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Engineered Biosynthesis of Novel Polyketides 

Robert McDaniel, Susanne Ebee-Khosla, David A. Hopwood, 
Chaitan Khosla* 

Polyketide synthases (PKSs) are multifunctional enzymes that catalyze the biosynthesis 
of a huge variety of carbon chains differing in their length and patterns of functionality and 
cyclization. Many polyketides are valuable therapeutic agents. A Streptomyces host-vector 
system has been developed for efficient construction and expression of recombinant PKSs. 
Using this expression system, several novel compounds have been synthesized in vivo in 
significant quantities. Characterization of these metabolites has provided new insights into 
key features of actinomycete aromatic PKS specificity. Thus, carbon chain length is 
dictated, at least in part, by a protein that appears to be distinctive to this family of PKSs, 
whereas the acyl carrier proteins of different PKSs can be interchanged without affecting 
product structure. A given ketoreductase can recognize and reduce polyketide chains of 
different length; this ketoreduction always occurs at the C-9 position. The regiospecificity 
of the first cyclization of the nascent polyketide chain is either determined by the ketore- 
ductase, or the chain-extending enzymes themselves. However, the regiospecificity of the 
second cyclization is determined by a distinct cyclase, which can discriminate between 
substrates of different chain lengths. 

Polyketides occur in most groups of orga- 
nisms and are especially abundant in a class 
of mycelial bacteria, the actinomycetes. 
They are an extremely rich source of bioac- 
tive molecules, including antibiotics (such 
as tetracyclines and erythromycin), anti- 
cancer agents (daunomycin) , immunosup- 
pressants (FK506 and rapamycin) , and vet- 
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erinary products (monensin and avermec- 
tin). Like the related fatty-acid synthases 
(FASs) , the polyketide synthases (PKSs) 
are multifunctional enzymes that catalyze 
repeated decarboxylative condensations be- 
tween coenzyme A (CoA) thioesters (usu- 
ally acetyl, propionyl, malonyl, or methyl- 
malonyl) . After each condensation, FASs 
typically catalyze a complete reductive cy- 
cle comprising a ketoreduction, dehydra- 
tion, and enoylreduction on the P-keto 
group of the growing carbon chain, whereas 
PKSs omit this cycle or curtail it after some 
or even all condensation steps. After the 
carbon chain has grown to a length charac- 

teristic of each specific product, it is re- 
leased from the synthase by thiolysis or 
acyltransfer (1). It is the controlled varia- 
tion in chain length, choice of chain- 
building units, and the reductive cycle, 
genetically programmed into each PKS, 
that leads to the huge variation among 
naturally occurring polyketides (2). 

Although the rules of this programming 
have hitherto been obscure, current genet- 
ics-led research is beginning to clarify 
them. Cloning and sequencing of PKS 
genes has suggested two entirely different 
programming strategies. One is represented 
by the PKSs for macrolides such as erythro- 
mycin, which consist of several large mul- 
tifunctional proteins carrying, between 
them. a set of seDarate active sites for everv 
individual step bf carbon-chain assembl; 
and modification (3). There is thus a one- 
to-one correlation between the number and 
clustering of active sites in the primary 
seauence of the PKS and the structural 
feaiures of the polyketide backbone. The 
second class of PKSs, represented by the 
synthases for aromatic compounds, has a 
single set of iteratively used active sites 
(4-6). It follows that the programming 
mechanism for this class of PKS is not 
apparent from the number and arrangement 
of active sites. 

We report the development of a Strepto- 
rnyces host-vector system that allows the 
facile construction of minimal sets of genes 
for natural or hybrid combinations of PKS 
components (or mutants thereof) and the 
expression of the gene sets to produce novel 
polyketide products. The advantages of the 
system are that the genes are expressed in a 
quasi-natural manner to produce significant 
quantities of product at an appropriate stage 
of the growth cycle, and that the products 
themselves undergo a minimum of post- 
PKS reactions. Thus, determination of 
product structure gives direct insights into 
aspects of PKS programming. The results 
reported here include the discovery that a 
specific component of the PKS is responsi- 
ble, at least in part, for determining carbon 
chain length, that either the ketoreductase 
or the chain-extending enzymes play a key 
role in dictating the regiospecificity of the 
first cvclization of the nascent carbon 
chain, and that further cyclization is deter- 
mined by the specificity of a cyclase. Five 
new compounds generated by this system 
are reported here and elsewhere (7). The 
system holds great promise for the genera- 
tion of a wide range of potentially useful 
metabolites. 

