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Functional Analysis of the Aureothin Iterative
Type | Polyketide Synthase

Jing He and Christian Hertweck*"

The modular-type polyketide synthase (PKS) that is involved in
aureothin (aur) biosynthesis represents one of the first examples
in which a single PKS module (AurA) is used in an iterative fash-
ion. Here we report on the heterologous expression of an engi-

Introduction

Bacterial modular type | polyketide synthases (PKS) are giant
multifunctional enzymes that play a major role in the biosyn-
thesis of complex polyketides, such as macrolides, polyenes,
and polyethers, many of which are endowed with pharmaceut-
ically important properties."? Since the first discovery of a
modular PKS in 1990 (erythromycin PKS),"! a large number of
related bacterial type | PKS gene clusters have been cloned
and sequenced. Important examples include the rapamycin,™
rifamycin,”®’ picromycin,® avermectin,” and candicidin®® PKSs.
Common to these megasynthases is a modular arrangement
with sets of ketosynthase (KS) and acyltransferase (AT) domains
for chain propagation, and an acyl-carrier protein domain,
which serves as an anchor for the acyl intermediate. In addi-
tion, depending on to the degree of -keto processing, full or
reduced sets of keto reductase (KR), dehydratase (DH), and
enoyl reductase (ER) domains are present in a module. After
completion of the polyketide backbone, the chain is released
from the thiotemplate by a thioesterase located at the C termi-
nus. In contrast to aromatic, plant, and fungal polyketide syn-
thases, modular PKSs constitute a processing line
along which the polyketide backbone is assembled
and processed. Usually, the number of modules strict-
ly mirrors the number of elongation and reduction
cycles. This one-to-one correspondence of the poly-
ketide metabolite to the modular type | PKS architec-
ture has served as a model for understanding the
programming of modular PKSs and has provided the
molecular basis for targeted genetic manipulations,

neered AurAB fusion protein that unequivocally proves the itera-
tive nature of AurA. In addition, point mutations reveal that aur
PKS module 4 participates in polyketide biosynthesis despite its
aberrant acyltransferase domain.

by-products from a large-scale fermentation of S. cellulosum
S0ce90." Although erythromycin and epothilone derivatives
are obviously the result of an erratic PKS processing, recent ob-
servations provide further evidence that iteration can in fact
be a programmed event encoded by the modular PKS. The
first genetic indication for an iterative use of a single PKS
module was reported by Miller and co-workers, who found
that a gene encoding a PKS module is missing in the stigma-
tellin gene (st cluster from Stigmatella aurantiaca. Since the
absent PKS gene could not be detected elsewhere in the
genome by hybridization, it was concluded that one PKS
module could be compensated for by the repeated use of a
functionally equivalent module, either StiH or Sti)."¥

Recently, we cloned and sequenced the gene cluster that
encodes for PKSs responsible for the biosynthesis of the nitro-
aryl-substituted polyketide aureothin (1) in Streptomyces thiolu-
teus."™ Labeling experiments revealed that the aureothin poly-
ketide backbone is assembled from a rare nitrobenzoate start-
er, one acetate, and four propionate units (Scheme 1)."%" Ac-
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derivatives of the erythromycin aglycone. The inci-
dence of an additional elongation unit in the 16-
membered macrolide was rationalized by an aberrant
repeated use of a module. This unusual behavior was termed
“stuttering”,"" as opposed to “skipping”,"? which involves the
omission of a module during chain elongation. A similar obser-
vation was made by Hoéfle and co-workers, who isolated ring-
enlarged, as well as ring-contracted, epothilone derivatives as
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Scheme 1. Structure of aureothin and biosynthetic origin of the carbons. PNBA: p-nitro ben-
zoate, SAM: S-adenosyl methionine, mMCoA: methylmalonyl CoA, MCoA: malonyl CoA.
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Analysis of Polyketide Synthase

cording to the principle of colinearity, five PKS modules would
be required for the assembly of the polyketide backbone.
However, sequence analyses and heterologous expression of
the entire aureothin-biosynthesis gene cluster (aur) in a Strep-
tomyces host revealed that four modules encoded in the gene
cluster are sufficient for catalyzing five rounds of elongation
and processing."™ The domain architecture of the modules
suggested that the first module is used twice and gives rise to
the diene substructure (Figure 1). Furthermore, the AT of PKS
module 4 seemed to be inactive due to a mutated active-site
motif. It was assumed that in analogy to the first module, the
isosteric module 3 might also operate iteratively in order to
accomplish the fifth Claisen condensation.

