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ABSTRACT:. Modular polyketide synthases (PKSs), such as the 6-deoxyerythronolide B synthase (DEBS),
are large multifunctional enzyme complexes that are organized into modules, where each module carries
the domains needed to catalyze the condensation of an extender unit onto a growing polyketide chain.
Each module also dictates the stereochemistry of the chiral centers introduced into the backbone during
the chain elongation process. Here we used domain mutagenesis to investigate the role of the acyl transferase
(AT) domains of individual modules in the choice and stereochemical fate of extender units. Our results
indicate that the AT domains of DEBS do not influence epimerization of tBgrtfethylmalonyl-CoA
extender units. Hence, stereochemical control of the methyl-branched centers generated by DEBS most
likely resides in the ketosynthase (KS) domains of the individual modules. In contrast, several recent
studies have demonstrated that extender unit specificity can be altered by AT domain substitution. In
some of these examples, the resulting polyketide was produced at considerably lower titers than the
corresponding natural product. We analyzed one such attenuated mutant of DEBS, in which the
methylmalonyl transferase domain of module 2 was replaced with a malonyl transferase domain. As reported
earlier, the resulting PKS produced only small quantities of the expected desmethyl analogue of
6-deoxyerythronolide B. However, when the same hybrid module was placed as the terminal module in
a truncated 2-module PKS, it produced nearly normal quantities of the expected desmethyl triketide lactone.
These results illustrate the limits to modularity of these multifunctional enzymes. To dissect the role of
specific amino acids in controlling AT substrate specificity, we exchanged several segments of amino
acids between selected malonyl and methylmalonyl transferases, and found that a shd8& §23ino

acid) C-terminal segment present in all AT domains is the principal determinant of their substrate specificity.
Interestingly, its length and amino acid sequence vary considerably among the known AT domains. We
therefore suggest that the choice of extender units by the PKS modules is influenced by a “hypervariable
region”, which could be manipulated via combinatorial mutagenesis to generate novel AT domains
possessing relaxed or altered substrate specificity.

The modular polyketide synthase 6-deoxyerythronolide B determined by the polyketide synthase as each successive
synthase (DEBS) fron®accharopolyspora erythrada an Cs unit is added. In 6-dEB, the three chiral carbons at the
assembly of three large multifunctional protetri3EBS1, C-2, C-4, and C-10 positions all have themethyl config-
DEBS2, and DEBS3that catalyzes the biosynthesis of the uration, whereas those at the C-6, C-8, and C-12 positions
erythromycin macrolactone 6-deoxyerythronolide B (6-dEB) have theL-methyl configuration. Given the considerable
(1) (1, 2). Each of the three proteins is organized into two interest in the genetic and chemical reprogramming of
modules, and each module carries the catalytic domainsmodular polyketide synthases (PKS$8)-6), a better un-
needed to incorporate one of six methylmalonyl-CoA derstanding of the molecular basis for the choice and
extender units onto a growing polypropionate chain (Figure stereochemical fate of the extender units may lead to novel
1) (1, 2). The stereochemistry of the methyl-branched centers ways of generating structurally diverse polyketides.
arising from the individual condensation reactions is also  Incorporation of deuterated propionate into erythromycin
A demonstrated that formation of theemethyl centers at
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Ficure 1: Modular organization of the 6-deoxyerythronolide B synthase (DEBS), which catalyzes the biosynthesis of 6-deoxyerythronolide
B (6-dEB) (1). DEBS consists of three large multifunctional proteins (DEBS1, DEBS2, and DEBS3) that each possess two modules. Each
module catalyzes one cycle of chain extension and assogikedoreduction for the biosynthesis of 6-dEB. The active sites denote
acyltransferases (AT), acyl carrier proteins (ACBketoacyl-ACP transferase$-ketoreductases, a dehydratase (DH), an enoylreductase
(ER), and a thioesterase (TE). Substitution of AT2 with the RAPS AT2 domain (pJL185) leads to the production of 10-desmethyl-6-dEB
(2). Substitution of AT6 with the RAPS AT2 domain (pKOS015-52) leads to the production of 2-desmethyl-BHEB (