Streptomyces coelicolor A3 ( 2 )  , a model 
actinomycete with well-developed genetics 
(8), produces the blue-pigmented poly- 
ketide, actinorhodin (1) (Fig. 1). The bio- 
synthetic pathway has been partially eluci- 
dated (9-1 l ) ,  and the act gene cluster has 

1546 SCIENCE VOL. 262 3 DECEMBER 1993 



been cloned (1 2) and completely sequenced 
(5, 13, 14). It encodes the PKS (the col- 
lection of active sites that catalyze the 
biosynthesis of the appropriately reduced 
octaketide and also dictate regiochemistry 
of the first cvclization), a cvclase. and a , . 
series of tailo;ing enzymes involved in sub- 
sequent modification reactions leading to 
actinorhodin as well as proteins involved in 
export of the antibiotic and at least one 
protein that specifically activates transcrip- 
tion of the gene cluster (Fig. 2A). Other 
genes required for global regulation of anti- 
biotic biosynthesis are located outside the 
act cluster (1 5): this is also believed to be . , .  
true for the genes for the supply of starter 
(acetyl CoA) and extender (malonyl CoA) 
units for polyketide biosynthesis. 

The host strain CH999 of S. coelicolor 
(Fig. 2B) was constructed by deleting, 
through a homologous recombination, the 
entire act cluster from the chromosome of a 
strain lacking endogenous plasmids and car- 
rying a stable mutation that blocks biosyn- 
thesis of another pigmented S. coelicolor 
antibiotic, undecylprodigiosin. pRM5 (Fig. 
2C) is the shuttle plasmid used for express- 

OH 0 COOH 

Actinorhodin (1) 

Granaticin (2) 

Tetracenomycin F1 (3) 

Mutactin (4) 

Fig. 1. Structures of four previously character- 
ized polyketides. For details see text. 

ing PKSs in CH999. It includes a ColEI - 
replicon to allow genetic engineering in 
Escherichia coli, an appropriately truncated 
SCP2* (low copy number) Streptomyces 
replicon, and the actII-ORF4 activator gene 
from the act cluster. which induces tran- 
scription from act promoters during the 
transition from growth phase to stationary 
phase (1 6). pRM5 carries the divergent 
actI/actIII promoter pair, together with con- 
venient cloning sites to facilitate the inser- " 
tion of a variety of engineered PKS genes 
downstream of both Dromoters (1 7). This ~, 

means that recombinant PKSs are expressed 
approximately at the transition from expo- 
nential to stationary phase of growth and in 
good yield. 

In each Strebtomvces aromatic PKS so far 
L 2 

studied, carbon-chain assembly requires the 

products of three open reading frames 
(ORFs) (4-6): ORFl encodes a ketosyn- 
thase (KS) and a putative acyltransferase 
(AT) active site; O W 2  encodes a protein 
similar to the ORFl product but lacking the 
KS and AT motifs and of unknown func- 
tion before the experiments described here; 
and ORF3 encodes a discrete acyl carrier 
protein (ACP) . To facilitate replacements 
of act ORFs 1 to 3, they were cloned in 
pRM5 as individual cassettes with flanking 
restriction sites and their own ribosome 
binding sites (RBSs) with the polymerase 
chain reaction (PCR) (1 8). To construct 
the recombinant PKSs described below 
(Table I ) ,  other naturally occurring ORFl 
and ORF2 alleles were also cloned as ex- 
changeable cassettes with the same flanking 
sequences. 

Fig. 2. Construction of a S. 
+0?'~0 

coelicolor host-vector sys- A @ $9'' +e$c+aGq&$..%5 n%q@ e" 
tem for the expression of 

S. r n e / i c o / o r ~ ~ l ~ ~ ~ ~ ~ +  eS' 0 b $\'I .$Ae  PO^^+,\>\ * e\ + 9 $:j9'i,0Qz4~ 1 \ 
recombinant PKSs. (A) The ,h,,osom, 4 4 <a0 \a act gene cluster, encoding .--- ---. 
biosynthesis and export of 
the polyketide antibiotic 
actinorhodin, is made up of B 

the PKS genes (act1 and 5. r n e l i c o / o r ~ ~ 9 9 9 - - - - ~  erm - - - -  
I l l ) .  flanked bv several aost- chromosome 

