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Microorganisms and plants manufacture a large collection of medically and commercially 
useful natural products called polyketides by a process that resembles fatty acid biosyn- 
thesis. Genetically engineered microorganisms with modified polyketide synthase (PKS) 
genes can produce new metabolites that may have new or improved pharmacological 
activity. A potentially general method to prepare cell-free systems for studying bacterial 
type II PKS enzymes has been developed that facilitates the purification and reconstitution 
of their constituent proteins. Selective expression of different combinations of the Strep- 
tomyces glaucescens tetracenomycin (Tcm) tcmJKLMN genes in a tcmGHlJKLMNO null 
background has been used to show that the Tcrn PKS consists of at least the TcmKLMN 
proteins. Addition of the TcmJ protein to the latter four enzymes resulted in a greater than 
fourfold increase of overall activity and thus represents the optimal Tcm PKS. Polyclonal 
antibodies raised against each of the TcmKLMN proteins strongly inhibit the Tcrn PKS, as 
do known inhibitors targeted to the active site Cys and Ser residues of afatty acid synthase. 
This system exhibits a strict starter unit specificity because neither propionyl, butyryl, or 
isobutyryl coenzyme A substitute for acetyl coenzyme A in assembly of the Tcrn deca- 
ketide. Because the Tcrn PKS activity is significantly diminished by removal of the TcmM 
acyl carrier protein and can be restored by addition of separately purified TcmM to two 
different types of TcmM-deficient PKS, it should be possible to use such preparations to 
assay for each of the constituents of the Tcrn PKS. 

Polyketide metabolites are found in bacte- 
ria, fungi, marine organisms, and plants 
and represent a large collection of natural 
products with a great structural variety (1). 
Many of these compounds are clinically 
valuable antibiotics or chemotherapeutic 
agents or have other useful pharmacological 
activity (immunosuppressive, antiparasitic, 
insecticidal, and so forth) (2). Interest in 
the biosynthesis of such natural products 
has risen recently because of advances in 
the genetic understanding of polyketide 
metabolism (3) and the prospect of manu- 
facturing new polyketide-derived drugs with 
recombinant microorganisms (4). 

All of these metabolites share a common 
mechanism of biosynthesis that largely has 
resisted in vitro analysis. The carbon skel- 
eton of a polyketide results from the se- 
quential condensation of fatty acids like 
acetate, propionate, and butyrate. This 
process is catalyzed by polyketide synthases 
(PKS) in a manner that is conceptually 
similar to the biosynthesis of long-chain 
fatty acids catalyzed by the fatty acid syn- 
thases (FAS) found in all organisms (3). 
Unlike the vast majority of the FASs, 
however, the PKSs can utilize different 
starter and chain-extender units and can 

process the poly-P-ketone intermediates in 
a certain but nonsvstematic manner bv 
selective reduction aAd dehydration, leav- 
ing keto, hydroxyl, enoyl, or alkyl func- 
tionality at particular positions in the car- 
bon chain. It is these features of the PKSs 
that account for the huge structural diver- 
sity found in polyketide metabolites. 

PKSs are classified into three types. Types 
I and 11, found in bacteria and fungi, consist 
of comulexes of multifunctional or mono- 
functional proteins, respectively, that are be- 
lieved to act on covalently bound substrates 
attached by thioesters to an acyl carrier pro- 
tein (ACP) domain or a separate ACP (3). 
Type 111, distributed in plants, is significantly 
different from the former because they lack 
the ACP functionalitv and act directlv on the 
coenzyme A (CoA) ester of simple ca;boxylic 
acids (5). Although molecular genetic analy- 
sis of several bacteria and some fungi has 
recently led to the characterization of genes 
encoding a number of type I and type I1 PKSs 
and revealed a highly conserved gene organi- 
zation and a high degree of amino acid se- 
quence similarity among them (3, 6, 7), our 
understanding of the enzymology and bio- 
chemistry of PKSs is still rudimentary. Only 
three PKSs have been studied in vitro to date: 
the homotetrameric type I 6-methylsalicylic 

The authors are in the School of Pharmacy, University 
of Wisconsin. Madison. WI 53706. C .  R. Hutchinson is acid 'ynthase (6MSAS) from fungi (7)9 and 
also in the Bacteriology Department, University of the homodimeric type I11 naringenin chal- 
Wisconsin, Madison, WI 53706. cone (8) and resveratrol (stilbene) (9) syn- 
*To whom correspondence should be addressed. thases from plants. 