first two modules of DEBS fused to the thioesterase domain methylmalonyl group to the requisite Rgmethylmalonyl
(TE) derived from module 6], in the presence oBf$2-?H]- diastereomer prior to the ketosynthase-catalyzed condensa-
methylmalonyl-CoA, they also observed the loss of deute- tions that generate the-ketoacyl polyketide intermediates
rium from the (Z)-methylmalonyl-CoA substrate at the C-4  with L-methyl groups in thex-position. To test this hypoth-
position of the triketide lactone, which carries thenethyl esis, we engineered two chimeric derivatives of DEBSE,
center generated by module 1 (corresponding to C-12 inin which the AT domains of module 1 (AT1) and of module
6-dEB) @). Together, these findings suggest that generation 2 (AT2) were independently replaced by the AT domain of
of the L-methyl centers may involve an epimerization step module 4 (AT4) (Figure 2). Heterologous expression of
that is catalyzed by DEBS itself. Because construction of DEBSHH+TE in Streptomyces coelicolo€H999 normally
the polyketide chain is processive, this epimerization step results in formation of the triketide R3S4S5R)-2,4-
would have to take place either in the methylmalonyl moiety dimethyl-3,5-dihydroxyr-heptanoic acid-lactone 4) (10,
prior to the condensation step or in the polyketide product 11). We now report that each of the chimeric proteins, in
immediately following the ketosynthase reaction. Additional which either AT1 or AT2 was replaced by AT4, produces
evidence bearing on the timing of the epimerization reaction the triketide lactone4) with unaltered stereochemistry.
comes from the recent finding that the stereochemistry of  Although the mechanism for controlling the stereochem-
pB-ketoreduction is an intrinsic property of the relevant istry of the methyl-branched centers remains unclear, it is
ketoreductase (KR) domains and is independent of both thewell-established that the extender-unit specificity toward
stereochemistry and the degree of substitution adjacent tomalonyl- or methylmalonyl-CoA is exclusively controlled
the -keto group that undergoes reducti@®). ( by the AT domains of the individual module$2—14). In

If epimerization were indeed to occur before condensation, strains harboring some of these recombinant PKSs, however,
it is conceivable that the relevant acyltransferase domainsmodified polyketides were produced at considerably lower
(AT) of DEBS might epimerize the enzyme-boundS(2 titers than erythromycin itself. We explore some of the basis
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Ficure 2: Modular organization of DEBSHTE, which catalyzes

the synthesis of triketide lactonel)( DEBSH-TE consists of
DEBS1 fused to the thioesterase (TE) domain from DEBSS3.
Substitution of AT1 or AT2 with the AT4 domain (pJL130 and
pJLO08) leads to the same triketide product generated by the parent
PKS construct.

for these differences in production levels. Moreover, to
identify the structural determinants of substrate specificity
in the AT domains, hybrid AT domains were constructed
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DEBS Ks-1 DEBS AT-4

. CGG GCG CAG CAG GGA TCC GTC CTG GTC TTC ...

R A Q Q G S v L \4 F
BamHI

DEBS AT-4 DEBS KR-1

. CAG CGC TTC TGG CTG CAG CCG AAG CCG GTIG ...

Q R F W L Q P K )4 \4
PstI

DEBS KS-2 DEBS AT-4

. GCC TCC GAC GGT GGA TCC GTC CTG GTC TTC ...

A S D G G s v L v F
BamHI

DEBS AT-4 DEBS KR-2

. CAG CGC TTC TGG CTG CAG CCG GAC CGC ACC ...

Q R F W L Q P D R T
PstI

DEBS KS-2 RAPS AT-2

. GCC TCC GAC GGT GGA TCC GTG TTC GTC TTC ...

A S D G GG S V L V F
BamHI/BglII

RAPS AT-2 DEBS KR-2

by replacing fragments of a malonyl-CoA-specific AT

domain with homologous segments from a methylmalonyl-
CoA-specific AT domain, and vice versa. The results of these

studies are also described here.

MATERIALS AND METHODS

Strains and Culture Condition$treptomyces coelicolor
CH999 (15 was used as the host for production of
polyketides from the engineered expression plasmis.
coelicolor strains were grown on R2YE agar platds)(
DNA manipulations were performed Escherichia coliXL1
Blue (Stratagene) using standard culture conditid. (

Manipulation of DNA and StrainsManipulation and
transformation of DNA irE. coliwere performed by standard

. CAG CGG TAC TGG CTG CAG CCG GAC CGC ACC ...
Q R Y W L Q P D R T
PstI

Ficure 3: Nucleotide sequence at the boundaries of the AT
substitutions. (A) Substitution of AT1 with AT4 (pJL130). (B)
Substitution of AT2 with AT4 (pJL008). (C) Substitution of AT2
with RAPS AT2 (pKOS008-51 or pJL185).

which both contain the DEBSATE gene 11) in a derivative

of the pUC19 vector. Plasmid pKOS011-27 was engineered
by PCR to haveBanHI| and Pst restriction sites flanking
the AT1 domain (nucleotides 3828891; GenBank acces-
sion no. M63676), while plasmid pKOS001-11 was engi-
neered to have the same restriction sites flanking the AT2

procedures ](7) Po|ymerase chain reaction (PCR) was domain (nucleotides 825@307, GenBank acceSSion_nO.
performed with Pfu polymerase (Stratagene) under conditionsM63676). The sequences of the engineered boundaries are

recommended by the manufactur8r.coelicolomprotoplasts
were transformed by standard procedurg§),(and trans-
formants were selected using 1.5 mL of a 509/mL
thiostepton (Sigma) overlay.

