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A fundamental feature of modular polyketide synthases (PKSs) is the highly predictable relationship between the domain
order and the chemical functional groups of resultant polyketide products. Sequence analysis and biochemical
characterization of the leinamycin (LNM) biosynthetic gene cluster fBireptomyces atroalaceusS-140 has revealed

a geneJnmJ, that encodes five PKS modules but with six acyl carrier protein (ACP) domains. The LnmJ PKS module

6 contains two ACP domains, AGR and ACR_,, separated by a C-methyltransferase domain. Site-directed mutagenesis
experiments were carried out with each of these ACPs to test alternative mechanisms proposed for their role in polyketide
chain elongation. The in vivo results revealed a new type of polyketide chain “skipping” mechanism, in which either
ACP is sufficient for LNM biosynthesis. Biochemical characterization in vitro showed that both ACPs can be loaded
with a malonate extender unit by the LnmG acyl transferase; howevers A@PRpears to be preferred because the
loading efficiency is about 5-fold that of AGP.. The results are consistent with ACR being used for the initial

chain elongation step wth AGP, being involved in the ensuing C-methylation process. These findings provide new
insights into the polyketide chain skipping mechanism for modular PKSs.

Polyketides are a large group of microbial natural products that fully functional domains, such as the two DH domains and one
include many clinically valuable drugs such as erythromycin ER domain of the nanchangmycin PR&e four DH domains of
(antibacterial), rapamycin (immunosuppressant), and epothilone the FK520 PKS?and the one KR domain of the avermectin PKS.
(anticancer agent). Typically, they are biosynthesized from short These discrepancies between module organization and product
carboxylic acids by sequential condensation catalyzed by polyketide structure hinder the quest for full understanding of the biosynthetic
synthases (PKS$¥ Multimodular type | PKSs consist of sets of mechanism and provide obstacles for the rational engineering of
active site domains organized into modules, with each module type | PKSs to produce novel polyketides.
containing a minimum of three domains. The chain building Leinamycin (LNM, Figure 1) is a hybrid peptiggolyketide
substrates are selected and activated by an acyl transferase (AThatural product with antitumor activifi#. 1 Genetic and biochemi-
domain, transferred to the phosphopantetheine side chain of thecal characterization of théhnm biosynthetic gene cluster from
acyl carrier protein (ACP) domain to form a thioester, and then Streptomyces atroalaceus S-140 has revealed that LNM is
covalently linked to the growing polyketide by a ketosynthase (KS) biosynthesized by a hybrid nonribosomal peptide synthetase
domain, which catalyzes a decarboxylative Claisen condensation(NRPS)}-PKS system consisting of two NRPS modules and six
to form a carbor-carbon bond as an enzyme-boyhletothioester. PKS modules> 17 In addition to being characterized as a novel
Other domains, such as ketoreductase (KR), dehydratase (DH),“AT-less” type | modular PKS systed%,several other interesting
enoyl reductase (ER), and methyl transferase (MT) domains, may aspects were found from the gene sequence analysigarticular,
also be present in a specific module and are responsible for LnmJ PKS module 6 has two ACP domains, ACPand ACR_»,
modification(s) of the nascefitketo groupt2 The order of modules separated by an MT domain that is believed to govern introduction
in such PKS enzymes dictates the sequence of biosynthetic eventsof the C-6 methyl group (Figure 1). According to the conventional
and the variation of domains within a module affords the structural model for the PKS mechanism, only one of these ACPs should be
diversity observed in the resultant polyketide proddétsihe necessary for the polyketide elongation stépVe have examined
collinearity between the modularity of enzyme activities and the the role of each ACP using in vivo site-directed mutagenesis
structure of the resultant products provides the molecular basis forcombined with in vitro biochemical assays and now report the
combinatorial manipulation of type | PKSs to generate polyketide discovery of an unusual chain “skipping” mechanism used by the
structural diversity6 LnmJ PKS for LNM biosynthesis. The experimental results show

Additional domains have occasionally been found in certain PKSs that the two ACPs in LnmJ PKS module 6 are functionally
that do not seem to be required to provide the functionality that is interchangeable and that either one is sufficient for LNM biosyn-
found in the final polyketide products. The “extra” domains in some thesis. In addition, the results of biochemical assays are consistent
cases appear to be inactive due to the lack of critical amino acids with LmnG AT using ACR_, over ACR_; when loading malonyl-
that consist of the active sites, such as the DH and KR domains in CoA, which could mean that AGP; is used for the initial chain
module 8 of the EpoE protein, the DH and ER domains in module elongation step, while ACGP; is involved in the ensuing C-

9 of the EpoF proteii,and the KR domain in module 3 of the  methylation process.

