, were redesigned and synthesized to allow for expression in
Escherichia coliThe expression of the largest of the proteins, EpoD, also required the protein be separated
into two polypeptides with compatible module linkers. Using a combination of lowered temperature,
chaperone coexpression, and alternative promoters, we succeeded in producing a soluble protein from all
genes in the epothilone cluster. The entire synthetic epothilone cluster was then expressed in a strain of
E. coli modified to enable polyketide biosynthesis, resulting in the production of epothilones C and D.
Furthermore, feeding a thioester of the normal substrate for EpoD to cells expressigpiheepoE
andepoFgenes also led to the production of epothilones C and D. The design of the synthetic epothilone
genes together witk. coli expression provides the ideal platform for both the biochemical investigation

of the epothilone PKS and the generation of novel biosynthetic epothilone analogues.

The epothilones are potential anticancer agents currentlyepothilones, and the latter is encumbered by its slow growth
undergoing evaluation in human clinical trials. These com- rate relative toEscherichia coli
pounds are potent microtubule-stabilizing agents with a
mechanism similar to paclitaxel and are effective against

paclitaxel-resistant tumor cell line,2). Epothilones A and . ) . o
B are naturally produced by the myxobacteri@orangium strainE. coli K207-3 is a derivative of BL21 (DE3) that has

cellulosumby the action of a hybrid nonribosomal peptide the Propionate utilization operoprpRBCD and the meth-
synthetase (NRPSpolyketide synthase (PKS) together with  YImalonyl-CoA decarboxylase gene/gfG) deleted and
an epoxidase3( 4). Inactivation or deletion of the epoxidase ~Carries copies o$fp(phosphopantetheine transferagepE
gene results in the production of epothilones C and D as the(Propionyl-CoA ligase), andaiccAlpccB (propionyl-CoA
direct products of the NRPS/PKS (Figure 1). The gene cluster carboxylase) under the control of T7 promoters. Feeding
encoding the NRPS/PKS enzyme complex that catalyzespropionate to this strain results in the accumulation of
epothilone C and D biosynthesis is comprised of six open- methylmalonyl-CoA, a polyketide synthase substrate not
reading frames (ORFsgpoA epoB epoC epoD epoE and normally produced inE. coli. When optimized for the
epoF, spanning 55 kb and encoding a single NRPS module, production of the erythromycin precursor, 6-deoxyerythro-
eight PKS modules, and a C-terminal thioesterase (TE) nolide B, a remarkable yield of 1 g/L was achievedl@).
(Figure 1) @, 5. We are interested in modifying the Nevertheless, the use d. coli as a generic host for
epothilone NRPS/PKS gene cluster to produce novel ana-polyketide production presents formidable challenges: (i)
logues, butS. cellulosunis slow-growing and not readily  codons rarely used i&. coliare more common in PKS genes
amenable to genetic manipulations. Heterologous expressiomecause of their higher-8C content, leading to difficulties
of the entire epothllone_gene cluster has been achieved inj, transiation: and (ii) the ORFs of multimodular polyketide
both S.treptomyces coelicold(6) and MyXOCOCCUS xz_inthus genes encode proteins far larger than those normally found
(7=9); however, the former provided a low yield of i, £ (o) Expression of active epothilone modulesEn
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Recently E. colihas been extensively engineered to serve
as a host for polyketide productioa@, 11). The modified
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Ficure 1: Epothilone biosynthesis. The epothilone NRPS/PKS consists of six separate polypeptides each containing the active sites as
indicated, leading to the predicted biosynthetic pathway shown. Precursor-directed biosynthesis of epothilones KS3 with an appropriate
acyl thioester is also shown. Enzymatic domains on the epothilone NRPS/PKS: KS, ketosynthase; AT, acyltransferase; DH, dehydratase;
KR, ketoreductase; ER, enoylreductase; ACP, acyl carrier protein; MT, methyl transferase; TE, thioesterase; C, condensation; A, adenylation;

PCP, peptidyl carrier protein; Ox, oxidase.
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We have undertaken a program directed toward developingtions as noted in Table 1. Codon optimization, restriction-
E. colias a production host for the epothilones. In the present site placements, and oligonucleotide design were performed
work, we describe the total synthesis of the entire 54-kb as described previousi\L7—19). Briefly, the sequences of
epothilone PKS gene cluster to facilitate the expression of each domain were separated into fragments of-IZ81 bp
these large proteins iB. coli. When the entire NRPS/PKS in length, and overlapping 40-mer oligonucleotides that
synthetic cluster is expressed in Bncoli strain engineered  encompassed each of the fragments were prepai@diihe
for polyketide production, epothilone C and D were pro- oligonucleotides were assembled and amplified by PCR using
duced. Furthermore, we show that feeding the SNAC of a Expand High Fidelity (Roche, Indianapolis, IN) as described