Almost simultaneously with our findings, the Salas and Lead-
lay groups jointly communicated that for borrelidin (bor) bio-
synthesis, a single elongation module is used three times."®
Another unusual PKS, the modules of which seem to be used
iteratively, is involved in lankacidin (lan) biosynthesis."® While
classical modular PKSs show a one-to-one correspondence be-
tween PKS module architecture and the number of condensa-
tion steps, these novel PKS systems clearly breach the general-
ly accepted principle of colinearity. However, sequence com-
parisons of noniterative and iterative PKSs do not indicate any
molecular grounds for iteration, and to date the reason why
PKSs act either in an iterative or noniterative fashion remains a
mystery. As a prerequisite for gaining a deeper insight into the
intriguing code of the aur PKS, we had to establish which
modules of the aur PKS—if any—are operating in a truly itera-
tive fashion.
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Figure 1. Model of nonlinear aureothin biosynthesis from chorismate via p-aminobenzoate (PABA). For protein func-

tions see Figure 2 caption.
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Results and Discussion

The aur gene cluster encodes only four PKS modules for five
rounds of chain elongations; this strongly suggests that one
module is used twice. However, the possibility that the expres-
sion of aurA yields two copies of AurA that might assemble
head to tail, thus giving a perfectly colinear pentamodular PKS,
had to be excluded. In addition, it remained unclear if the
fourth module is in fact functional despite its aberrant AT
domain.

One attractive option to gain insight into the course of poly-
ketide assembly is the identification of pathway intermediates
that are anchored to the thio template during chain elonga-
tion and processing. In principle, the hydrolytic activity of a C-
terminally fused thioesterase domain can result in a premature
release of the polyketide intermediates; this would enable the
isolation and elucidation of all pathway intermediates. Impres-
sive examples for repositioning TE domains in the erythromy-
cin®2" and rifamycin®? PKS systems demonstrate the general
viability of this approach and encouraged us to perform similar
experiments. The aur TE domain was placed downstream of
each PKS module by using homologous recombination and ap-
propriately fused ACP/TE gene probes. However, all resulting
mutants that supposedly express truncated variants of the aur
PKS were incapable of polyketide production. The failure of
the truncated PKS could be explained by a high substrate spe-
cificity of the TE or by an incorrect folding of the mutated PKS.

In an alternative approach, to prove the iterative nature of
AurA, we aimed at fusing aurA and aurB. In the case of a cova-

lent attachment of the C termi-

nus of AurA (module 1) with the

N terminus of AurB (module 2),
TE the occurrence of a twin AurA
- protein could be ruled out. A
similar strategy has recently
proven successful with the itera-
tive bor PKS; here genes were
fused at the appropriate start/
stop codons.”® Conversely, we
aimed to replace parts of ACP1
and KS2 with parts of ACP3 and
KS4, including the interdomain

AurC

module 4

AurH

region, In order to prevent any

incompatibility of the linker

the targeted substitution of the
partial PKS region without af-
fecting the functions of the cat-

\5—/ NO, alytic domains. Several cloning
mMCoA steps were carried out to yield

the desired construct (Figure 2).
First, a subclone containing the
aurC gene was used as template
for PCR to amplify the ACP3-
KS4 interdomain region and in-
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tive use of module 1 during the
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Figure 2. Organization of A) the aur biosynthesis gene cluster, versus B) the engineered construct that was obtained
from gene fusion. Derived proteins: AurA (PKS module 1); AurB (PKS module 2); AurC (PKS modules 3 and 4); AurD
(transcriptional regulator); AurE (acyl-CoA ligase); AurF (N-oxygenase); AurH (P450 monooxygenase); Aurl (methyl

sumed that iteration also occurs
in AurC. As sequence analyses
revealed, the AT4 domain shows
only weak homology to known
AT domains and is possibly inac-
tive due to the absent active-site
serine. Since module 3 has the

Deoxyaureothin (2)

transferase). Bars indicate the ACP3-KS4 interdomain area that was amplified by PCR. C) Bimodular A/B fusion protein

and deoxyaureothin (2) structure.