PikAll protein8 More often, the extra domains seem to be functional . .

because they have all the highly conserved residues and motifs of R€Sults and Discussion

Alternative Mechanisms for Polyketide Chain Elongation by
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Figure 1. Structure of LNM and domain organization of the LnmJ PKS modules 5, 6, and 7 featuring two ACPs in module 6. The moiety
that is biosynthesized by LnmJ PKS module 6 is boxed. ACP, acyl carrier protein; KR, ketoreductase; KS, ketosynthase; MT, methyl
transferase.

gene cluster fronS. atroolvaceusS-140 revealed a novel “AT- Mechanism V: Chain “Skipping” Model in Which Both

less” type | PKS system featured with several unusual aspects forACPs Are Functional But One of Them Is Sufficient. In this
domain organizatiof>7 While six PKS modules are present, the mechanism the two ACPs are used interchangeably, with either
LnmJ PKS module 6 has two ACP domains, ACPand ACR_,, one being enough for LNM biosynthesis. Inactivation of either ACP
one of which seems to be unnecessary for LNM biosynthesis (Figure would not affect LNM production, but when inactivated simulta-
1). A question therefore arises about the role of the two ACP neously, LNM production would be abolished (Figure 2, entry V).
domains in module 6: are they both involved in polyketide chain ~ Construction of LnmJ PKS Module 6 ACP Active Site-
transfer from LnmJ PKS module 5 to module 7 or is one of them Directed Mutant Strains. To distinguish among these mechanistic
used for a different purpose, such as C-methylation of the proposals, site-directed mutagenesis was carried out in vitro to
biosynthetic intermediate bound to LnmJ PKS module 6? replace the Ser active site residue of ACRSer3193) and ACR,

Five distinct mechanisms can be proposed to explain the chain (Ser3684). Two-step gene replacement experiments were used to
elongation step catalyzed by LnmJ PKS module 6. Each mechanismintroduce each site-directed mutant ACP into module 6 of the
can be distinguished by its difference regarding the involvement chromosomalinmJ PKS gene. First, a mutatelthmJ plasmid,
of the ACP domains in the chain elongation and transfer from the pBS3063, was constructed and introduced Bt@troolvaceusto
KS domain of module 5 to the KS domain of module 7 and select for theS. atroolvaceusSB3025 mutant strains that were
C-methylation of the biosynthetic intermediate bound to module 6 apramycin-resistant and thiostrepton-sensitive (Figure 3A). The
(Figure 2). genotype ofS. atroolvaceusSB3025 mutant strains, in which the

Mechanisms | and Il: Only ACP -, or ACPg_; Is Functional. ACPs-1-MT-ACPgs-, domains of the LnmJ PKS module 6 were
Although both ACPs of the LnmJ PKS module 6 contain the highly substituted with the aparmycin-resistance geaac(3)IV, was
conserved GVDS moitif, in which the Ser residue can be post- confirmed by Southern analysis. Genomic DNA from both $he
translationally modified by the covalent attachment of tHe 4 atroolivaceuswild-type and SB3025 mutant strains were digested
phosphopantetheine gro&f 2 it is possible that only one of the  with Ncd and hybridized with the 3.4-kblcd fragment oflnmJ
two ACPs is functional for LNM biosynthesis. In this case, mutation as a probe. While the wild-type strain yielded a distinct signal at
of the active site residue Ser of the nonfunctional ACP into Ala 3.4 kb, this fragment was shifted to 2.9 kb in the SB3025 mutant
should have no obvious effect on LNM biosynthesis. In contrast, strain, as would be predicted for the replacement of the 2 Nedd>
LNM biosynthesis would be abolished in the Ser to Ala mutant of BanHI fragment oflnmJ by the 1.5-kbaac(3)IV cassette (Figure
the essential ACP, because the polyketide chain could not directly 3B).
be transferred from the KS domain of module 5 to the KS domain  Plasmids pBS3068, pBS3069, and pBS3070, in which the active
of module 7 without a functional ACP (Figure 2, entries | and 1l). site residue Ser of AGR; (pBS3068) or ACR-, (pBS3069), or