simple polyketide precursor comprising Ci1621 [(E)-2- by others 19, 20). The crude PCR fragments were cloned
methyl-3-(2-methylthiazol-4-yl)acrylic acid] (Scheme1), into uracil DNA glycosylase ligation independent cloning/
to E. coli cells expressing the terminal seven epothilone ligation by selection (UDGLIC/LBS) vectors as described
modules encoded bgpoD, epoE andepoFresults in PKS- (18), and correct clones were identified by DNA sequencing.
catalyzed elongation of the chain and cyclization to form The fragments were assembled into individual modules by
epothilone C and D. LBS (18), and the modules were assembled into the desired
ORFs by cloning into conventional vectors. Each ORF
EXPERIMENTAL PROCEDURES contained a uniqubldel site at the start codon and &to

Gene Design and Synthesi@ligonucleotides for gene RI si.tga before the stqp codon so that they could be readily
synthesis were purchased from Operon (Huntsville, AL). mobilized to expression ve_ctors, and the ORFs were moved
DNA manipulations were performed using standard methods @SNdel—EcoRI fragments into pET22b or pET26b vectors
(16). E. coli DH5a. was used for routine plasmid DNA (Novagen, Madison, WI) and cloned into the various
preparation. Restriction enzymes were purchased from New€Xpression vectors with C-terminal His tags as described
England Biolabs (Ipswich, MA), and other reagents were Pelow.
the highest quality commercially available. The epothilone  The synthetic epoA geneoAyn) was cloned as dlde
PKS genes synthesized encoded for the same amino acid—EcoRI fragment into pET22b to give pKOS392-61-34P
sequences reported for the natural prote#)saith excep- ColE1, Anf®). TheepoEsyn gene was cloned asNdel—Eco
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Table 1: Summary of Epothilone Gene Synthesis

synthons
GenBank amino size
accession size acids 5 3 designed range
ORF  number component  (bp) encoded site site substitutions number  (bp)
epoA DQ289491 load module 4155 —1385 Ndel Xbal 1889L; D890Q 10 349-628
C-terminal linker 117 13861421 +3) Spé EcoRI A1386S;T1387S 1 156
epoB DQ289492 module 1, NRPS 4149 —1383 Ndel Xbal none 9 283-568
C-terminal linker 90 13841410(3) Spel EcoRlI R1384S;R1385S 1 129
epoC DQ289493 module 2 5379 —1793 Ndel Xbal 1884L; E885Q 11 367648
C-terminal linker 126 17941832 (+3) Spel EcoRI C1794S; E1795S 1 165
epoD DQ289494 module 3 4518 —1506 Ndel Xbal 1909L; E910Q 9 349-781
module 4 4497 15073005 Spel Xbal  L1507S; 1508S; P2402L; 2403Q 10 38828
module 5 6231 30065082 Spel Xbal  L3006S; K3007S 13 349628
module 6 6387 50837211 Spel Xbal  L5083S;5084S; V5979L; E5980Q 13 38848
C-terminal linker 147 72127257 43) Spel EcoRI V7212S 1 147
epoE DQ289495 module? 4509 —1503 Ndel Xbal  1906L; E907Q 9 388778
module 8 6726 15043745 Spel Xbal  L1504S; K1505S; 12398L; E2399Q 14 38822
C-terminal linker 168 37463798 (+3) Spel EcoRI F3746S; P3747S 1 168
epoF DQ289496 module 9 6495 —2165 Ndel Xbal 1902L; E903Q 13 349667
TE 831 2166-2439 (+3) Spel EcoRl A2166S;V2167S 2 442474
stiB  DQ289497 C-terminallinker 173 na Spel EcoRI na 1 173
stiC  DQ289498 N-terminal linker 109 na Ndel Mfel na 1 109

RI fragment into pET22b to give pKOS346-130FColE1,
AmR). Theepokyn gene was subsequently cloned dsde
I—Hin DIl fragment from pKOS346-130 into pKOS392-
97 (see below) to create theg,B expression vector pKOS346-
159 (Rsap, ColE1, AnF). The nativeepoD module 3 was
modified by PCR to contain Bldel site at the start codon
and aSpel site at amino acids 15671508, analogous to
the Xbal site present in the synthetic module 3 described
below and cloned in frame with eryTE to create pKOS227-
117A (J. Jez, unpublished plasmid). TésgoD module 3+
eryTE Nde |—Eco RI fragment was then ligated with
similarly digested pKOS392-97 to give pKOS486-59.
pKOS392-97 is a derivative ofgks/Myc-HisA (Invitrogen,
Carlsbad, CA), which was modified as follows: (i) tNele

| site at nucleotide 2846 was removed by cleavage, fill-in,
and blunt-end ligation; and (ii) Bldel site was engineered
into the start codon, with concomitant destruction of iu®

| site.