troduce two unique restriction sites, Pstl and Sgfl, that were
suitable for executing the subsequent substitution. The PCR
product was subcloned and sequenced. Second, from the
E. coli--Streptomyces shuttle cosmid, pHJ48, which bears the
entire aur biosynthesis gene cluster, a large (15 kb) Kpnl frag-
ment was excised and subcloned. After exchanging the big-
gest Pstl-Sgfl fragment with the Pstl-Sgfl fragment that was
obtained by PCR, the altered Kpnl fragment was ligated into
the Kpnl sites of the shuttle cosmid, and the correct direction
of the insert was ascertained by restriction digests. In the re-
sulting construct, pHJ86, aurA and aurB were fused (in-frame)
into the same translational unit, while aurG and aurH were
eliminated (Figure 2). After the introduction of pHJ86 into
Streptocmyces albus, a well-established expression host, the
transconjugant S. albus::pHJ86, was selected for apramycin re-
sistance and cultured. As the PABA synthase and P450 mono-
oxygenase genes, aurG and aurH, were eliminated along with
the gene fusion, the PABA-derived PKS primer, p-nitrobenzoate
(PNBA),"® was added to the culture in order to restore poly-
ketide biosynthesis. TLC analyses of the crude extract from a
plate culture revealed the formation of a novel metabolite that
carried an orange fluorescent chromophore. The identity of
the metabolite with deoxyaureothin (2), an aureothin deriva-
tive that lacks the tetrahydrofuran ring, was unequivocally
proven by HPLC and mass spectrometry (Figure 2). The refer-
ence compound 2 was recently generated in our laboratory by
targeted inactivation of the multifunctional cytochrome P450
monooxygenase, AurH.”® Consequently, the polyketide back-
bone produced by the mutant is identical to aureothin, and
four modules clearly catalyze five elongation and reduction
cycles. The successful expression of the AurAB fusion protein
with concomitant production of deoxyaureothin clearly rules
out the possibility that two copies of AurA are forming a twin
module (Figure 2). This result—in addition to the domain archi-
tecture of AurA—provides the strongest evidence for the itera-
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same domain arrangement as

module 4, it was tempting to

speculate that both final chain
extensions are catalyzed by module 3 alone. In order to investi-
gate whether module 4 is required for the final chain elonga-
tion, site-directed mutagenesis experiments of the KS and ACP
active sites were performed.

The targeted regions for mutation were the conserved
motifs that accommodate the active-site cystein of KS4
(VDTACSSS) and the phosphopantheinyl-binding serine of
ACP4 (GFDSL). As previous work on the erythromycin PKS re-
vealed, a cysteine-to-alanine or serine-to-alanine mutation
yields inactive PKS domains but does not affect expression or
folding of the enzyme."? Both manipulations in the aur PKS
were achieved by exchanging fragments of the gene that en-
codes the KS4 and ACP4 domains with mutated complements
(Figure 3). For inactivation of KS4, a Pvul site was introduced
into the active site. The mutated Kpnl-Bsu36l DNA fragment
encoding parts of the mutated KS4 (KS4*) and AT4 was assem-
bled from two different PCR products; a Kpnl-Pvull fragment
encoding the N-terminal region and a Pvull-Bsu36l fragment
encoding the C-terminal region. At the junction, the KS4
active-site cysteine codon was replaced by an alanine codon
with the introduction of a Pwvull site. After exchanging the
native DNA fragment with the mutated Kpnl-Bsu36l fragment
in cosmid pHJ48, the resulting plasmid, pHJ146, was intro-
duced into S. albus by conjugation.

The ACP4 domain was inactivated in an analogous way.
Here, an Afllll site was introduced at the phosphopantheinyl at-
tachment site to change the serine codon into an alanine
codon. For this purpose, a Bsu36l-Xbal fragment encoding
parts of the AT4, ACP4, and TE domains was assembled from
two PCR products, an EcoRI-Afllll fragment and an Afllll-Xbal
fragment. The mutated Bsu36l-Xbal fragment (ACP4*) was li-
gated into the unique Bsu36l-Xbal sites in cosmid pHJ48, and
the resulting plasmid (pHJ144) was introduced into S. albus.