The concept for how a type I1 PKS 
functions, and thus the basis for attempting 
to exulain how so manv structurallv differ- 
ent aromatic polyketides are formed in na- 
ture, currently has only a genetic basis. 
Because the deduced products of some type 
I1 PKS genes exhibit strong sequence simi- 
larities to FAS enzymes (3), it is thought 
that certain PKS components have the 
same functions as their FAS counteruarts. 
This idea has led to the following provision- 
al assignments for functions of a typical type 
I1 PKS system from the Streptumyces 
glaucescens GLA.0 tcm gene cluster (1 0-1 6) 
involved in the svnthesis of the aromatic 
polyketide tetracenomycin (Tcrn) C 1, an 
antitumor antibiotic (1 7). The TcmK uro- ~, 

tein is homologous to the Eschenchia coli 
fasB gene product and thus catalyzes the 
condensation reactions between the grow- 
ing acylS-enzyme chain and the malonyl 
CoA extenders that create P-ketoacyls- 
enzyme esters, thereby sequentially extend- 
ing the length of the carbon chain by two 
carbons. The TcmM protein resembles FAS 
ACPs and therefore acts as the tether for 
the substrates and intermediates of poly- 
ketide assembly. Other proteins found in 
type I1 PKSs do not appear to have a 
counterpart in FAS systems. The TcmL 
protein is very similar in sequence to TcmK 
but lacks the active-site residues character- 
istic of a P-ketoacy1:ACP synthase; its role 
thus remains obscure. Polvketide cvclase 
enzymes, represented by the TcmI, TcmJ, 
and TcmN uroteins. catalvze the formation 
of the cycli'c (typically arbmatic) products 
of the Tcrn PKS. Their role is better under- 
stood because mutations in tcml and tcm] 
cause uncyclized polyketides to accumulate 
in vivo (1 6). [Mutations in the gene for a 
TcmN homolog have a similar effect in 
another streptomycete (3) .] Detailed un- 
derstanding of the mechanism of the Tcrn 
PKS or other tvue I1 PKS enzvmes is not 

. A  

likely to come from genetic studies alone 
because mutations in the corresponding 
genes result either in the failure to produce 
an acyl chain or in the formation of aber- 
rantlv cvclized shunt uroducts. , , 

In vitro study of the enzymology of the 
bacterial PKSs has heretofore met with 
little success in spite of considerable effort 
because the entire complex of enzymes must 
be obtained for measurable activity, al- 
though encouraging progress has been made 
recently with the type I 6-deoxyerythro- 
nolide B synthase (18). In an attempt to 
overcome the inherent difficulties. we in- 
vestigated an approach to studying the Tcrn 
PKS. In vivo studies have established that 1 
is biosynthesized through a polyketide path- 
way (19) and that Tcrn F2 (2) is the direct 
product of the Tcrn PKS (Fig. 1A) (20) 
encoded by the tcmJKLMN genes (Fig. 1B) 
(16). Overexpression of these genes in a 
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strain in which the tcmGHIIKLMN0 genes 
are not expressed (13, 14) has allowed us to 
develop a cell-free preparation of the Tcm 
PKS and demonstrate the in vitro synthesis 
of 2, Tcm F1 (3) and Tcm D3 (4) from 
acetyl CoA and malonyl CoA. With this 
cell-free system, we have partially character- 
ized the biochemical properties of the Tcm 
PKS, explored aspects of the mechanism of a 
type I1 PKS, and demonstrated the potential 
to reconstitute a functional type I1 PKS in 
vitro from its constituent proteins. 

Tcm PKS catalyzes the in vitro synthe- 
sis of Tcm F2 from acetyl and malonyl 
CoA. Because genetic analysis suggested 
that the Tcm PKS consists of a complex of 
four to six separate proteins, we decided 
that instead of attempting to purify the 
intact complex [this complex is readily dis- 
sociated into its discrete constituents by 
standard chromatographic methods (21)], 
we would first establish a cell-free system 
that could synthesize 2. Preparation of the 
Tcm PKS from the S. glaucescens GLA.0 
wild-type strain or the tcmHl mutant that 
accumulates 2 (1 6) failed, probably because 
of the low concentration or transient exis- 
tence or both of the PKS during the cell 
growth cycle (Table 1, entries 1 and 2). We 
then directed our efforts to recombinant S. 
glaucescens strains, in which the tcm PKS 
genes are overexpressed (15, 16, 22). As 
summarized in Table 1, cell-free prepara- 
tions from S. glaucescens WMH1068 and S .  
glaucescens WMH 1077, nonproducing 
strains with a tcmL deletion mutation or a 
point mutation in the promoter region of 
the tcmGHIJKLMN0 operon, respectively, 
show no Tcm PKS activity as measured by 
the formation of solvent-extractable mate- 
rials (entries 3 and 4). In contrast, 2 is 
synthesized efficiently from acetyl CoA and 
malonyl CoA in a cell-free preparation 
from the S. glaucescens WMH1077- 
(pWHM722) transformant that carries the 
tcmKLMN genes under the control of a 
strong constitutive promoter in the high- 
copy-number vector pIJ486 (entries 5 ver- 
sus 8). Removal of the tcmN gene from 
pWHM722 (as pELE37, entry 6) results in 
total loss of the Tcm PKS activity. Addi- 
tion of the tcm] gene to pWHM722 (as 
pWHM732, entry 11) enhances the activ- 
ity more than fourfold. These results unam- 
biguously confirm our earlier predictions 
(1 1, 15, 16) based on sequence compari- 
sons that the tcmKLM genes are responsible 
for the synthesis of the nascent, enzyme- 
bound linear decaketide that is subsequent- 
ly folded and cyclized by the TcmN protein 
alone (1 5) or in combination with the tcm] 
gene product (1 6) to yield 2. [We believe 
from recent in vivo studies (16) that the 
TcmN protein is more likely a second poly- 
ketide cyclase that recognizes the com- 
pound cyclized by TcmJ, although the dis- 
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tinction between the roles of the two en- 
zymes is not absolutely clear and each of 
them may be able to perform the other's 
role to some extent.] 