The synthetiepoDmodule 3+ eryTE construct was made
by combining aNdel—Xbal epoDsyny module 3 fragment
with a Spel—EcoRI synthetic TE fragmentlQ, 20) into a
Nde I—Eco RI digested pKOS392-97 vector to create
pKOS431-156-4.

Operons were constructed using a synthetic linker. The
linker was created by hybridizing two complementary
oligos: 431-151-4 (SAATTGTAGCTCCGTCGACAAGCT-
TGCGGCCGCACTCGALACCACCACCACCACCAC-
TGAACTAGTTGC) and 431-151-5 (S(TCGAGCAACTA-
GTTCAGTGGTGGTGGTGGTGGTGTTCGAGTGCGGC-
CGCAAGCTTGTCGACGGAGCTAC). This linker was
designed to encode a polyhistidine (bold) tag followed by a
stop codon, include 8pel site (underlined), and have sticky
ends compatible witfEco RI/Mfe | and Xho I. The genes
were combined sequentially into the appropriagg,Ririven
vectors by digesting the first vector withco Rl and Xholl
and ligating the hybridized linker as aWife 1—-Xho |

then repeated to add a third gene to the operon if needed.
The epoBsyn-rbs-epoAsyn-rbsepoGyn operon was con-
structed with the synthetic linker described above. Briefly,
theepoBsyn gene was cloned into a derivative gfaB/Myc-
HisA (Invitrogen) into which eNdel site was engineered at
the start codon, with concomitant destruction of Neo |

site. Then, theNde I/Hin DIl fragment was replaced by a
Ndel—(EcoRI—Xhol)—Hin DIll fragment from a pET22b
epoBsyn plasmid. The resulting vector, pKOS431-155C, was
digested withEco Rl andXho |, and the operon linker was
added to create pKOS431-172-2. @Ay gene, a second
operon linker, and thepoGsyn gene were sequentially added
to pKOS431-172-2 to create pKOS486-2-LARepoBsyn-
rbsepoAsyn-rbsepoGyn, ColEL, ampicilli). TheepoFsyn-
rbs-epoksyn operon was created by first cloning tinde
I/Eco Rl epoFsyn gene into pKOS392-97 described above.
The araC-Psap-epoFsyn expression cassette was then trans-
ferred as 8stZ17I-EcoRlI fragment into a modified pCDF-

1b (Novagen) expression vector, pKOS431-39-2. The pCDF-
1b modifications included (i) th&Xba | site at nucleotide
2206 that was eliminated by cleavage, fill-in, and blunt-end
ligation and (ii) theMlu I/Blp | fragment of the polylinker
that was replaced with that from pET26b. Téokyn gene
was then added as an operon using the linker system
described above to create pKOS431-188atPepoFsyn-
rbs-epoksyn, CloDF13, streptomyciin

For construction of thepoDsyny modules 3,4-rb&poDsyn
modules 5,6 operon, incorporating synthetic linker regions
from the stigmatellinstiB and stiC genes 21), the stiB
C-terminal linker region was first added to epoDsyn
modules 3,4 fragment as @pel/Eco Rl fragment. The
epoDsyy modules 3,4 fragment was then cloned aNlde
I/Eco RI fragment into pKOS431-39-2 described above to
give pKOS455-113A. A version of thepoDsyn modules
5,6 gene was constructed in which the N-terminal linker
region was replaced with a synthetic N-terminal linker region

fragment. The resulting intermediate vectors were digestedfrom the stiC gene as d\de I/Mfe | fragment. The two

with Spel and Xhol, and the second gene was ligated from
a pET-derived intermediate as &ba |—Xho | fragment
including the ribosome-binding site (rbs). The process was

syntheticepoDgene fragments, incorporating the stigmatellin
PKS linker fragments, were then combined as an operon
using the linker system described above to create pKOS455-
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152 (Rsap-epoDsyny modules 3,4-rbgpoDsyy modules 5,6, glutamate, 0.2% arabinose, 0.5 mM IPTG, and 0.05%
CloDF13, streptomycii pRSF-1b (Novagen) was modified thiazole diketide-SNACY). Cultures were grown at 2ZC.

as follows to give pKOS431-39-1: (i) th¥ba | site at After 1 day, aliquots were removed for protein expression
nucleotide 2254 was eliminated by cleavage, fill-in, and analysis as described above. After 6 days, supernatants were
blunt-end ligation; and (ii) théMlu I/Blp | fragment of the clarified by centrifugation and analyzed by LC/MS/MS as
polylinker was replaced with that from pET26b. TReo described below.