Construction of Plasmid?lasmids pJL130 and pJL0O08
are derivatives of pCK12, which harbors the DEBSE
gene in theStreptomycesxpression vector(). In plasmids
pJL130 and pJLO08, a 1.0-danH|—Pst fragment corre-

shown in Figure 3. The resulting 10-kb fragments encoding
the modified DEBS1 genes were subsequently digested with
Pad and Spé and ligated intoPad/Spé-digested pCK12
(11) to produce the expression plasmids pJL130 and pJL0OO0S.
Plasmids pKOS008-51 and pJL185 are derivatives of
pCK12 and pCK7 11, 18), respectively, in which the 1.0-
kb BanH|—Pst fragment corresponding to the entire AT2
domain of DEBS is replaced with a 0.9-kBglll —Pst

sponding to either the AT1 domain or the AT2 domain was fragment corresponding to the intact AT2 domain of the

replaced by a 1.0-kBanmHI—Pst fragment corresponding

rapamycin polyketide synthase (RAPS) (Figures 1 and 4).

to the AT4 domain of DEBS, respectively (Figure 2). These These plasmids were constructed as follows. The RAPS AT2
plasmids were constructed as follows. The AT4 cassette wascassette was PCR-amplified with flankifgglll and Pst

amplified by PCR with flankind3anH! and Pst restriction
sites (nucleotides 60527097; GenBank accession no.

restriction sites (complement of nucleotides 54635556;
GenBank accession no. X86780) and subcloned into pCR-

M63677). This cassette was introduced independently into Script (SK+) (Stratagene) to generate pKOS008-50. Because

two different plasmids, pKOS011-16 and pKOS001-11,

of the presence of a second natuRst restriction site
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Ficure 4: Bimodular DEBS/RAPS hybrid fusions and triketide
products. Substitution of AT1 with the RAPS AT2 domain leads
to the production off), while substitution of AT2 with the RAPS
AT2 domain (pKOS008-51) leads to the production 6.

(nucleotide 55084) in the middle of the RAPS AT2 domain,
pKOS008-50 was digested completely wiiglll but only
partially with Pst. The 925-bp fragment corresponding to

Lau et al.

PCR-amplifiedPinAl —Pst fragment extending from nucle-
otides 9082 to 9307 of the DEBS AT2 domain. The
engineered boundaries for this hybrid AT domain are shown
in Figures 5 and 6. The resulting hybrid AT cassette was
subcloned into a derivative of pCR-Script ($K This
plasmid was completely digested wiBglll and partially
digested withPst. The 952-bp fragment corresponding to
the hybrid AT domain was isolated and ligated iBarH|/
Pst-digested pKOS001-11. The 10-kb fragment encoding
the chimeric DEBS1 gene was digested withd and Spé

and ligated intd?ad/Spé-digested pKOS011-77 to produce
the expression plasmid pJL259.

Plasmid pJL285 is a derivative of pJL185, in which a 68-
bp Nhd —Styl fragment corresponding to a subregion of the
RAPSPinAl —Pst fragment is replaced with its counterpart
from the DEBS AT2 domain. This plasmid is constructed
as follows. A PCR-amplifiedNhd —Styl fragment extending
from nucleotides 90899193 of the DEBS AT2 domain was
ligated to a PCR-amplifiedstyy—Pst fragment from the

the intact RAPS AT2 domain was then isolated and ligated RAPS AT2 domain (complement of nucleotides 54631
into BanHI/Pst-digested pkOS001-11. The sequences of 54754). This 227-bplhd —Psi fragment was introduced into
the engineered boundaries are shown in Figure 3. Thea subclone containing a PCR-amplifiBdlll —Nhd fragment
resulting 10-kb fragment encoding the chimeric DEBS1 gene from the RAPS AT2 domain (complement of nucleotides

with the heterologous AT2 domain was digested viftd
and Speé and ligated intoPad/Spé-digested pCK12 11)

54822-55556). The engineered boundaries for this hybrid
AT domain are shown in Figures 5 and 6. The resulting

and pKOS011-77 to produce the expression plasmidsplasmid was completely digested wiBglll and partially
pKOS008-51 and pJL185, respectively. Plasmid pKOS011- digested withPsti. The 961-bp fragment corresponding to

77 is a modified version of pCK71@), in which a Spe

the hybrid AT domain was isolated and ligated iBamH|/

restriction site was engineered by PCR at the same nucleotidePst-digested pKOS001-11. The 10-kb fragment encoding

position as pCK12 1) in DEBS1 (nucleotide 10953;
GenBank accession no. 63676).

the chimeric DEBS1 gene was digested withd and Spé
and ligated intd?ad/Spé-digested pKOS011-77 to produce

Plasmid pJL286 is a derivative of pJL185, in which a 124- the expression plasmid pJL285.