Mechanism 1ll: Both ACP Domains Are Functional and both ACR_; and ACR_, (pBS3070), had been changed to Ala,
Necessaryln this mechanism, the polyketide chain is first attached respectively, were then introduced into the BS3025 strain stepwise
to ACPs-; from the KS domain of module 6 as a consequence of by first isolating the single-crossover mutants with apramycin-
normal chain elongation and methylation, then transferred to resistant and thiostrepton-resistant phenotype, followed by serial
ACPs-, before loading onto the active site residue Cys of the KS transfer in the absence of antibiotic selection to obtain the double-
domain in module 7. This step-by-step mechanism needs bothcrossover mutants with an apramycin-sensitive and thiostrepton-
ACPs; therefore, either of the above Ser to Ala mutations would sensitive phenotype. The resultiBg atroolvaceusSB3026 (from
abolish LNM biosynthesis (Figure 2, entry 1Il). pBS3068), SB3027 (from pBS3069), and SB3028 (from pBS3070)

Mechanism IV: Both ACP Domains Are Functional with mutant strains contained the entlren gene cluster in which the
Each Mediating the Chain Elongation Step and the C-Methy- active sites of ACR.,, ACPs_,, or both ACR_; and ACR_,,
lation Step, RespectivelyThis mechanism is similar to mechanism  respectively, were inactivated by the Ser to Ala mutation. The
IIl, wherein both ACPs are involved in the chain elongation, expected genotypes of these mutant strains were confirmed by PCR
C-methylation, and chain transfer steps. First, the polyketide chain amplification followed by DNA sequencing.
is attached to ACR; as a consequence of only chain extension Metabolite Profile of the Fermented Mutants Validating the
catalyzed by the KS domain of module 6, then transferred tosACP  Chain “Skipping” Mechanism. TheS. atroolvaceussite-directed
followed by C-methylation before loading onto the active site mutant strains SB3026, SB3027, and SB3028 were fermented under
residues Cys of the KS domain of module 7. In this mechanism, standard conditions with the wild-type strain as a positive control
both ACPs are essential: the Ser to Ala mutation of AGRvill and the SB3025 mutant strain (i.e., both ACPs as well as the MT
abolish LNM production because it is necessary for chain elonga- domain were deleted) as a negative control. Fermentation culture
tion; mutation of ACR-, may abolish LNM production or produce  extracts were analyzed by HPLC and electron-spray ionization-
6-desmethyl-LNM if the desmethyl intermediate bound to AGP mass spectrometry (ESI-MS) for LNM producti&nl? While LNM
could be recognized and processed by the rest of the LNM production was readily detected from the wild-type (Figure 4B)
biosynthetic machinery (Figure 2, entry V). and was completed abolished in the ACP-deletion mutant strain
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Figure 2. Alterative mechanisms proposed for LnmJ PKS-catalyzed polyketide chain transfer from module 5 to module 6 and module 7.
I, only ACPs_; is functional; Il, only ACR-; is functional; Ill, both ACPs are functional and necessary; IV, both ACPs are functional with
each mediating the chain elongation step and the ensuing C-methylation step, respectively; V, both ACPs are functionally equivalent but
one is sufficient (i.e., the chain skipping model) for LNM biosynthesis. LNM or 6-desmethyl-LNM, mutants that produce LNM or 6-desmethyl-
LNM; (—) no production of LNM metabolite. See Figure 1 caption for domain abbreviations.