RV—Xho | fragment from pKOS455-152, containing the  production of Epothilone in E. colFor precursor directed
operon, was then transferred to pKOS431-39-1 to give piosynthesis of epothilone . coli, strain K486-138 [K431-
pKOS455-166 (Bap-epolsyn modules 3,4-rbepolsyn 37-2A+ pGTf-KJIE+ pKOS486-13H pKOS431-188] was
modules 5,6, RSF1030, kanamygirChaperone coexpres-  sypcultured at a 1:50 dilution from an overnight culture into
sion plasmids were purchased as a set (Takara Mirus Bio,2xyT medium plus appropriate antibiotics and grown at 30
Madison, WI) consisting of the chloramphenic@15A °C to 0.4 OQ/mL. The cultures were then induced and
plasmids pG-KJE8 (@p dnaK-dnaJ-grpEPzt-I groES-  sypplemented with 5 mM propionate (required for methyl-
grokEL), pGro7 (Rap groES-groEL) pKJE7 (Rap dnaK- malonyl-CoA production via the propionyl-CoA carboxylase
dnaJ-grpE) pG-Tf2 (Pzt-} groES-groEL-tig, and pTfl6  route), 0.2% arabinose, 0.5 mM IPTG, BO/mL chlortet-
(Peao tig) (22, 23) and were used as recommended. racycline, and 0.05% thiazole diketide-SNAD.(Cultures
Strain Construction.The E. coli polyketide production were grown at 13C for 6 days and extracted with an equal
strain, K207-3, has been describedd)( K431-37-2Ais a  yolume of ethyl acetate. The extracts were dried in vacuo,
modified version of K207-3 in which arabinose utilization dissolved in methanol, and analyzed by LC/MS/MS as
genes were eliminated by P1 transduction from strains described below. Authentic epothilone C and D were isolated
?MCK12 Q?tand WLV|29t23_ (aK9383n26r107U63 [Glléfzt(;;g P[r)olfggsor from M. xanthusas described2(7) for use as standards.

. Cronan) to create strain - ra - o o
(araBAD-ley; AaraFGH2908. The arabinose transporter 62? rgg 12}238{_ r;??zs L‘S f f;gg%h&ar&efszllogtgggéﬁg
gene,arak, was replaced in two steps by pkO3-mediated |, 55455.166 #52+- pkOS431-188] was subcultured at a
(25) insertion of a constitutive, mutafcY gene [acYAL77C 1:50 dilution from an overnight culture into 2xYT medium
(26)] (reported to efficiently transport arabinose) at énaE plus appropriate antibiotics and grown at%Dto 0.4 ORg/

IISCUSI’_ czt;\usingE%tgtSal delelti%n of ttlaegtE cEdci:ng tregiotnYinI mL. The cultures were then induced and supplemented with
- coll strain, . coli Genetic Stock Center at Yale g5\ nronionate, 0.2% arabinose, 0.5 mM IPTG, and 50

University). The disruptedraE locus was then transferred : .
. . ug/mL chlortetracycline. Cultures were grown with XAD at
to K332-176 by P1 transduction to create strain K431-37- - o~ tor 6 days, and the resin was extracted twice with

2A [K207-3 AaraD139 (araBAD-ley); AaraFGH2908 ly- methanol. The extracts were dried in vacuo, dissolved in

SA:Tn1Q araE::IgcYAl??Q; '!'he inability.to utilize arapi-' methanol, and analyzed by LC/MS/MS as described below.
nose coupled with constitutive expression of an efficient . ; .
Analysis of the Production of Epothilones C and D and

arabinose transport system made this strain ideal for con- i | vzed b S/
sistent arabinose-inducible gene expression. IntermediatesSamples (1Q:L) were analyzed by LC/MS
MS on a system comprised of an HTC PAL autosampler,

Protein ExpressionCulture tubes containing 2xYT (1.6% : . .
tryptone, 1.0% yeast extract, and 0.5% NaCl) and appropriate'A‘g”em_1100 HPLC pump and an Applied Blosys_tems A.PI'
3000 triple quadrupole mass spectrometer equipped with a

antibiotics were inoculated with an overnight culture (1:50 X ; o
Turboion spray source operated in positive-ion mode. For

iluti t to mid-I h A40. ) : o
dilution) and grown at 30C to mid-log phase (0:40.6 M detection of epothilones C and D, the analyte was injected