These conclusions are supported by the 
following data. Cell-free preparations made 
from the S. glaucescens WMH1077- 
(pWHM73 1) transformant, in which the 
tcm] gene replaces the tcmN gene in 
pWHM722, display <10 percent of the 
Tcm PKS activity than that due to 
pWHM722 (entries 8 versus 9) and produce 
at least six possibly cyclic aromatic com- 
pounds, including -30 percent of 2 (Fig. 
2D). The complex pattern of products ob- 
served strongly suggests that the TcmJ en- 
zyme, in the absence of TcmN, does not 
catalyze the regiospecific cyclization of the 
decaketide substrate, which presumably is 
linear or at most monocvclic. and conse- 
quently different enzymatic or'spontaneous 
cyclizations, or both, ensue. A similar phe- 

nomenon is observed with the S. glaucescens 
WMH1077(pWHM726) transformant (data 
not shown) where the tcm] gene is added to 
a cassette of four genes (pWHM721) in 
which only the first 177 codons of the tcmN 
gene are present (entries 7 versus 10). We 
have previously established that TcmN is a 
multifunctional enzyme and that a portion 
with codons 1 to 177 of its amino-terminal 
domain ( T c ~ N ' ~ ~ )  is sufficient to confer the 
cyclase activity in vivo (15). However, ad- 
dition of the T c ~ N ' ~ ~  to either pELE37 (as 
pWHM721, entry 7) or pWHM731 (as 
pWHM726, entry 10) results in very little 
gain of Tcm PKS activity, indicating that 
the truncated T c ~ N ' ~ ~  is unstable or poorly 
functional in vitro. The presence of all of 
the tcm]KLMN genes as pWHM732 gives 
the highest in vitro Tcm PKS activity (entry 
11), suggesting that the five proteins pro- 
duced by these genes represent the optimal 
Tcm PKS in the WMH1077 background. 
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Fig. 1. (A) Biosynthetic pathway with steps catalyzed by (a) Tcm PKS [Tcm(J)KLMN], (b) Tcm F2 
cyclase [Tcml], (c) Tcm F1 monooxygenase [TcmH], and (d) the four TcmGNOP enzymes. (B) 
Organization of the cluster of tcm genes for the production of 1 in S. glaucescens (14-24). The 
wedges indicate the relative size and direction of transcription of the 10 biosynthetic and 2 (tcmAR) 
self-resistance genes. 

Table 1. In vitro synthesis of 2 from acetyl CoA and malonyl CoA (34) 

Entry S. glaucescens strains 
(source) Genotype 

Relative 
activity* 

(%) 

Wild type 
tcmHl mutant 
AtcmL mutant 
Promoter mutant 
Vector 
tcmKLM 
tcmKLMM 77 