Both transconjugants, S. albus::pHJ144 and S. albus::pHJ146,
expressing variants of the agur PKS that lacked functional ACP4

ChemBioChem 2005, 6, 908 -912
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A) wt GTC GAC ACC GCC TGC TCC TCG TCC
KS4 vV D T A cC § s S8
Pvull

Kpnl - -- GTC GAC ACa GCt gcC TCC TCG TCC - - - Bsu3el

KS4* v D T A A § S 8§

wt GGC TTC GAC TCG CTG ACC
ACP4 G F D s L T

]

Aflll
EcoRI---GGC TTC GAC gCG TG ACC - - - Xbal
ACP4* G F D A L T

function or how they might be
complemented, remains a mys-
tery.

In conclusion, we have un-
equivocally proven the iterative
nature of the first module of aur-
eothin biosynthesis by an engi-
neered gene fusion and heterol-
ogous expression of the PKS.
The formation of deoxyaureothin
by the mutant clearly demon-
strates that four PKS modules
are sufficient for catalyzing five
rounds of Claisen condensations
and f-keto processing. In addi-
tion, point mutations of the KS4
and ACP4 domains, which result

B) in a shutdown of polyketide bio-
module 1 module 2 module 3 emmodule4 e synthesis, strongly suggest that
- module 4 is in fact required for

@ the fifth chain elongation de-

@@ @ @ @@@@@@ —> inactive spite its aberrant and probably
nonfunctional AT domain. These

_modue1 ___module2 module 4 ¢ findings set the basis for further

module 3

&% @oeesmn— -

— studies on the detailed mecha-
nism and evolution of the un-
usual iterative modular aureo-

thin PKS system.

Figure 3. Inactivation of KS4 and ACP4 to prove the involvement of module 4. A) Nucleotide sequences of wild-type

(wt) and mutant, and deduced amino acid sequences; * indicates inactivated domains, letters in bold indicate amino
acids exchanged, letters in lower case indicate bases altered. B) Architecture of mutated aur PKS variants.

and KS4 domains, respectively, were fermented under the
same conditions as the native aureothin producers. However,
thorough TLC, HPLC, and MS analyses revealed that neither
aureothin nor a derivative thereof was formed by either of the
mutants. In both cases, inactivation the KS or ACP domains of
module 4 clearly resulted in a shutdown of polyketide biosyn-
thesis. This strongly suggests that module 4 is required for the
biosynthesis of polyketide production, and, despite the appa-
rently inactive AT4 domain, an iterative use of the entirety of
module 3 seems not to take place. How can this observation
be rationalized? Recently, J. Piel reported the surprising discov-
ery of a type | PKS from a pederus bacterial symbiont in which
all PKS modules lack AT domains.”” This novel PKS system is
served by iterative acyltransferases in trans, which are also en-
coded in the same gene cluster. Similar findings have been
made in other more recent cases, such as, the leinamycin®®”
and mupirucin PKSs.”® However, in the aur PKS, this mecha-
nism can be excluded.

Interestingly, apparently nonfunctional AT domains have also
been identified in other modular type | PKS systems, here AT
domains are located within the module (cis-AT), such as the
pyoluteorin PKS®?® and the neocarzilin PKS, which represents
the most recent example of an iterative modular PKS.*? In
these cases, as in the agur PKS, how the anomalous AT domains

ChemBioChem 2005, 6, 908-912  www.chembiochem.org
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Experimental Section

Material and general methods:

S.albus, kindly provided by Prof.
Salas, served as host strain for expression experiments. For aureo-
thin production, the wild-type and mutants were cultured in man-
nitol soya-flour medium for seven days at 28°C, with shaking.
S. albus was grown on mannitol soya-flour agar for conjugation.
Conjugants were selected with apramycin (30 pgmL™"; Sigma) in
both solid and liquid media. E. coli strains DH5a and ET12567,5%
which contain the RP4 derivative, pUZ8002, were used for routine
subcloning and intergeneric conjugation, respectively. E. coli strains
were cultured in Luria—Bertani (LB) medium that was supplement-
ed with ampicillin (100 ygmL™"), kanamycin (50 ugmL™"), chloro-
mycetin (25 ugmL™"), or apramycin (50 pgmL") for plasmid selec-
tion. pBluescript Il SK(—) was the routine vector for subcloning and
the E. coli-Streptomyces shuttle vector pSET152 was used for all ex-
pression experiments in Streptomyces. DNA isolation, plasmid prep-
aration, restriction digest gel electrophoresis, and ligation reactions
were carried out according to standard methods.*”

Isolation and detection of metabolites: For the detection of sec-
ondary metabolites, seven-day old-chopped agar plates or liquid
culture broths of wild-type and recombinant strains were extracted
with ethyl acetate. Metabolic profiles were monitored by TLC,
HPLC, and MS by using aureothin and deoxyaureothin as referen-
ces. HPLC analysis was carried out on a KROMASIL C15 column
(Jasco) eluted with methanol:water (75:25) over 20 min at a flow
rate of 0.8 mLmin~" with UV detection at 345 nm.