ODgoo/mL). Gene expression was induced with 0.5 m .
IPTG, 2 mg/mLL-arabinose, and/or 20 ng/mL tetracycline, onto a Zorpax Eclipse XDB-Q18 cqlumn (24 .150 mm,
3.5um, Agilent) and eluted with a linear gradient of 35%

621; %pc?r%parlrﬁﬁé: n(% cglgorejn\ilzlse)reofg rg\;v:hozﬁlrtrlljlrg]ehtv\;a{eriéS ac_etonitrile (0.1% f_ormic acid) t_o acetonitrile (0.1% fo_rmic
resuspended in 1 mL 20 mM Tris and 150 mM NaCl at pH acid) at.0.25 mL/mln over ;2 min. The eluate was subjected
7.5, containing 1 tablet of Complete EDTA-free protease to mglnple reaction monitoring ofn/_z 478 — 290 for
inhibitor cocktail (Roche) per 50 mL, lysed by sonication, epothilone C and 492~ 304 for epothilone D.

and centrifuged at 140@0for 3 min. Pellets were re- To analyze samples forE}-3-hydroxy-4-methyl-5-(2-
suspended in 0.5 mL of lysis buffer, and soluble and methylthiazol-4-yl)pent-4-enoic acid (see Figurejtchro-
insoluble fractions equivalent to 0.03 @pcell suspension ~ matography was performed on a Polarity dC18 column (2.1
were analyzed on NUPAGE Novex-8% Tris-Acetate gels < 100 mm, 3um, Waters), using a linear gradient of 20%
(Invitrogen). Gels were stained using Simply Blue SafeStain acetonitrile (0.1% formic acid) to acetonitrile (0.1% formic
(Invitrogen) and analyzed using a UVP Bioimaging System acid) at 0.25 mL/min over 6 min. For detection, two parent

with Labworks 4.0 software (UVP, Inc., Upland, CA). daughter pairsyvz 228 — 210 and 228— 164, were
Assay for EpoD-mod3-TE Actiy. E. coli strains K486- ~ monitored.
63-1 [K431-37-2A+ pG-TF2+ pKOS486-59] and K486- Synthesis of Thioestdr (Scheme 1)To a cold solution

63-2 [K431-37-2A+ pG-TF2 + pKOS431-156-4] were  (—78°C) of ethyl 2-methylthiazole-4-carboxylate (2.0 g, 11.7
subcultured at a 1:50 dilution from an overnight culture into mmol) in CHCI, (40 mL) was added slowly diisobutyl-
LB medium plus appropriate antibiotics and grown af@7 aluminum hydride (DIBAL-H 1 M solution in hexane, 20
After 1.75 h, 20 ng/mL tetracycline was added to induce mL, 20 mmol). The solution was stirred at78 °C for 2 h
chaperone expression and growth was continued &€39 before a small amount of methanol was added to quench
0.4 ODsodmL. The cultures were then induced and supple- the reaction. The mixture was warmed to room temperature,
mented to 5 mM propionate, 50 mM succinate, 50 mM and saturated aqueous NH was added and extracted 3
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times with EtOAc. The combined organic layers were dried A T7 Peap
over MgSQ and concentrated to give 1.64 g of crude | |
aldehyde.
The crude aldehyde was mixed with (carbethoxyeth- S P S P
ylidene) triphenylphosphorane (4.0 g, 1.2 equiv) in benzene
(20 mL) and refluxed for 3 h. The solvent was removed under <«—EpoE

reduced pressure, and the residue was filtered through a silica
gel disk, eluting with 3:1 hexane/EtOAc. The resulting
material was further purified with silica gel chromatography
(10—20% acetone in hexane) to afford 1.6 g (65% yield for
two steps) of productH NMR (CDCly) 8: 7.51 (s, 1H),
7.17 (s, 1H), 4.14 (q, 2H) = 7.1), 2.61 (s, 3H), 2.22 (s,
3H), 1.22 (t, 3H,J = 7.1). 13C NMR (CDCk) ¢: 168.4,
165.0, 151.7, 130.2, 128.5, 121.0, 60.5, 19.0, 14.0 (2C).