tcmKLMN 
tcmJKLM 
tcmJKLMM 77 

tcmJKLMN 
tcmKMN 
tcmKMN 
tcmKLM 

'The complete assay solution of 500 pI consisted of 50 bM acetyl CoA, 150 FM malonyl CoA (1 6,000 cprn), 2 rnM 
DTT, and 0.8 mg of protein in 0.1 M sodium phosphate buffer, pH 7.5 After 30 min preincubation, the assays were 
initiated by addition of malonyl CoA, ~ncubated at 30°C for 1 hour, and terminated by addition of solid NaH2P0, 
to saturation and extraction with ethyl acetate (2 x 250 pl). The ethyl acetate extract was concentrated in vacuo 
to dryness, redissolved In 60 FI of methanol, and analyzed by HPLC on a Waters Radi-Pak C,, column (Novapak, 
4 pm, 8 x 100 mrn). The column was developed with a linear gradient from CH3CNlH20/CH,COOH (80/2010.1 
percent) to CH3CN in 12 min at a flow rate of 2 mllmin with a Waters 484 variable wavelength absorbance detector 
and a Radiomatic Flo-OnelBeta A-515 radio-chromatography detector. tTh~s  value represents 18 percent 
formation of 2 from malonyl CoA. $The assay contained 0.8 mg of each of the Tcm PKS preparations. 
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Because it is quite difficult to character- 
ize the chemical structure of 2 synthesized 
in vitro by conventional means because of 
its instability, we converted 2 in situ to 3 
and 4 by highly specific enzymatic reac- 
tions. [We have previously reported the 
enzymatic conversion of 2 to 3 and 4 (20) .] 
When [2-14C]malonyl CoA was used as a 
substrate and the ~roducts were subjected to 
high-performance liquid chromatography 
(HPLC) and radiochromatographic analysis 
(Fig. 2), the negative control gives no 2 
(retention time t, = 5.5 min) as evident on 
both the ultraviolet (UV) and 14C chro- 
matograms (Fig. ZA), whereas 2 is the 
major UV-absorbing product observed from 
the enzymatic reaction catalyzed by the 
cell-free preparation from S. glaucescens 
WMH1077(pWHM722) and is specifically 
enriched by 14C (Fig. 2E). To authenticate 
the formation of 2, we coupled the Tcrn 
PKS assay with the Tcrn F2 cyclase (23) 
and Tcrn Fl monooxygenase (24) enzymes, 
both of which we previously purified and 
characterized from the S. glaucescens 
WMH1068 strain. Tcrn F2 cyclase catalyzes 
the specific conversion of 2 to 3 and 9-de- 

carboxy Tcrn F1, 5 (23); addition of this 
enzyme to the Tcrn PKS preparation results 
in the complete conversion of 2 to 3 (t, = 
7.4 min) and 5 (t, = 9.1 min) (Fig. ZF), 
confirming the in vitro synthesized product 
as 2. Although 3 and 4 have the same t, 
under the given HPLC conditions, the 
former has no UV absorption at 490 nm 
(20), unlike 4. Tcrn F l  monooxygenase 
catalyzes the specific conversion of 3 to 4 
(24) and, as expected, addition of both 
Tcrn F2 cyclase and Tcrn F1 monooxygen- 
ase to the Tcrn PKS preparation causes total 
conversion of 2 to 4 (t, = 7.4 min) (Fig. 
2G). The specific conversions of 2 to 3 and 
thence 4, and the association of the 14C 

radioactivity with these three Tcrn metab- 
olites clearly establishes their in vitro syn- 
thesis from acetyl CoA and malonyl CoA. 

The fact that Tcrn PKS activity is found 
only in the recombinant strains [such as 
WMH1077(pWHM722) or WMH1077- 
(pWHM732)I and is barely detectable in 
the wild-type or WMH1092 strains demon- 
strates the effectiveness of the present ap- 
proach. Overexpression of tcmJKLMN in a 
tcmGHJJKLMN0 null background signifi- 
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Fig. 2. HPLC analysis with UV absorbance and I4C-radioactive detection of the in vitro synthesis of 
2 from acetyl CoA and malonyl CoA and its conversion to 3 and 4 in the presence of a Tcrn PKS 
preparation from: (A) S, glaucescens WMH1077(plJ486) and [2-14C]malonyl CoA (1 6,000 cpm); (B) 
S, glaucescens WMH1077(pWHM722) and [l-14C]acetyl CoA (65,000 cpm); (C) S. glaucescens 
WMH1077(pWHM722), [l-i4C]acetyl CoA (65,000 cpm), and Tcrn F2 cyclase (7 kg); (D) S. 
glaucescens WMH1077(pWHM731), and [2-14C]malonyl CoA (16,000 cprn); (E) S. glaucescens 
WMH1077(pWHM722) and [2-14C]malonyl CoA (16,000 cprn); (F) S. glaucescens WMH1077- 
(pWHM722), [2-'4C]malonyl CoA (16,000 cpm), and Tcrn F2 cyclase (7 kg); and (G) S. 
glaucescensWMH1077(pWHM722), [2-14C]malonyl CoA (16,000 cprn), Tcrn F2 cyclase (7 kg), and 
Tcrn F1 monooxygenase (10 kg). 

cantly enhances the production of the Tcrn 
PKS proteins and provides a defined back- 
ground for studying the contribution of 
individual constituents such as TcmJ and 
TcmN to the PKS activity. This approach 
has its limitations, however. Although we 
interpret the observed Tcrn PKS activity as 
the result of the collective overexpression 
of the tcm genes carried by the plasmid, we 
cannot rule out other contributions from 
the host strain. For example, as discussed 
below, we believe a malonyl CoA:ACP 
transacylase is essential for the Tcrn PKS 
activity and is provided by the host strain's 
fatty acid biosynthesis machinery (25). 