PKS biosynthetic ge"es including those In- 
.valved in cyclization (actVII), aromatization, and C 
subsequent chemical tailoring (actlV, VA, VB, 
and VI). Also present are the genes (actll) 
responsible for transcriptional activation of the 
actgenes and for actinorhodin export. CHI (20) 
was chosen as the parent strain for this study. 
(B) Replacement of the act gene cluster in 
CH999. The strategy for deletion for the act 
cluster through homologous recombinat~on is 
similar to that described elsewhere [(ZO), and 
references therein]. pLRermEts was constructed 
with the following features: a ColEl replicon from 
pBR322, the temperature-sensitive replicon 
from pSG5 (29), ampicillin and thiostrepton re- S p h ,  
sistance markers for selection in E. coli and S. 
coelicolor, respectively, and a d~sruption cas- 
sette Including a 2-kb Bam HI-Xho I fragment 
from the "left" end of the act cluster, a 1.5-kb 
ermE fragment conferring lincomycin resistance (ZO), and a 1.9-kb Sph I-Pst I fragment from the 
"right" end of the act cluster The left fragment extended from Bam HI site 1 (12) rightward to a Xho 
I site. The "right" fragment extended from Pst I site 20 leftward to Sph I site 19.2 (5). The "left" and 
"right" fragments (shown as hatched DNA) were cloned in the same relative orientation as in the act 
cluster. CHI was transformed w~th pLRermEts. The plasmld was subsequently cured from candidate 
transformants by nonselective growth at 39°C. Several colonies that were lincomycin resistant, 
thiostrepton sensitive, and unable to produce actinorhodin were isolated and checked through DNA 
blotting. One of them was designated CH999. Genomic DNA fragments are not drawn to scale. 
(C) pRM1, the progenitor of pRM5, was constructed by ligating the 10.5-kb Sph I-Hind I l l  fragment 
from plJ903 (contaring a portion of the fertility locus and the origln of replication of SCP2* as well as 
the ColEl origin of replication and the p-lactamase gene from pBR327) (30) with a 1.5-kb Hind Ill-Sph 
I tsr gene cassette, pRM5 was constructed by inserting the following two fragments between the 
unique Hind I l l  and Eco RI sltes of pRM1: a 0.3-kb Hind Ill-Hpa I (blunt) fragment carrying a 
transcription terminator from phage fd (20), and a 10-kb fragment from the act cluster extending from 
the Nco I site (1 kb upstream of the actll-ORF4 activator gene) (13) to the Pst I slte (site 20) 
downstream of the actl-VII-IV genes (5). To facilitate the expression of any desired recombinant PKS 
under the control of the act1 promoter (which is activated by the actll-ORF4 gene product), restriction 
sites for Pac I ,  Nsi I ,  Xba I ,  and Pst I were engineered into the act DNA in intercistronic positions as 
described in the text and in (18). In pRM5, as well as in all other PKS expression plasmids described 
here, ORF 1, 2, and 3 alleles were cloned between these sites as cassettes engineered with their own 
RBSs [for details, see (18)] 
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The  act KSIAT, the ORF2 gene prod- 
uct, and ACP constitute a "minimal" PKS; 
studies on  PKS mutants showed that muta- 
tions in  any one of the genes encoding 
these functions abolish PKS activity (5, 19, 
20). In addition to these three genes, 
pRM5 carries the act111 ketoreductase (KR) 
gene, the cyclase gene (actVII), and a 
putative dehydratase gene (actIV) (1 3, 2 1). 
The  expectation was that co-expression of 
these six genes would lead to the biosynthe- 
sis of the nascent PKS product and its 
conversion into a stable but minimally 
modified anthraquinone-like structure (1 1 ) , 
as opposed to a tetralone-pyrone-like struc- 
ture, mutactin (4) (Fig. I ) ,  which is pro- 
duced as a result of spontaneous cyclizations 
in  a n  actVII mutant (1 0). 