SB3025 (Figure 4C), the two mutants SB3026 and SB3027 with mutagenesis experiments support the operation of a chain skipping
only one inactivated ACP in LnmJ PKS module 6 still produce as mechanism, but the individual contribution of each of the two ACPs
much LNM as the wide-type strain (Figure 4B vs 4D and 4E), and in LnmJ PKS module 6 could not be assessed, because both single-
the SB3028 mutant with both ACPs of LnmJ PKS module 6 site mutants produced almost the same level of LNM as the wide-
inactivated completely lost the ability to produce LNM (Figure 4F). type strain. To examine the individual role of each ACP domain,
These results suggest that each ACP in LnmJ PKS module 6 canLnmJ ACR—; and ACR_, domains as well as the LnmG AT were
functionally replace the other one; that is, either ACP is sufficient overproduced iiE. coliand purified, and the resultant proteins were
for normal LNM biosynthesis. Therefore, the chain “skipping” utilized for standard in vitro biochemical assd§sStreptomyces
mechanism (Figure 2, entry V) appears to be used in the polyketide verticillus phosphopantetheinyl (4PP) transferase Svp was used
chain elongation and transfer process from the ACP domain of to convert the apo-ACPs into the functional holo-foimAfter
module 5 to the KS domain of module 7 during LNM biosynthesis. incubation of holo-ACPs with [24C]malonyl CoA and purified

In Vitro Biochemical Assays Confirming that Both ACPs of LnmG, the reaction mixtures were subjected to SDS-PAGE
the LnmJ PKS Module 6 Can Be Loaded by the LmnG AT separation and phosphorimaging to detect loading of théGR-
But with Different Efficiency. The results of the site-directed  malonyl group onto the '4PP groups of the ACPs (Figure 5A).



390 Journal of Natural Products, 2006, Vol. 69, No. 3 Tang et al.
A B
X
| 'L 3.4-kb __';" . 2 3 4 kb
Wild-type IB‘} [~ [ | 2%:> : = g
Apr®, Thi® ; j
(Ap ) g A «i— 4.0
B 3.4-kb LR
2.9-kb o - 3.0
— 20
aac(3)Nv "
(1.5-kb)
— 16
pBS3063 (Apr", Thi")
SB3025 %P >
R 5
(Apr", Thi) < z

P |
2.9-kb il
N N

Figure 3. Inactivation oflnmJ by gene replacement. (A) Construction of thenJ gene replacement mutant and restriction map$.of

atroolivaceuswild-type and SB3025 mutant strains. (B) Southern analysis of the wild-type (lane 1) and SB3025 (lanes 2 and 3 for two

individual isolates) genomic DNAs digested wititd using the 3.4-kbdnmJ fragment as a probe. Lane 4, molecular weight standards.
AprR, apramycin-resistant; ABrapramycin-sensitive; TRj thiostrepton-resistant; Thithiostrtepton-sensitive; BarHI; N, Ncd; S, SpH;

X, Xbd.
UV at 320 nm (mV)
0.5 —
A *
ol e
1.0 R
B
0 :J\MAMJ\/M
1.0
A S T
107 —
D f M \Y%
) 8:____/\/4 L\___A/\/\_JLJ\/\__A_,J\_\,_A
¢
E
1.0
F n
0 i BN LWWY%,

[ [ I I
175 20.0 225 25.0
Time (min)

Figure 4. HPLC analysis of LNM production: LNM standard (A)
andS. atroolvaceusS-140 wild-type (B) and recombinant strains
SB3025 (C), SB3026 (D), SB3027 (E), and SB3028 (#).L(\NM;

(V) an unidentified metabolite whose production is independent of
LNM biosynthesis.

Alternatively, reaction mixtures from experiments with nonradioac-
tive malonyl CoA were subjected to HPLC (Figure 5B) and ESI-
MS analysis to confirm formation of the predicted molecular
species$

Although both ACPs of LnmJ PKS module 6 were found to be
loaded with the radioactive chain extender unit, malonyl CoA, by
the LnmG AT, the loading efficiency is clearly quite different, as
shown in Figure 5A. LnmG appears to prefer ACPmore than
ACP;_;. Using a semiquantitative assay under the same conditions,
we found that on the basis of the relative amount of radioactivity

in the acylated ACPs as a function of reaction time, the loading
efficiency for ACR-; is approximately 80% less than that of
ACPs_, (Figure 5C). These results are consistent with LnmG using
ACPs_, for the polyketide chain elongation in the normal biosyn-
thetic process (Figure 6, path a), although AGRan be recognized
by LnmG and consequently be functional for LNM biosynthesis
(Figure 6, path b).