Inhibition of the Tcrn PKS by polyclo- 
nal antibodies and FAS inhibitors. Poly- 
clonal antibodies raised in rabbits against 
purified TcmM (2 1) and TcmN (15) and 
synthetic short oligopeptides of TcmK and 
TcmL (22) are monospecific as judged by 
protein immunoblot analysis (1 5, 2 1, 22). 
All four types of antibodies tested specifi- 
cally inhibit Tcrn PKS activity (Table 2). 
These inhibitory effects must have resulted 
from selective removal of the particular 
constituent from the Tcrn PKS enzyme 
complex or inhibition of its function in the 
complex, thereby reinforcing the idea that 
the TcmKLMN proteins are essential for an 
active Tcrn PKS. 

Type I1 PKSs exhibit a very high amino 
acid sequence conservation with the P-ke- 
toacy1:ACP synthase and ACP constituents 
of FAS's, particularly around the active 
sites (3). Specific amino acid residues in the 
active site motif of FASs can be selectively 
modified (26) by compounds that are also 
potent inhibitors of 6MSAS (7) and the 
plant PKSs (8, 9). As summarized in Table 
2, the Tcrn PKS is specifically inhibited by 

Table 2. Inhibition of Tcrn PKS by polyclonal 
antibodies and by FAS inhibitors. 

Relative 
Entry Addition activity* 

(%) 

1 None 100t 
2 Anti-TcmKS 4 1 
3 Anti-TcmLf 44 
4 Anti-TcmMS 24 
5 Anti-TcrnNS 36 
6 -DTT 97 
7 -DTT + cerulenins 0 
8 -DTT + N-ethylmaleimidell 0 
9 -DTT + pCMBA1' 0 

10 -DTT + iodoacetamidell 0 
11 -DTT + PMSFI1 25 

*The complete assay solution of 500 p1 consisted of 50 
pM acetyl CoA, 150 pM malonyl CoA (16,000 cpm), 2 
mM DTT, 0.8 mg of the Tcm PKS from S. glaucescens 
WMH1077(pWHM722), and the indicated amount of 
antibodies or inhibitors in 0.1 M sodium phosphate 
buffer, pH 7.5. The assays were performed and ana- 
lyzed as described in the footnote of Table l .  
?This value represents 14 percent formation of 2 from 
malonyl CoA. $40 pl. $50 pm. 200  pm. 
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cerulenin (entry 7), which inhibits FAS by 
forming an adduct with the active site Cys 
residue of the P-ketoacy1:ACP synthase 
(27). Cerulenin presumably inhibits the 
Tcm PKS similarly by reacting with the 
Cys'73 residue in the TcmK active site 
motif: 164GPVTWSTGCTSGLDAVG'81 
(1 1, 28). The presence of this Cys173 also 
explains the inhibitory effect of sulfhydryl 
reagents such as p-chloromercuribenzoic 
acid (pCMBA) and N-ethylmaleimide on 
Tcm PKS activity (entries 8 and 9). 

It is believed (26) that in the initial steps 
of fatty acid synthesis, the P-ketoacy1:ACP 
synthase and ACP components of the FAS 
are primed with acetyl CoA and malonyl 
CoA, respectively, through reactions cata- 
lyzed by acetyl CoA and malonyl CoA 
transacylases. Genes for such activities 
have not been found in the tcm gene cluster 
(14) or in any other set of genes for a type 
I1 PKS (3). The ORF305 gene of the S. 
glaucescens FAS cluster encodes a malonyl 
CoA transacylase (25), and the enzyme 
obtained by overexpression of this gene in 
E. coli transfers malonyl CoA to the S. 
glaucescens ORF82 FAS ACP as efficiently 
as to TcmM in vitro (25), suggesting that 
the Tcm PKS may share this malonyl CoA 
transacylase with the FAS in the same 
organism. Although it remains to be estab- 
lished if a separate acetyl CoA transferase is 
required for the Tcm PKS, an acyl transfer- 
ase active site motif, 340PVSSIKS- 
MIGHSLGAIH356, is present in TcmK 
(1 1, 28) and the Ser3'l residue could act as 
a loading site for acetate, as in a FAS (26). 
Hence, as in a FAS P-ketoacy1:ACP syn- 
thase where the corresponding Ser residue 
is specifically modified by iodoacetamide or 
phenylmethyls~lfon~l fluoride (PMSF) 
(26), these reagents also inhibit the Tcm 
PKS (Table 2, entries 10 and 11). 