A solution of the unsaturated ester (1.6 g, 2.8 mmol) in 1
M NaOH solution (9 mL, 9.0 mmol) and THF (20 mL) was
stirred at room temperature for 2 h. The majority of THF
was removed under reduced pressure, and the concentrated
mixture was stirred at room temperature overnight. The
solution was acidified to pH 1 wit1 N HCI, while being
cooled in an ice bath, extracted with g&l, (4x), and dried
over MgSQ. The product (1.34 g) was obtained after the
removal of the solventH NMR (CDCl) o: 7.74 (s, 1H),

’1'1

o
o
3
=
=3
m
=
m
w

s
o
-U T

7.33 (s, 1H), 2.76 (s, 3H), 2.35 (s, 3H¥C NMR (CDCk) M, (kDa)
0. 174.1, 165.7, 151.8, 132.4, 127.9, 122.3, 19.3, 14.0.
To the acid in CHCI, (50 mL) were added solutions of 220
1-[3-(dimethylamino)-propyl]-3-ethylcarbodiimide hydro-
chloride (EDC, 1.97 g, 1.4 equiv) and 4-(dimethylamino)- 160 — <«—EpoA
pyridine (70 mg) in CHCI, (25 mL), andN-acetylcysteamine
(1.31 g, 1.5 equiv) and 1-hydroxybenzotriazole (HOBT, 1.39 120 s
0, 1.4 equiv) in CHCI, (25 mL) simultaneously via two 100
syringes. After the mixture was stirred at room temperature 00 &=
overnight, it was diluted with CkCl,, washed with AcOH/ S0 .
NaOAc buffer (2<) at pH 4, saturated NaHG{2x), and 70— «— GroEL
dilute CuSQ (2x), and dried over MgS® The crude 60/ .. -
product (2.0 g) was purified with silica gel chromatography — «—TF

(10-30% acetone in hexane) to provide 1.68 g (78% for g e 2: Improvements in solubility of heterologously expressed
two steps) of thioestet. *H NMR (CDCl;) 6: 7.52 (s, 1H),  epothilone proteins. (A) EpoE was expressed from the T7 promoter
7.31 (s, 1H), 6.27 (br s, 1H), 3.44 (g, 2Bi= 6.2), 3.09 (t, (pKOS346-130) or the fAp promoter (pKOS346-159). (B) EpoA
2H,J = 6.4), 2.70 (s, 3H), 2.34 (s, 3H), 1.94 (s, 3FC was expressed in K207-3 from the T7 promoter (pKOS392-61-3)

. at 15°C in the presence (EL/ES/TF) or absence (control) of groEL/
NMR (CDCl) 0: 194.4,170.3, 165.6, 151.3, 135.7, 129.4, groES/trigger factor coexpression. S, soluble fraction; P, pellet

122.5, 39.5, 28.7, 23.1, 19.3, 14.3. (insoluble fraction).

RESULTS Initial attempts to express active epothilone PKS genes in
Synthesis and Expression of Epothilone Geiies. DNA E. coliwere hampered by low expression levels and limited

sequences of the ORFs correspondingpoAsyn (loading solubility. We used a combination of several methods to

module; 4272 bp)epoBsyn (module 1; 4239 bp)epoGyn overcome these problems. Low-temperature expression has

(module 2; 5505 bp)epoDsyn (modules 3, 4, 5, and 6;  previously been observed to enhacecoli soluble expres-

21 780 bp),epokyn (Mmodules 7 and 8; 11 403 bp), and sion of large PKS proteins in a number of laboratori&g (
epoksyn (module 9, TE; 7326 bp) were redesigned to contain 14, 28). This approach also improved the solubility of the
preferredE. coli codons and restriction sites convenient for epothilone PKS proteins, as judged by SEFAGE of
cloning (see Table 1). For DNA synthesis, PCR assembly/ soluble and insoluble fractions (data not shown). Further-
amplification (L7) was used to assemble 40-mer overlapping more, we found switching from a T7 promoter system to
oligonucleotides into 283731-bp fragments encompassing the arabinose-inducedsk promoter in a strain oE. coli
these ORFs. Fragments with confirmed sequences were themnable to utilize arabinose not only improved protein
ligated together to prepare the individual modules and the solubility but also could improve total expression levels. As
TE. The component modules and the TE were then combinedshown in Figure 2A, wherpoEsyn was expressed from the

to form theepoAsyn, €poBsyn, €poGyn, €PODsyN, EPOEsYN, T7 promoter, no protein was detectable. However, expression
andepoFsyn ORFs. The epothilone PKS genes synthesized from the Rap promoter produced significant levels of
encoded for the same amino acid sequences reported for thgrotein, most of which was soluble. Finally, it has been
natural proteins 4), with exceptions made for cloning previously demonstrated that chaperone coexpression can
convenience as noted in Table 1. improve the solubility of heterologously expressed proteins
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Ficure 3: SDS-PAGE analysis of heterologously expressed epothilone NRPS/PKS. (A) Three plasmids used for the expression of the
synthetic epothilone NRPS/PKS H coli. The plasmids encode synthetic operons with pKOS486-2-1 encegidsy, epod, and epcC,
pKOS455-166 encodingpd(mod3-4) andepd(mod5-6), and pKOS431-188 encodirgpd- andepcE. (B) SDS-PAGE analysis of
the expression of the epothilone NRPS/PKS from these plasmiisdoli. The gel is stained with Coomassie. Lane 1, extract frorkEan
coli strain containing plasmid pKOS486-2-1; lane 2, extract fronEanoli strain containing plasmid pKOS455-166; lane 3, extract from
an E. coli strain containing plasmid pKOS431-188; and lane 4, extract fror&.aroli strain bearing all three plasmids, expressing the
entire epothilone NRPS/PKS.