bp Xhd —Sst fragment of the RAPS AT2 domain encoding

Plasmid pJL287 is a derivative of pJL185, in which a 123-

the sequence motif that is suggested to be responsible forbp Sty —Pst fragment corresponding to a second subregion

malonyl-CoA specificity is excised and replaced with an

of the RAPSPInAl—Pst fragment is replaced with its

analogous fragment from the DEBS AT2 domain encoding counterpart from the DEBS AT2 domain. This plasmid is
the corresponding sequence motif suggested for methylma-constructed as follows. A PCR-amplifi&ty —Pst fragment

lonyl-CoA specificity (L9). This plasmid is constructed as
follows. A PCR-amplifiedBglll —Xhd fragment from the
RAPS AT2 domain (complement of nucleotides 55430
55556) was ligated to a PCR-amplifixthd —Sst fragment
extending from nucleotides 8468548 of the DEBS AT2
domain. This 271-bpBglll —Sst fragment was used to
replace the nativ&8glll —Sst fragment of the RAPS AT2
domain (complement of nucleotides 4392%5556) in

extending from nucleotides 9193307 of the DEBS AT2
domain was introduced into a subclone containing a PCR-
amplified Bglll —Styl fragment from the RAPS AT2 domain
(complement of nucleotides 547585556). The engineered
boundaries for this hybrid AT domain are shown in Figures
5 and 6. The resulting plasmid was completely digested with
Bglll and partially digested witliPst. The 916-bp fragment
corresponding to the hybrid AT domain was isolated and

pKOS008-50. The engineered boundaries for this hybrid AT ligated intoBanHI/Pst-digested pKOS001-11. The 10-kb
domain are shown in Figures 5 and 6. The resulting plasmid fragment encoding the chimeric DEBS1 gene was digested

was completely digested witBglll and partially digested

with Pad and Spé and ligated intoPad/Spe-digested

with Pst. The 946-bp fragment corresponding to the hybrid pKOS011-77 to produce the expression plasmid pJL287.

AT domain was isolated and ligated int®anHI|/Pst-

Plasmid pJL305 is a derivative of pCK18§), in which

digested pKOS001-11. The 10-kb fragment encoding the an 89-bpNhd—Sty fragment encoding a subregion of the

chimeric DEBS1 gene was digested wikhd and Spé and
ligated intoPad/Spé-digested pKOS011-77 to produce the
expression plasmid pJL286.

Plasmid pJL259 is a derivative of pJL185, in which a 198-

bp PinAl —Pst fragment encoding the C-terminal region of

DEBS AT6 domain that is homologous to the one encoded
by the Nhd—Styl fragment of the DEBS AT2 domain is
replaced with the 68-bplhd —Styt fragment of the RAPS
AT2 domain. This plasmid is constructed as follows. A PCR-
amplified Nhd —Styl fragment from the RAPS AT2 domain

the RAPS AT2 domain is excised and replaced with its (complement of nucleotides 547584822) was ligated to
homologous counterpart from the DEBS AT2 domain. This a PCR-amplifiedstyi—Pst fragment extending from nucle-
plasmid is constructed as follows. Plasmid pKOS008-50 was otides 1767817792 of the DEBS AT6 domain (GenBank

digested withBglll and PinAl. The 727-bpBglll —PinAl
fragment from the RAPS AT2 domain (complement of
nucleotides 5482955556) was isolated and ligated to a

accession no. M63677). This 182-bfhd —Pst fragment
was introduced into a subclone containing a PCR-amplified
BanHI—Nhd fragment extending from nucleotides 16765
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A. D.
DEBS KS-2 RAPS AT-2 DEBS KS-2 RAPS AT-2
. GCC TCC GAC GGT GGA TCC GTG TTC GTC TTC ... ... GCC TCC GAC GGT GGA TCC GTG TTC GTC TTC ...
A S D G G S v F v F A S D G G S v F \ F
BamHI/BglII BamHI/BglIT
RAPS AT-2 DEBS AT-2 RAPS AT-2 DEBS AT-2
. GAT GTG CCC GAT CTC GAG CCA CGT CCC GAC ... ... GCC GCT GTC GGT GCC TTG GCC GAC GCG CAC ...
D v P D L E P R P D A A v G A L A D A H
XhoI Sty I
DEBS AT-2 RAPS AT-2 DEBS AT-2 DEBS KR-2
. CAC TCG CAG GGT GAG CTC GCC GCC GGA TAC ... ... AAG CGG TTC TGG CTG CAG CCG GAC CGC ACC ...
H S Q G E L A A G Y K R F W L Q P D R T
SstI Pstl
RAPS AT-2 DEBS KR-2