High substrate specificity of Tcm PKS 
for acetyl CoA as the starter unit. A 
distinctive feature of PKSs is their ability to 
choose different starter units for polyketide 
biosynthesis. For example, acetyl CoA is 
the starter in the biosynthesis of Tcm C but 
propionyl CoA and malonamyl CoA appar- 
ently are the starters for the biosynthesis of 
daunorubicin and oxytetracycline in Strep- 
tomyces peucetius and Streptomyces rimosus, 
respectively (3). It is not known how this 
substrate specificity of a PKS is determined. 
On the basis of antibiotic isolation work, 
the S. coeruleorubidus baumycin (daunoru- 
bicin) PKS seems to be able to accept acetyl 
CoA, butyryl CoA, or isobutyryl CoA as 
starter units, albeit much less efficiently 
than propionyl CoA (29). Naringenin 
chalcone synthase (8) uses various aromatic 
and aliphatic CoA esters as starters, some of 
which are used as efficiency as 4-coumaroyl 
CoA, the normal substrate of the enzyme, 
yet resveratrol (stilbene) synthase displays 
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high substrate specificity and structurally 
related CoA esters are used less than 1/10 
as effectively as the natural starter 4- 
coumaroyl CoA (9). Animal FASs are gen- 
erally able to use long-chain (up to four 
carbons), unbranched acyl CoAs as starter 
units in vitro, often more effectively than 
acetyl CoA (30). Bacterial FASs, in con- 
trast, appear to be quite substrate specific: 
Those from organisms whose lipids contain 
predominantly straight-chain fatty acids 
show diminished activity with increased 
chain length of the starter unit, whereas 
those from organisms containing branched 
fatty acids as their major cellular species use 
long-chain acyl CoA esters such as butyryl 
CoA or a-keto-P-methyl butyryl CoA as 
starter units much more effectively than 
acetyl CoA (30). To examine if the Tcm 
PKS is able to use starter units other than 
acetyl CoA, 14C-labeled propionyl CoA, 
butyryl CoA, and isobutyryl CoA esters 
were prepared (3 1) and examined as sub- 
strates. With unlabeled malonyl CoA as 
the extender, any 14C-enriched product 

must result from the incorporation of one of 
these 14C-labeled starter units (32). Al- 
though we do not have authentic samples of 
Tcm F2 analogs in which any of these 
potential starter units has been incorporat- 
ed, such compounds should have similar 
UV absorbance and HPLC behavior as 2. 
As expected, [1-14C]acetyl CoA gives 
[14C]-2 (Fig. 2B) that is specifically con- 
verted to 3 in the presence of Tcm F2 
cyclase (Fig. 2C). However, the compara- 
tively low incorporation of radioactivity 
indicates that the [1-14C]acetyl CoA pool is 
diluted, presumably by acetyl CoA derived 
from decarboxylation of malonyl CoA (the 
cellular acetyl CoA is removed during the 
preparation of the Tcm PKS) that is cata- 
lyzed by a malonyl CoA decarboxylase 
(33). This is demonstrated by using 
[2-'4C]malonyl CoA as the only substrate: 
2 is synthesized as efficiently as with acetyl 
CoA (data not shown), suggesting that the 
acetate starter unit is derived from the 
decarboxylation of malonyl CoA, or possi- 
bly malonyl-TcmM by analogy to fatty acid 

" '. 

.. . . 
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- 8 c q .  .. . 
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Fig. 3. Model for the Tcm PKS catalyzed synthesis of 2 from acetyl CoA and malonyl CoA. TcmK and 
TcmM are primed by acetyl CoA and malonyl CoA; the formation of TcmM-SCOCH,COOH in step 
b presumably is catalyzed by a malonyl CoA:ACP transacylase but it is uncertain if attachment of 
the acetyl group to the SeP5' in step a requires another transacylase. In step d,  the acetyl group 
is internally transferred to the Cys'73 residue of TcmK, and then condensation between the acetyl 
and malonyl groups occurs in step e, transferring the acyl group from TcmK to TcmM. [Step c is a 
possible alternative route to the latter intermediate.] After internal transfer of the acetoacetyl group 
to TcmK in step f, steps b,  e, and f are repeated eight times, using 8 more equivalents of malonyl 
CoA to produce the linear decaketide attached to TcmM. This decaketide is released hydrolytically 
and cyclized by TcmN and TcmJ to 2, which involves the loss of 3 equivalents of water. The oval 
shapes show the relative size of each protein but the stoichiometry is unknown. To distinguish their 
inability to form solvent-extractable products from the TcmJ and TcmN proteins, TcmKLM are 
depicted to act as a single complex that forms the Tcm decaketide (shown in the conformation that 
would form 2 most readily), although we do not have evidence that validates this idea. 
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biosynthesis in E. coli (26). No 14C-en- 
riched product that also has UV absorption 
is observed with [l-'4C]propionyl CoA, 
[l-'4C]butyryl CoA, and [l-'4C]isobutyryl 
CoA as starter units and malonyl CoA as 
the extender, ruling out the possibility of 
the synthesis of a Tcm F2-like compound 
from either of these three starter units. 
Therefore, the data suggest that the Tcm 
PKS has a high substrate specificity for 
acetyl CoA as the starter unit. This result 
has important implications for attempts to 
manufacture analogs of such aromatic poly- 
ketides by modification of the PKS genes. 