Transformation of CH999 by pRM5 
caused it to produce a large amount of 
yellowish-brown material. The  two most 
abundant products were characterized as 
aloesaponarin I1 (5) (1 1) and its carboxyl- 
ated analog, 3,8-dihydroxy- 1 -methylan- 
thraquinone-2-carboxylic acid (6) (22) 
(Fig. 3). It is presumed that 5 is derived 
from 6 by non-enzymatic d e c a r b ~ x ~ l a t i o n  
(1 I).  Compounds 5 and 6 were present in  
approximately a 1 :5  molar ratio. Approxi- 
mately 100 mg of the mixture could be 
easily purified from 1 liter of culture. Evi- 
dently, the CH9991pRM5 host-vector sys- 
tem was functioning as expected to produce 
significant amounts of a stable, only mini- 
mally modified, polyketide metabolite. The  
production of 5 and 6 is consistent with the 
proposed pathway of actinorhodin biosyn- 
thesis (I I).  Both metabolites, like the acti- 
norhodin backbone, are derived from a 
16-carbon polyketide with a single ketore- 
duction at C-9. Indeed, the set of genes on  
pRM5 includes just those biosynthetic 
genes whose products would act on  the 
primary polyketide in  an actVI mutant, 
previously shown to produce 5 (1 1). 

When  CH999 was transformed with 
pSEK4, identical to pRM5 except for inac- 
tivation of the act KR gene by replacement 
of an internal 140-bp Sph I-Sal I fragment 
by the Sph I-Sal I fragment from pUC19, 
the resulting strain produced abundant 
quantities of a n  aromatic polyketide. Al- 
though the exact structure of this product 
has not yet been elucidated, it is signifi- 
cantly different from that of the anticipated 
product, desoxyerythrolaccin (I 1 ) . Prelim- 
inary studies suggest that the polyketide 
backbone of this product is derived from 
eight acetates and is not reduced. 

In an attempt to generate novel poly- 
ketides differing in a range of properties, as 
well as to elucidate aspects of the program- 
ming of aromatic PKSs, a systematic series 
of minimal PKS gene clusters was con- 
structed and analyzed. As shown in Fig. 4, 
the PKSs responsible for synthesizing the 

carbon-chain backbones of actinorhodin ORF2 product, and A C P  subunits (4, 5). 
(I) ,  granaticin ( 2 ) ,  and tetracenomycin The  act and gra PKSs also have KRs lacking 
(3) contain homologous putative KSIAT, in  the tcm PKS. Corresponding proteins 

Table 1. Polyketides produced by homologous and heterologous comb~nations of PKS proteins. 
The act ORFs 1,  2, and 3 of pRM5 were replaced with corresponding homologs from gra and tcm 
The resulting plasmids were introduced into S, coelicolor CH999 by transformation and the major 
products identified NP signifies no detectable polyketide was produced. 

Plasmid ORF1 
(KSIAT) 

Major 
product 

Backbone 
carbon 
length 

act 
gra 
act 
act 
tcm 
act 
tcm 
act 
tcm 
act 
tcm 

act act 
act act 
gra act 
act Qra 
act act 
tcm act 
tcm act 
act tcm 
act tcm 
tcm tcm 
tcm tcm 

actlgra PKS 
act KR J 

J 
I tcm PKS 
1 tcm. actKR 

3 \ 

B 
-H Aloesaponarin 11 (5) 
-COOH 3,8-dihydroxy-I-rnethylanthraquinone-2- 

carboxylic acid (6) 