. CAG CGG TAC TGG CTG CAG CCG GAC CGC ACC ...
Q R Y W L Q P D R T

PstI E.
DEBS KS-6 DEBS AT-6
. GCC TCC GCC GGC GGA TCC GTT TTC GTC TTC ...
A S A G G S v F \ F
B. BamHI/BglIT
DEBS KS-2 RAPS AT-2
. GCC TCC GAC GGT GGA TCC GTG TTC GTC TTC ...
A S D G G S v F v F DEBS AT-6 RAPS AT-2
BanHI/BglII ... CCG CAC CCG GTG CTA GCC CGC CTG GTC GAT ...
P H P v L A R L v D
Nhel
RAPS AT-2 DEBS AT-2
. CTG GGT GCC GAC CGG TCA CTG GCG TCG AGC ...
L G A D R s L A S S RAPS AT-2 DEBS AT-6
PinAl ... GCT GTC GGT GCC_TTG GCA CGG GCG CAC GTG ...
F L T A L A R A H A
StyI
DEBS AT-2 DEBS KR-2
. AAG CGG TTC TGG CTG _CAG CCG GAC CGC ACC ...
K R F W L Q P D R T DEBS AT-6 DEBS KR-6
PstI ... CAG CGG TAC TGG CTG _CAG CCG GAG GTG TCC ...
Q R Y W L Q P D v S
PstI
c.
DEBS KS-2 RAPS AT-2

. GCC TCC GAC GGT GGA TCC GTG TTC GTC TTC ...
A s D G G 8 V L V F
BamHI/BglII

RAPS AT-2 DEBS AT-2
. CTG GGT GCC GAC CGG TCG CTA GCG TCG AGC ...
L G A D R S L A S S
PinAl Nhel

DEBS AT-2 RAPS AT-2
. TTC CTC ACG GCC_TTG GCT CAC CTG TAC GTG ...
F L T A L A H L Y \

StyI

RAPS AT-2 DEBS KR-2
... CAG CGG TAC TGG CTG CAG CCG GAC CGC ACC ...
Q R Y W L Q P D R T
PstI

Ficure 5: Nucleotide sequence at the boundaries of the DEBS/RAPS hybrid AT2 and AT6 domains. (A) Hybrid AT2 domain used in the
construction of pJL286. (B) Hybrid AT2 domain used in the construction of pJL259. (C) Hybrid AT2 domain used in the construction of
pJL285. (D) Hybrid AT2 domain used in the construction of pJL287. (E) Hybrid AT6 domain used in the construction of pJL305.
17589 of the DEBS AT6 domain. The engineered boundariescontaining the DEBS3 gene. It was engineered by PCR to
for this hybrid AT domain are shown in Figures 5 and 6. have BanHI and Pst restriction sites flanking the AT6

The resulting plasmid was digested wBanHI and Pst, domain (nucleotides 16765.7792; GenBank accession no.

and the 1.0-kb fragment corresponding to the hybrid AT M63677). The 9-kb fragment encoding the chimeric DEBS3
domain was isolated and ligated inBanHI/Pst-digested gene was digested witBglll (nucleotide 11087) ané&caRl
pKOS015-52. Plasmid pKOS015-52 is a derivative of pUC19 (nucleotide 20226) and ligated int®glll/ EcoRlI-digested
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Ficure 6: Diagrams of the DEBS/RAPS hybrid AT2 and AT6 domains in pJL286, pJL259, pJL285, pJL287, and pJL305.