In vitro reconstitution of the Tcm 
PKS. Because the intrinsic nature of a type 
I1 PKS as an assembly of discrete proteins 
makes it unwise to attempt to purify the 
intact PKS, we have decided to purify each 
of its constituent proteins separately and 
then to attempt to reconstitute the Tcm 
PKS in vitro. This approach requires the 
production and purification of each constit- 
uent protein in active form and the knowl- 
edge that individual proteins will adopt the 
correct conformation and complexation 
state upon reconstitution of the PKS com- 
plex. We chose the TcmM ACP to illus- 
trate our strategy because it serves as the 
substrate for the malonyl CoA:ACP transa- 
cylase (21) and, in turn, malonyl-TcmM 
serves as the substrate for the P-keto- 
acy1:ACP synthase. Both of these facts 
require that TcmM interacts intimately 
with the rest of the Tcm PKS constituents. 
We developed two methods to prepare 
TcmM-deficient PKS systems that contain 
the remaining constituent proteins and 

Table 3. Effect of ACP on the TcmM-deficient PI 

then determined if the Tcm PKS activity is 
restored by supplemention with purified 
TcmM (21). As summarized in Table 3, 
TcmM is removed by immunoprecipitation 
from an active PKS preparation by its com- 
plexation with the TcmM antiserum and 
removal by affinity chromatography on a 
protein A column to yield a TcmM-defi- 
cient PKS. The resulting preparation dis- 
plays diminished Tcm PKS activity (entries 
1 to 3), reflecting the lack of TcmM. 
Remarkably, addition of purified TcmM to 
this TcmM-deficient PKS fully restores the 
PKS activity (entries 4 and 5) and addition 
of either the S. glaucescens Orf82 FAS ACP 
(25) or the E. coli ACP has no effect 
(entries 6 to 9). 

Alternatively, a cell-free preparation 
was made from S. glaucescens WMH1077- 
(pWHM722) by adding (NH4),S04 to 72 
percent saturation instead of the normal 82 
percent (34). Because very little TcmM is 
precipitated at this percent saturation of 
(NH4),S04 (2 I ) ,  the resulting preparation 
will lack TcmM but we assume that the 
other PKS proteins are precipitated to a 
great degree under the given conditions. As 
above, the enzyme activity of the second 
TcmM-deficient PKS is enhanced more 
than twofold upon addition of purified 
TcmM (entries 10 versus 11 and 12) and 
addition of either the S. glaucescens Orf82 
FAS ACP or the E. coli ACP has little or 
no effect (entries 13 to 16). 

This work not only demonstrates the 
feasibility of reconstituting a type I1 PKS in 
vitro from its individually purified constitu- 
ent proteins but also provides a means to 

Entry Assay description 
Relative 
activity* 
("A) 

P KS 
PKS + TcmM antibodies 
TcmM-deficient PKS? 

+TcmM$ 
+TcmM§ 
+Orf82$ 
+Orf82§ 
+ E. coli ACP$ 
+ E. coli ACPP 

+TcmM$ 
+TcmM§ 
+Orf82$ 
+Orf82§ 
+ E, coli ACP$ 
+ E, coli ACPS 

*The complete assay solution of 500 FI consisted of 50 pM acetyl CoA, 150 FM malonyl CoA (1 6,000 cpm), 2 mM 
DTT, 0.3 mg of protein, and the indicated amount of ACP in 0.1 M sodium phosphate buffer, pH 7.5. The assays 
were performed and analyzed as described in the footnote of Table 1. tThe Tcm PKS preparation from S. 
glaucescens WMH1077(pWHM722) was added to a solutlon of polyclonal TcmM antibodies and incubated on ice 
for 30 mln. The TcmM immunocomplexes were removed by afflnity chromatography on a protein A column to yield 
a TcmM-deficient PKS. Entry 1 represents 14 percent formation of 2 from malonyl CoA. $165 ng. $310 
ng. 1The TcmM-deficient PKS was prepared from S. glaucescens WMH1077(pWHM722) according to the 
same protocol (34) except that (NH,),SO, was added to 72 percent saturation. Entry 10 represents 19 percent 
formation of 2 from malonyl CoA. 
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biochemically assay each protein prior to 
reconstitution. Therefore, we expect that we 
will be able to use Tcm PKS preparations 
from S. glaucescens WMH 107 7 transformed 
with derivatives of pWHM722 that lack 
either tcm], tcmK, tcmL, or tcmN to assay in 
turn for each of these PKS constituents by 
following the production of 2 in vitro. For 
example, a 1: 1 mixture of Tcm PKS prepa- 
rations from the WHM1077 (pELE37) and 
- (pWHM781) transformants, both of 
which are unable to synthesize 2 (Table 1, 
entries 6 and 12), restores the production of 
2 to a level above that of the WMH1077- 
(pWHM722) strain (Table 1, entry 13 ver- 
sus 8). Protein fractionation shows that this 
results from the ability of TcmL from 
pELE37 to interact with TcmKMN in the 
WMH1077(pWHM781) extract. 