In-frame fusion of AurA and AurB: A 15.1 kb Kpnl fragment was
recovered from cosmid pHJ48 and ligated into pBluescript I SK(—)
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to give the plasmid pHJ73. The linker region that was used for the
fusion of aurA and aurB into a single open reading frame was am-
plified by PCR with two primers, LinkerL (5-GCGCTGCAGCTGCG-
CAACCGGCTCGACG-3') and LinkerR (5-GCGATCGCGTCGCGTCCC-
GAGGCGACCA-3') by using an aurC subclone as template. The
272 bp PCR product was cloned into the pGEM-T Easy vector
(Promega) for sequencing and was then used to substitute a
4.0 kb Pstl-Sgfl fragment in pHJ73 to give plasmid pHJ83. The
15.1 kb Kpnl fragment in cosmid pHJ48 was replaced by the short-
ened 11.4kb Kpnl fragment from pHJ83 to give the construct,
pHJ86. E. coli strain ET12567/pUZ8002 was employed as intermedi-
ary host to transfer plasmid pHJ86 into S.albus by intergeneric
conjugation, according to standard procedures.®”

Inactivation of KS domain of module 4: A 1251 bp Kpnl-Pvull
fragment encoding the N-terminal region of KS4, up to the mutat-
ed active site, was amplified by PCR with two oligonucleotides,
Kpnlfor (5-GCCGCCGCCGAGGATGAAGG-3') and Pvullrev (5-
GGCAGCTGTGTCGACCGTGATGGCCGGGCCTTC-3"). A 1936 bp Pvull-
Xbal fragment encoding the C-terminal region of KS4, up to the
mutated active site, was amplified by PCR with two oligonucleo-
tides, Pvullfor (5'-ACAGCTGCCTCCTCGTCCCTCGTCGCCCTCCAC-3')
and Xbalrev (5'-TCTAGATCGGGGAGCGGGGTTTCGTC-3'). Both PCR
products were cloned into pGEM-T for sequencing. The Kpnl-Pvull
and Pwull-Xbal fragments and Kpnl-Xbal-digested pBluescrip-
t lISK(—) vector were ligated to give plasmid pHJ145. A 3122 bp
Kpnl-Bsu36l fragment bearing the mutated KS4 gene was recov-
ered from pHJ145 and exchanged with the corresponding frag-
ment of pHJ48. The resulting plasmid, pHJ146, was then transfer-
red into S. albus by conjugation.

Inactivation of ACP domain of module 4: A 685 bp EcoRI-Afllll
fragment encoding the N-terminal region of ACP4, up to the mu-
tated active site, was amplified by PCR with two primers, EcoRlfor
(5'-GAATTCGTGGCGCTGTACCGGCTGTTGG-3') and  Aflllirev  (5-
GTCAACGCGTCGAAGCCCAGCTCGGGGAGC-3). A 1046 bp Afllll-
Xbal fragment encoding the C-terminal region of ACP4, up to the
mutated active site, was amplified by PCR with the primers, Aflllifor
(5'-TCGACGCGTTGACCGCGGTGGACCTGCGCAAC-3') and aurATER
(5'-GTGTICTAGACGTGCTTGCGCTGGTGGTGGTC-3'). Both PCR prod-
ucts were cloned into pGEM-T for sequencing. The EcoRI-Afllll and
Afllll-Xbal fragments were ligated into the EcoRI-Xbal sites of
pBluescript II1SK(—) to give plasmid, pHJ143. A 1108 bp Bsu36l-Xbal
fragment bearing the mutated ACP4 gene fragment was recovered
from pHJ143 and used to substitute a 3743 bp Bsu36l-Xbal frag-
ment in pHJ48. The resulting plasmid pHJ144 was introduced into
S. albus by conjugation.
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