pKOS011-77 to produce the expression plasmid pJL305. backbone, the recombinant strains CH999/pJL130 and CH999/
Purification and Characterization of Polyketiddsach of pJLO08 were generated by transformiBigcoelicolorCH999
the recombinant strains was grown on 200 mL of R2YE agar with the appropriate plasmids in which either AT1 or AT2
containing 50ug/mL thiostrepton and 600 mg/L propionic  of the DEBSH#TE gene was replaced with the AT4 domain
acid for 6 days. The medium was extracted twice with 2 of DEBS, respectively. These resultant strains both synthe-
volumes of ethyl acetate. The organic phase, which containedsized a triketide4) identical to that produced by the parent
the desired polyketides, was dried in a SpeedVac-8P DEBSI+TE strain (L1) (Figure 2). The stereochemistry of
mass spectroscopy was performed on the crude extracts. the products was established by NMR spectroscopy and
To isolate compounds, 3, 4, and6 for nuclear magnetic ~ comparison of the data with those for authemtic
resonance (NMR) structural studies, the crude extracts were Replacement of DEBS AT2 with RAPS AT2 in a 2-Module
redissolved in ethyl acetate for spotting on thin-layer or 6-Module ScaffoldTo test the ability of the heterologous
chromatography (TLC) plates (Baker Si250F Silica Gel). AT2 domain of RAPS to recruit a malonyl-CoA extender
Migration was allowed for approximately 1.5 h, using ethyl unit for incorporation into the polyketide backbone in module
acetate-hexane (60:40). The polyketides were visualized 2 of DEBS, the recombinant strain CH999/pKOS008-51 was
with a vanillan-sulfuric acid-ethanol (3:1:96) spray. After  transformed with a plasmid in which the methylmalonyl-
TLC separation, the regions of interest were scraped from CoA-specific AT2 domain of the bimodular DEBSTE
the plate and extracted twice with an equal volume of ethyl gene was replaced with the malonyl-CoA-specific RAPS
acetate. The organic phase was dried in a SpeedVac, aniAT2 domain. This mutant led to the production of 2-des-
the isolated polyketides were redissolved in deuterated methyl triketide lactone6) (Figure 4). This novel metabolite
chloroform for NMR analysis. was produced at-10 mg/L, which is half that of the
production levels of the parent triketide lactor (~20
RESULTS mg/L). The structure of this product was confirmed 1y
Replacement of AT1 or AT2 of DEBSIE with AT4.To and**C NMR spectroscopy (data not shown).
investigate the role of the AT domains in epimerizing the  Similarly, the recombinant strain CH999/pJL185 harbors
extender units prior to incorporation into the polyketide a plasmid in which the AT2 domain of the 6-module DEBS
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system was replaced with the RAPS AT2 domain. The DNA (2R,354S5R)-2,4-dimethyl-3,5-dihydroxyx-heptanoic acid
sequence encoding module 2 in pJL185 is identical to that d-lactone #). On the other hand, if the donor AT4 domain
present in pKOS008-51. This mutant led to the production or one or the other of the replaced AT1 and AT2 domains
of a metabolite thought to be 10-desmethyl 6-d2B(Figure were able to mediate epimerization, then one of the two
1). However, this putative polyketide was generated in hybrid PKSs would be expected to produce a diastereomer
amounts insufficient for exhaustive spectroscopic character-of 4.
ization (<1 mg/L); its existence in the fermentation broth From our studies, the observed interchangeability of DEBS
was suggested by ARCI mass spectroscopy (M HT = AT4 with either the AT1 or the AT2 domain in formation
373, M — H,O + H* = 355, M — 2H,0 + HT = 337). of 4 suggests not only that the donor AT domain retains its
Nevertheless, our result is consistent with that of Katz and catalytic activity upon introduction into another module, but
co-workers {3), who produced the corresponding 10- also that there is no instrinsic epimerase activity associated
desmethyl analogue of erythromycin by similar AT swaps with any of these three AT domains. We have also recently
into DEBS in the native erythromycin produc®rerythraea reported that replacement of the DEBS KR2 domain with
Although the exact titers were not reported, these scientistseither the KR2 or the KR4 domain of the rapamycin PKS
reported the isolation of only a few milligrams of the product results in formation of the &pitriketide lactone, thereby
from a 27-L fermentation, suggesting that the titer of this establishing that the configuration of the polyketide hydroxyl
novel erythromycin irS. erythraeavas considerably lower  groups is controlled directly by the operative KR domain
than that of the parent natural product in the same host. and is not correlated with the stereochemistry or degree of
Replacement of DEBS AT2 or DEBS AT6 in the 6-Module substitution at the adjacent-position @). We have also
System with a DEBS/RAPS Hybrid AT Domaio determine shown that replacement of the DEBS ACP3 domain with
the regions of the AT domains that dictate their substrate the DEBS ACP6 domain in a truncated trimodular PKS does
specificity, the recombinant strains CH999/pJL286, CH999/ not result in alteration of stereochemistry of the relevant
pJL259, CH999/pJL285, and CH999/pJL287 were each methyl-branched center@). Thus, it can be inferred that
transformed with a plasmid in which the AT2 domain of neither the AT, the KR, nor the ACP domain is responsible
the full DEBS system was replaced with a hybrid DEBS/ for the epimerization that results in generation of the
RAPS AT domain as depicted in Figure 6. Of the four L-methyl-branched centers derived frong@nethylmalonyl-
mutants, CH999/pJL286 and CH999/pJL287 did not lead to CoA. By a process of elimination, the critical epimerase
the production of any detectable polyketides. However, activity is therefore likely to be associated directly with the
CH999/pJL259 and CH999/pJL285 both produced ap- individual KS domains, a hypothesis that is amenable to
proximately 10 mg/L of the 6-dEB macrolacton®.(The direct experimental verification through construction of the

structure of this product was again confirmed ¥ NMR relevant hybrid PKSs.
spectroscopy. No 10-desmethyl-6-dEB ¢ould be detected Processing of Modified Polyketide Intermediates in Modu-
in the extracts of these recombinant strains. lar PKSs.Although the AT domains of DEBS do not appear