in E. coli (22, 23), and we found this technique necessary of this protein inE. coli and that the expression problems
for the soluble expression of epothilone PKS proteins. Prior were likely to be due to the size of the protein. After an
attempts, by other laboratories, to express EpoA.rcoli approach used for the production of an ansamycin polyketide
were unsuccessful with only the ACP domain expressing asprecursor 28), the epoDsyy gene was expressed as two
a soluble protein3, 14). Here, we show that coexpression smaller polypeptides, each consisting of two modules,
of theE. colichaperone proteins GroES/EL and trigger factor epoDsyn modules 3,4 anépoDsyy modules 5,6 (lane 2 in
resulted in a large increase in the level of soluble EpoA Figure 3). The C- and N-terminal regions of modular
protein (Figure 2B). For other epothilone biosynthesis ,ketide synthases have been shown to be involved in
enzymes, we found th"’.‘t expression of DnaKJ and GrpE aISOproviding the protein-protein interactions necessary for the
aided in soluble protein expression (data not shown). The efficient transfer of enzyme-bound intermediates from one

use of chaperone proteins and alternative promoter system I, . :
to aid in the heterologous expression of NRPS/PKS has not%’KS module to another. To facilitate interactions between
epoD modules 4 and 5, now expressed on separate poly-

previously been reported. e peptides, compatible linker pairs from related polyketide

Combining the three tactics of lowered temperatur _
chaperone coexpression, and use of thgo,Poromoter synthases were added to the C terminuspdDsyn modules

produced soluble protein from all genes with the exception 3.4 and to the N terminus @poDsyy modules 5,6. Several

of the 21.8-kbepoDsyn. This synthetic gene, encoding a linker pairs were evaluated, and preliminary testing showed
protein greater than 760 kDa in size containing modute§,3 that the linker pair fromstiB and stiC in the stigmatellin
could not be expressed iA. coli. Truncated versions of PKS @1) allowed functional interaction between epoD
epoDsyy, consisting of modules 3, 4, and 5 or modules 4, 5, module 4 and epoD module 5 while maintaining soluble
and 6, however, could be expressed (data not shown),expression (data not shown). For soluble expression of the
indicating that there were no intrinsic obstacles to expressionentire synthetic gene cluster, thgsB promoter, reduced
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Production of Epothilones C and D in E. colio provide

a catalytically active holo-PKS, each of the subunits must
undergo appropriate folding and form a protein complex of
approximately 2 MDa (monomeric mass). To assess func-
tionality of the epothilone NRPS/PKS complex, we first
tested the activity of a truncated version using precursor-
directed biosynthesis3Q). Here, a SNAC of a polyketide
resembling the structure of the normal substrate of a module
is fed to cells harboring the PKS. In a catalytically active

system, a thioester exchange occurs between the SNAC and
the active-site Cys of the KS domain in the initial module
and chain elongation proceeds through the remaining mod-
| — ules B0) (Figure 1).

We synthesized the thioestel) (of the polyketide chain
'QMSNAC 4-»’(\11%/\(@
(1) X epoDmod3+TE (2) éH I

that is normally formed at EpoPmodule 2 and transferred
+
mal-CoA

to module 3 for elongation. When the precursor SNAC was
fed to cells expressing the EpelEpoE-EpoF complex, LC/
MS/MS analysis showed the presence of a compound with
a retention time and mass spectrum identical to authentic
epothilone C (Figure 5).

Through synthesis of the codon-optimized version of each
6 epothilone ORF, we were able to circumvent the difficulties
4 inherent in expressing genes with hightG content inE.
2
0

titer (mg/L)

coli. Soluble expression of the entire epothilone NRPS/PKS
gene cluster itkE. coliwas achieved by further modification

to expression plasmids, host strains, and growth conditions
(Figure 3). When the entire synthetic epothilone gene cluster
was expressed, LC/MS/MS analysis again showed the
presence of compounds with retention times identical to

native optimized

FiGure 4: Activities of EpoD module 3 proteins from native and

codon-optimized genes are equivalent. (A) Expression levels of ; . -
soluble EpoD mod3 protein frork. coli strains with native and ~ authentic epothilones C and D (Figure 6). Thus, we conclude

codon-optimizeapd. The conversion of thioestérto the product with certainty that we can express the active epothilone
2 from these strains was determined by LC/MS with titers shown NRPS/PKS complex inE. coli and produce authentic
in B (n=4). epothilones C and D eithele nao or via precursor-directed
. biosynthesis.