ACP-to-ACP Chain Skipping Found in Other Natural and
Engineered Modular PKSs.The results reported here represent a
novel type of polyketide chain skipping mechanism, possibly to
evolve a useful function for the additional core ACP domain in
one PKS module. ACP-to-ACP chain transfer has been observed
before in an engineered PKS systénwhen an engineered PKS,
consisting of the loading module and the extension modules of the
erythromycin PKS module 1, the rapamycin PKS module 2, and
the erythromycin PKS module 2, was expressedSaccha-
ropolyspora erythraeatrain JC2, the expected tetraketide lactones
were produced in low yield and triketide lactones were the major
products, which resulted from ACP skippiP&This was confirmed
by site-directed mutagenesis of the KS and ACP domains of the
rapamycin PKS module, which revealed a chain skipping process
by direct ACP-to-ACP transfer in the engineered PKS.

The pikromycin PKS fronStreptomycesenezuelagontains six
extension modules distributed among the four multienzyme polypep-
tides, PikAFAIV, which catalyze the biosynthesis of both 12- and
14-membered-ring macrolactongsExpression opikAlV to pro-
duce the intact, full-length PikAIV protein results in the synthesis
of a 14-membered-ring macrolactone, whereas expressjuk/Ai\V
produces an amino-terminal truncated PikAIV protein leading to
the synthesis of a 12-membered-ring macrolact8nk skipping
model for chain transfer from PikAlll ACP5 to PikAIV ACP6 was
proposed to explain how one PKS system could form two polyketide
products?*

Multiple ACP domains have also been found in modules of the
mupiricin PKS, where some of them appear to be dispensable or
can be used interchangeably, as in LnmJ PKS modgéi¢iéwever,
direct biochemical evidence of their role has not been described.
Here, in the LnmJ PKS, we have provided convincing data
supporting a naturally occurring chain skipping mechanism.

In summary, polyketides, a large group of natural products
including many therapeutically valuable drugs, are constructed from
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Figure 5. In vitro assays of LnmG-catalyzed loading of malonyl CoA to LnmJ AGRand ACR_,. (A) Incubation of ACR-; and
ACPs_, with [2-14C]Jmalonyl CoA and LnmG as visualized on & #5% SDS-PAGE (I) and by phosphorimaging (Il). Lane 1, molecular
weight standards; lanes 2, 3, and 4, ACRwith incubation time of 2, 10, 60 min; lanes 5, 6, and 7, AGRwith incubation time of 2, 10,

60 min. (B) HPLC analysis of LnmG-catalyzed loading of malonyl

CoA to AGRI, I, 1) and ACPs_; (1V, V, VI). | and IV, negative

controls in the absence of Svp; Il and V, negative controls in the absence of LnmG; Il and VI, complete aspayn-ACR_;; (@)
holo-ACPRs-;; (¥) malonyl-S-ACR-4; () apo-ACR-,; (M) holo-ACR;_,; (#) malonyl-S-ACR_,; (V) SvP; ¢) LnmG. (C), Time course
of LnmG-catalyzed loading of [2¢C]malonyl CoA to ACR-; (¢) and ACR_, (W) as determined by scintillation counting.

short carboxylic acid precursors by modular type | PKSs arranged Experimental Section

in an assembly line architecture. Understanding the mechanism of

catalysis by PKS enables manipulation of polyketide biosynthetic
pathways to produce new “unnatural” natural products with many
possible properties previously unattainable. The LnmJ PKS from
S. atroolvaceuscontains five PKS modules but with six ACP
domains, providing an excellent opportunity to explore modularity
of PKS and collinearity between PKS domain organization and
structure of the resultant polyketide product. By combining in vivo
site-directed mutagenesis with in vitro biochemical assays, we
established a novel polyketide chain skipping model to explain the
role of the two ACP domains in LnmJ PKS module 6 for LNM
biosynthesis. In this model, both AGR and ACR_, in PKS
module 6 can functionally replace each other, but AGHs
preferred by the LnmG AT during the loading of the malonyl CoA
extender unit (Figure 6). Although we still do not understand the

Bacterial Strains, Culture Conditions, and LNM Production,
Isolation, and Analysis. E. coli DH50 was used as a host for the
manipulation of plasmid DNA and grown in LB mediuthAuthentic
LNM standard was kindly provided by Kyowa Hakko Kogyo, Ltd.
(Tokyo, Japan).S. atroolvaceus S-140 growth, conjugation, and
fermentation and LNM production, isolation, and HPLC and ESI-MS
analysis have been described preciodsty’