Likewise, the recombinant strain CH999/pJL305 carries to epimerize their (8-methylmalonyl-CoA substrate, these
a plasmid in which the AT6 domain of the 6-module DEBS domains exercise a strict specificity for methylmalonyl-CoA
system was replaced with a chimeric DEBS/RAPS domain over malonyl-CoA, with a strict specificity for the &
as shown in Figure 6. This mutant led to the biosynthesis of enantiomer of the former substrate. Significantly, Leadlay,
both 6-dEB () and the 2-desmethyl 6-dEB compourf) (  Staunton, and co-workers have shown that replacement of
in comparable amounts-6 mg/L). The structure o2 was the AT1 domain of DEBS%TE with the RAPS AT2 domain

also confirmed by'H NMR spectroscopy. results in biosynthesis of the predicted 4-desmethyl triketide
lactone B) (12). Similarly, replacement of the individual
DISCUSSION AT1, AT2, or AT6 domain of DEBS with heterologous AT

Role of Acyltransferase Domains in Controlling the domains that are specific for malonyl-CoA leads to produc-
Stereochemistry of Methyl-Branched Centers in Polyketides.tion of the predicted desmethyl 6-dEB or erythromycin
Although (25)-methylmalonyl-CoA serves as the sole sub- derivative (3, 14).
strate for the AT domains of DEBS, the expectethethyl However, the yields of the products generated by these
center, generated by decarboxylative inversion of the ex- chimeras vary greatly depending on the position of the
tender units, is found only in the growing polyketide chains polyketide chain at which the modified extender unit is
produced by modules 2, 5, and 6. By contrast, the epimericincorporated. Katz and co-workers have demonstrated that
L-methyl configuration is observed at C-12 and C-8, positions production of the 10-desmethylerythromycin derivatives,
in the erythromycin polyketide generated by modules 1 and resulting from replacement of the DEBS AT2 domain with
3, respectively. Since the-methyl configuration at the a heterologous AT domain specific for malonyl-CoA, is
a-position of the acyl chain generated by module 4 is significantly lower than that of the 12-desmethylerythromycin
certainly due to the reduction of its correspondingnethyl- derivatives, which results from replacement of the DEBS
o,f-unsaturated ester intermediate, it is unknown whether AT1 domain with a malonyl-CoA-specific AT domaii3).
module 4 contains epimerase activity or not. Notwithstanding This suggests that intermediates, which are altered at different
this ambiguity, the possible ability of the AT4 domain to positions of the polyketide backbone, may be recognized or
epimerize its bound @-methylmalonyl substrate can still processed to varying degrees by the modules downstream
be evaluated by alternately replacing the AT1 or AT2 domain of the one responsible for the modification. Recently, Liu
of the DEBSH-TE mutant with the AT4 domain. If the AT4  and co-workers have also observed that replacement of the
domain were to have no intrinsic epimerase activity, then final AT domain of DEBS (AT6) with the malonyl-CoA-
both of the derived hybrid PKSs would produce the natural specific RAPS AT2 domain leads to sizable production of
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Nhel sty1

DEBS LOAD AT: FVEASPHPV LAAALQQTL. DAEGSSAAVV PTLQRGQ.GG MRRFLLAAA. ...QAFTGG Propionyl AT
DEBS AT2: FIEVSPHPV LASSVQETLD DAE.SDAAVL GTLERDA.GD ADRFLTALA. ...DRHTRG
NID AT4: FVECSPHPV LTVPVRQTLE DA.GAGAVAV GSLRRDD.GG LRRFLTSAA. ...EAQVAG
FK506 AT9: FIECSAHPV LLPAL..... DQE.RT...V ASLRTDD.GG WDRFLTALA. ...QAWTQG Methylmalonyl AT
RAPS AT1: FVEVSASPV LLQOAM..... DDDVVT...V ATLRRDD.GD ATRMLTALA. ...QAYVEG
RIF AT1: FVEVSAHPV TVQPL..... SE..LTGDAI GTLRRED.GG LRR.L..LA. SMGELFVRG
DEBS AT6: FVEMSPHPV LTAAVQEIAA D..... AVAT GSLHRDT.AE .EHLIAELA. ...RAHVHG -
NID ATS: FLETSPHPM LAVALEQTVT DA.GTDAAVL GTLRRRH.GG PRA.LA.LA. .VCRAFAHG Ethylmalonyl AT
NID LOAD AT: YLEIGPHPT LTTLLHHTLD NP..TT...I PTLHRER.PE PETLTQAIAA .VG.VRTDG Acetyl AT
NID AT1: YLEIGAHPT LTTLLHHTLD NF..TT...I PTLHREH.PE PETLTTALAT ....LHTTG -
FK506 AT7: FLEIGPNQD LSPVVDG... ......... I PTQTGTP.EE VQALHTALA. ...RLHTRG
FK506 ATS8: FVEIGPGQD LSPLVDG... ......... I ALQNGTA.DE VEALHTALA. ...RLFTRG Malonyl AT
RAPS AT2: FVELGADRS LARLVDG... ......... I AMLHGD..HE AQAAVGALA. ...HLYVNG
RIF AT2: FLELGPGGA LAAMALGTLG GPEQSC...V ATLRKNG.AE VPDVLTALA. ...ELHVRG
E. COLI FAS: Y.EVGPGKV LT........ ... GLTKRIV DTLTASALNE PSAMAAALE. ....L~~~~ —