growth temperature, and chaperone coexpression were used
(Figure 3). _ . _ DISCUSSION

Activity of Proteins from Synthetigersus Natie Genes.
To determine if there were deleterious effects caused by Using the previously reported gene synthesis and design
amino acid substitutions in the synthetic genes, we comparedtechnology 18, 29), we have redesigned and synthesized
thein vivo activity of EpoD module 3 translated either from the six ORFs encoding the entire epothilone NRPS/PKS gene
the native gene sequence or the codon-optimized gene. Theluster. Expression of these large proteins in a soluble form
single modules were fused to the TE from 6-deoxyerythro- required lowering the incubation temperature, coexpression
nolide B synthase (DEBS) and expressed from thgoP  of molecular chaperones, and splitting the largest protein into
promoter. DEBS TE has been frequently used to terminate two polypeptides. Chaperone coexpression had not previously
polyketide synthesis and has been shown to be reasonablyeen reported to aid the folding of these large PKS proteins,
nonspecific for the polyketide chain that it hydrolyz@9)( and this may be of general utility for heterologous expression
As shown in Figure 4, levels of soluble EpoD module 3 of PKSs. Furthermore, chaperone systems from native
protein and product formation are similar for the native and polyketide-producing hosts may be better adapted for folding
optimized genes. This demonstrates that the codon optimiza-of large, multimodular PKS proteins, and coexpression of
tion and limited amino acid substitutions introduced in the the cognate chaperones B coli could result in more
synthetic gene do not result in a detectable loss of activity efficient folding. Expression of the tetramodular EpoD
for this module. While this does not prove that all of the protein (765 kDa) proved to be inefficient i. coli. A
synthetic epothilone genes are similarly active, it does protein of this size may be above the upper limit of the
demonstrate that the amino acid substitutions (I909L and capabilities of thee. coli translational apparatus; the largest
E910Q) at the AT-KR interface are well-tolerated. Similar known natural polypeptide i&. coliis the large subunit of
substitutions immediately upstream of the KR are present glutamate synthase (166 kD&2j, although ORFs encoding
in seven of the other synthetic epothilone modules. While larger polypeptides have also been found (ggeJencodes
other amino acid substitutions occur in the synthetic epothilone a hypothetical 248 kDa polypeptided3). To overcome the
modules, these are limited to the intermodular regions. Work EpoD production problem, the syntheipoDgene was split
by Menzella et al. Z9) has demonstrated that analogous into two bimodular components, and these were expressed
changes in these regions are less likely to interfere with together with appropriate linker regions from the related
enzymatic activity. stigmatellin PKS. This strategy resulted in reconstitution of
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Ficure 5: Biosynthesis of epothilone C . coli by thioester feeding. LC/MS/MS analysis Ef coli extracts. (Top chromatogram) TIC

of product-ion of m/z 478 with an inset of the mass spectrum of the peak at 18.07 min of a sample from thioester feeding. The peak at

17.73 min is an unknown not related to epothilones. Estimated titers of epothilone Cagé 1(Bottom chromatogram) TIC of produet
ion of m/z 478 with an inset of the mass spectrum of the peak at 18.06 min of a standard of epothilone C.

the EpoD activity. Previously, attempts to express epothilone failed (13—15). In this work, the use of synthetic genes, with
biosynthesis genes B. coli gave mixed results. While EpoB,

codon usage optimized fdt. coli, has allowed the simul-

EpoC, EpoE, and EpoF expression has been achieved withtaneous expression of the full epothilone NRPS/PK&.in
native genes, attempts to produce full-length EpoA and EpoD coli, thus validating the synthetic approach.
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Ficure 6: Complete biosynthesis of epothilones C and CEincoli. LC/MS/MS analysis oft. coli extracts. Samples were subjected to
multiple reaction monitoring ofi/z 478 — 290 for epothilone C and 492- 304 for epothilone D. Titers of epothilone C and D from this
fermentation are estimated atl ug/L.

Expression of the entire'2 MDa epothilone NRPS/PKS  synthesis is combined with precursor-directed biosynthesis,
complex inE. coli resulted in the formation of authentic complex analogues previously obtainable only by total
epothilones C and D. This demonstrates that the PKS ischemical synthesis could be produced by direct fermentation
active and able to catalyze the many independent enzymatidn E. coli.
steps necessary for the synthesis of epothilones. Furthermore
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