We note that TcmM cannot be substitut- 
ed in vitro by either the S. glaucescens Orf82 
or E. coli FAS ACPs despite the fact that all 
three of these ACPs have a high amino acid 
sequence similarity in certain regions (3, 25) 
and are equally active in the in vitro malonyl 
CoA:ACP assay (25). This result is consis- 
tent with our earlier prediction (2 1) that the 
overall three-dimensional conformation of 
TcmM may be different from other ACPs 
and underscores the ambiguity of assaying 
the individual biochemical activity of the 
constituent proteins without considering the 
interaction among them during the in vitro 
reconstitution of an active PKS. However, 
this idea is inconsistent with the fact that 
Streptumyces coelicolor is able to produce a 
blue pigment assumed to be actinorhodin 
plus some of its biosynthetic intermediates, 
indicative of the formation of a functional 
hybrid PKS, when its act1 ORF3 ACP gene 
is replaced in cis with other type I1 PKS 
ACP genes including tcmM (35). This obser- 
vation may reflect a difference between the in 
vivo and in vitro constitution of the PKS 
enzyme complex, or simply that all these type 
I1 PKS ACPs more or less resemble each other 
conformationally as well as biochemically. 
Thus, it will be very interesting to determine 
the effect of supplementing the TcmM-defi- 
cient Tcm PKS with other type I1 PKS ACPs 
when these become available. 

Biochemical model for the Tcm PKS. 
By definition, a PKS refers collectively to 
the enzymes that catalyze the synthesis of a 
linear polyketide from short-chain fatty ac- 
ids. Because the linear polyketide interme- 
diates are extremely reactive and inherently 
unstable (36), all of the currently identifi- 
able products of a type I1 PKS are in their 
cyclized forms. Although the chalcone syn- 
thases and 6MSAS catalyze the synthesis of 
aromatic products, their cyclase domain has 
not been identified; in contrast, genetic 
analysis of several type I1 PKSs has revealed 
highly conserved genes for a cyclase activity 
(3). Because our data show that polyketide 
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cyclases like TcmJ and TcmN must play a 
role in the cyclization of the nascent linear 
polyketide, such enzymes are a distinctive 
feature of a given PKS and should be 
included as part of the optimal PKS com- 
plex, at least in the type I1 system. 

Consequently, from the information 
presented here and elsewhere (1 1-1 6, 2 1, 
2 4 ,  we propose the following model for the 
Tcm PKS catalyzed synthesis of 2 from 
acetyl CoA and malonyl CoA. As shown in 
Fig. 3, the acetyl CoA and malonyl CoA 
enter the PKS through TcmK and TcmM, 
respectively. Although we know that the 
loading of malonyl CoA onto TcmM can be 
catalyzed by a malonyl CoA:ACP transacy- 
lase that is part of the normal FAS, it 
remains to be established if this is the sole 
route to malonyl-TcmM (step b). Similarly, 
we do not know if the entry of acetyl CoA 
through Ser35' and Cys'73 of TcmK requires 
a separate acetyl CoA:TcmK transacylase 
(step a), or if TcmK, like the E. coli 
P-ketoacy1:ACP synthase 111 (37), can form 
acetoacetyl-TcmM directly from acetyl 
CoA and malonyl-TcmM (step c) . Regard- 
less of the mechanism of the initial step, 
the newly formed acetoacetyl chain (step e) 
is then transferred to TcmK (step f), freeing 
TcmM to accept the second malonyl CoA 
extender unit for the next condensation 
cycle. This three-step process (steps b, e, 
and f) is repeated eight times to yield the 
decaketide. The results of recent in vivo 
studies with hybrid type I1 PKSs (38, 39) 
suggest that TcmK and particularly TcmL 
somehow determine the length of the poly- 
ketide during this assembly process. Finally, 
the nascent linear decaketide, possibly still 
attached to TcmM through a thioester link- 
age, is folded and cyclized by TcmJ and 
TcmN to form 2. It is not clear yet when 
and how the decaketide is released from 
TcmM; the lack of extractable radioactivity 
when only the TcmKLM proteins are pre- 
sent suggests that release and cyclization 
occur simultaneously or at least in tandem. 
Release prior to cyclization probably would 
result in formation of multiple, inappropri- 
ately cyclized products stemming from the 
facile reactivity of free polyketides (36) 
(this may be the reason for the formation of 
several UV-absorbing compounds by the 
TcmJKLM proteins in the absence of 
TcmN). An equivalent event in animal 
fatty acid biosynthesis is catalyzed by a 
thioesterase (26), but no such enzyme ac- 
tivity has been identified for chalcone syn- 
thase or 6MSAS as well as for a type I1 
PKS. Our data cannot rule out the possibil- 
ity that a FAS thioesterase is responsible for 

the hydrolysis of the decaketide from 
TcmM, and it is equally valid to argue that 
the deca-p-ketothioester-TcmM intermedi- 
ate could be hydrolyzed spontaneously as 
has been proposed for 6MSAS (40). 
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