| [ I | |

a-Helix B- B- o-Helix

Turn Strand

Ficure 7: Alignment of amino acid sequences corresponding to\the —Styl fragments of the malonyl transferase of thecoli fatty

acid synthase, and selected AT domains from the erythromycin (DEBS), rapamycin (RAPS), niddamycin (NID), FK506, and rifamycin
(RIF) PKS clusters. The secondary structure corresponding to this region of the malonyl transferasg. afalhéatty acid synthase is
designated.

the 2-desmethyl-6-dEB compoung) (Figure 1) (14). In the Most chimeras thus generated were apparently inactive. In
latter case, the resulting modified intermediate generated byparticular, when a 124-bghd —Sst fragment encoding the
module 6 does not have to undergo further downstreamdivergent sequence motif identified by Leadlay and co-
processing and can simply be directly cyclized by the workers for the malonyl-CoA-specific RAPS AT2 domain
thioesterase domain. (19) was replaced with a 145-bp fragment encoding the
Consistent with these independent results, we note in oursequence motif for the methylmalonyl-CoA-specific DEBS
studies that replacement of the DEBS AT2 domain with the AT2 domain, the resulting recombinant strain, CH999/
RAPS AT2 domain in DEBSETE leads to the production pJL286, did not lead to any detectable product formation.
of approximately 10 mg/mL of the expected 2-desmethyl However, when a 198-bpinAl—Pst fragment at the 3
triketide lactone §). By contrast, the same domain swap in end of the RAPS AT2 domain was replaced with a
the full (6-module) DEBS system results in a considerably homologous 225-bp fragment from theehd of the DEBS
lower yield of the corresponding 10-desmethyl-6-dEB ( AT2 domain, the resulting recombinant strain, CH999/
(<1 mg/L). This finding indicates that the heterologous pJL259, produced approximately 10 mg/L of the 6-dEB
RAPS AT2 domain is fully capable of recruiting a malonyl- macrolactoneX) (Figure 6).
CoA extender unit for incorporation onto the growing In an effort to refine the structural basis for extender-unit
polyketide chain, and that subsequent processing of thespecificity, the 198-bdPinAl —Pst fragment at the 3end
altered intermediate by downstream modules acts as the mairof the RAPS AT2 domain was further subdivided into a 68-
obstacle to efficient product formation. Whether this reduced bp Nhd —Styl fragment and a 123-b@ty—Pst fragment.
yield is due to an intrinsic barrier due to discrimination These two smaller regions were independently swapped with
against the altered triketide intermediate by one or more their DEBS AT2 counterparts, and the resultant hybrid AT
downstream modules, or is a consequence of aberrantdomains were used to replace the AT2 domain of the
intermodular interactions between the mutant and native 6-module DEBS. The recombinant strain CH999/pJL287, in
proteins, cannot be distinguished at this time. which the 123-bp RAP Sty —Pst was swapped with the
Methylmalonyl-versus Malonyl-CoA Substrate Specificity 114-bp DEBSSty—Pst fragment in the full DEBS, did not
of Acyltransferase Domains in Modular PKS® delineate generate any detectable polyketides. On the other hand, the
the region of the DEBS AT2 domain that controls substrate recombinant strain CH999/pJL285, in which the 68-bp RAPS
specificity, a series of chimeric AT domains were constructed Nhd—Styl fragment was swapped with the 104-bp DEBS
by replacing fragments of the RAPS AT2 domain (which Nhd—Sty fragment in the full DEBS, produced about 10
utilizes malonyl-CoA as substrate) with homologous regions mg/L of 6-dEB () (Figure 6).
from the DEBS AT2 domain (which uses methylmalonyl- The above results suggest that thad —Styl fragment
CoA). The resulting hybrid AT domains were used to replace plays an important role in controlling the substrate specificity
the entire AT2 domain of the full (6-module) DEBS system. of at least one AT domain. To test the generality of this
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conclusion, we wished to conduct a reverse experimentwhereas the a priori prediction of substrate specificity of AT
whereby substitution of this segment in a methylmalonyl- domains found in nature could benefit from the above-
AT domain with its counterpart from a malonyl-AT domain mentioned signature sequences, the design of AT domains
would lead to the formation of the expected desmethyl with altered or relaxed substrate specificity will probably
analogue of the natural product. Given the low yield of 10- require structure-based and/or combinatorial genetic manipu-
desmethyl-6-dEB2) as described above, we targeted instead lation of the hypervariable region defined in this study.
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