Generation of Site-Directed LnmJ PKS ACR;-; and ACPs»
Singly Inactivated and ACPs-; and ACP ¢, Doubly Inactivated
Mutant Strains. In the first-round gene replacement to construct the
SB3025 mutant strain, A 5.3-kkbd-SpH fragment ofinmJcontaining
PKS module 6 was first cloned from pBS300and moved into the
same sites of pSET15%1to afford pBS3062. An internal 2068-ijca-
BanH| fragment from pBS3062 containing the ACR-MT-ACPs_;
domains of PKS module 6 was then replaced with the apramycin-
resistance genaac(3)IVZ8to yield pBS3063 (Figure 3A). Introduction
of pBS3063 intcS. atroolvaceusS-140 by conjugation and selection

consequence of this skipping mechanism and what is the metabolicfor apramycin-resistance and thiostrepton-sensitive phenotype according
advantage of the extra ACP domain, these findings are the first to {0 established procedut&s”’ yielded the double-crossover mutant strain

establish this mechanism and provide new insights into understand-
ing the polyketide chain elongation and transfer process and the

role of an additional domain in modular type | PKSs in polyketide
biosynthesis.

B3025, whose genotype was confirmed by Southern analysis (Figure
26
In the second-round gene replacement to isolate the ACP site-directed
mutant strains SB3026, SB3027, and SB3028, site-directed mutagenesis
plasmids were all derived from pBS3062, and the PCR-amplified
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Figure 6. Proposed domain skipping model for LnmJ PKS-catalyzed biosynthesis of LNM. The two ACPs in module 6 can functionally
replace each other and either one is sufficient for LNM biosynthesis (path a or b), requiring domain skipping at path c or d. Path a is
preferred during normal LNM biosynthesis on the basis of LnmG selectivity. DH, dehydratase; ER, enoyl reductase; other domain
abbreviations, see Figure 1 caption. The origins for the proposed DH activity in module 6 and DH and ER activities in module 7 remain
to be established.

fragments were sequenced to confirm sequence fidelity. To mutate similarly carried out by using the site-directed mutagenesis kit
ACPs-1 (Ser3193Ala), a 1.3-kiNot-Kpnl fragment that contains (Stratagene) with the following pair of PCR primer pairs(GTTC
ACPs_; was first cloned from pBS3062 and moved into the same sites GGG GTC GAC GCG CTG GTG AGC C and-& GCT CAC CAG
of pBluescript Il SK (Stratagene, La Jolla, CA) to afford pBS3064. CGC GTC GAC CCC GAA G-3 the mutated codon is underlined) to
Site-directed mutagenesis of the Ser active site residue ofAQRS yield pBS3067.
carried out by using the site-directed mutagenesis kit (Stratagene) with  To construct the ACR1 single-mutant plasmid pBS3068, the 1.3-
the following pair of PCR primers (5G TTC GGC GTG GAC GCC kb Notl-Kpnl fragment from pBS3065, which contains the mutated
CTG GTG AGC CTC and'5GAG GCT CAC CAG GGC GTC CAC ACPs_1, and the 1.5-kbKpnl-Pst fragment from pBS3066, which
GCC GAA C-3, the mutated codon is underlined) to afford pBS3065. contains the wild-type ACR,, were combined and ligated into the
To mutate ACR-» (Ser3684Ala), a 1.5-kKpnl-Pst fragment that Not andPst sites of pBS3062. To construct the ACRsingle-mutant
contains ACR-, was cloned from pBS3062 and moved into the same plasmid pBS3069, the 1.3-Kioti-Kpnl fragment from pBS3064, which
sites of pSP72 (Promega, Madison, WI) to produce pBS3066. Site- contains the wild-type ACR1, and a 1.5-kiKpnl-Pst fragment from
directed mutagenesis of the Ser active site residue of (ACRas pBS3067, which contains the mutated ACPR were combined and
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Not-Kpnl fragment from pBS3065, which contains the mutated AGP is supported in part by University of California BioSTAR Program
and the 1.5-kiKpnl-Pst fragment from pBS3067, which contains the  grant Bio99-10045 and Kosan Biosciences, Inc. (Hayward, CA) and
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