Fig. 3. Structures and deduced backbones of polyketides synthesized by recombinant PKSs. Bold 
bonds illustrate the pattern of acetate incorporation in backbone biosynthesis. Structural elucidation 
was performed by nuclear magnetic resonance ( N M R )  spectroscopy. The l H  and 13C spectra of 5 
and 6 were identical to published data (1 1, 22). The ' H  and 13C spectral assignments for 7 are listed 
below. Nuclear Overhauser effect (NOE) interactions for each hydrogen were measured and are 
consistent with the proposed structure of 7. Furthermore, the structure and chemical shifts of 7 are 
similar to those of RM18, which has been characterized more extensively (7).  The materials and 
methods for feeding, purification, and characterization of these compounds are analogous to those 
described elsewhere (7).  Coupling constants for the 13C spectrum refer to carbon-carbon 
couplings determined through [1,2-13C,] acetate incorporation. 7: 400-MHz l H  N M R  (DMSO-d6) 
G(ppm) 9.00 (d, J =  8.8 HZ, lH, C-lo), 7.51 (dd, J =  7.0,8.8 HZ, lH, C-9), 7.14 (s, 10H,C-19), 6.94 
(d, J =  7.0 Hz, lH, C-8), 6.37 (s, lH, C-14), 6.31 (s, lH, C-6), 3.67 (s, 2H, C-4), 3.05 (d, J =  16.0 
Hz, 1 H ,  C-18), 2.67 (d, J = 16.0 Hz, 1 H ,  C-18), 2.21 (s, 3H, C-2), and 1.60 (s, 3H, C-20); 100-MHz 
13C N M R  (DMSO-dG) G(ppm) 203.7 (J = 36.8 HZ, C-3), 190.7 (J = 39.9 HZ, C-17), 162.9 (J = 63.8 
Hz, C-15), 158.4 (J = 75.0 HZ, C-13), 149.6 (J = 77.2 HZ, C-5), 132.6 (J = 56.1 HZ, C-11), 131.8 
(J = 57.5 HZ, C-9), 129.0 (J = 61.5 HZ, C-7), 121.7 (J = 57.9 HZ, C-lo), 117.4 (J = 55.7 HZ, C-12), 
11 6.1 (J = 61.4 HZ, C-8), 107.2 (J = 76.7 HZ, C-6), 106.4 (J = 63.6 HZ, C-16), 101.6 (J = 46.0 HZ, 
c-19), 99.0 (J = 74.7 Hz, C-14), 49.4 (J = 39.7 Hz, C-18), 46.9 (J = 37.1 Hz, C-4), and 29.6 
(enriched but not coupled, C-2), 27.3 (J = 45.8 Hz, C-20). Field desorption mass spectroscopy 
gave a mass-to-charge ratio of 325. 
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from each cluster show a high degree of 
sequence identity (caption to Fig. 4). The 
act and gra PKSs synthesize identical 16- 
carbon backbones derived from eight ace- " 
tate residues with a ketoreduction at C-9 
(Fig. 3). In contrast, the tcm polyketide 
backbone differs in overall carbon chain 
length (20 instead of 16 carbons), lack of 
'any ketoreduction, and regiospecificity of 
the first cyclization, which occurs between 
carbons 9 and 14, instead of carbons 7 and 
12 for act and gra (Fig. 3). 

Analvsis of the ~roducts of the recombi- 
nant PKSS containing various permutations 
of the KSIAT, ORF2 product, and ACP 
subunits of the PKSs (all constructs also 
containing the act KR, cyclase, and dehy- 
dratase genes) indicated that the synthases 
could be grouped into three categories (Ta- 
ble 1): those that did not ~roduce anv 
polyketide; those that produced compound 
6 (in addition to its analog 5); and those 
that produced a novel polyketide 7 (desig- 
nated RM20) (Fig. 3). Sodium [1,2-13C2] 
acetate feedine ex~eriments indicate that 

u L 

the polyketide backbone precursor of 7 is 
derived from 10 acetate residues with a 
single ketoreduction at the C-9 position. 

In order to investigate the influence of 
the act KR on the reduction and cyclization 
patterns of a heterologous polyketide chain, 
we also constructed pSEK15 carrying tcm 
ORFs 1 to 3 but lacking the act KR. (The 
deletion in the act KR gene in this con- 
struct was identical to that in pSEK4 de- 
scribed above.) Analysis of CH9991pSEK15 
led to the purification of yet another dis- 
tinct polyketide product, whose structure is 
currently being elucidated (23). Nuclear 
magnetic resonance spectroscopy neverthe- 
less was consistent with a com~letelv unre- 
duced decaketide backbone. 

All of the actlgra hybrids produced com- 
pound 6 ,  consistent with the identical 
structures of the presumed actinorhodin 
and granaticin primary polyketides. In each 
case where a product could be isolated from 
a tcmlact hybrid, the chain length of the 
polyketide was identical to that of the 
natural product corresponding to the source 
of ORF2. This finding suggests that the 
ORF2 product controls carbon-chain 
length. However, because we could not 
generate a functional ORFllORF2 hybrid 
in which the KS/AT is derived from the 
shorter chain PKS, it is also possible that 
both the KSIAT and the ORF2 product are 
capable of exercising some chain-length 
control. By comparing the structures of the 
three reduced polyketides described here 
(that is, 5 ,  6 ,  and 7), one can also con- 
clude the following: (i) the KR is both 
necessary and sufficient for ketoreduction to 
occur; (ii) this reduction always occurs at 
the C-9 position of the final polyketide 
backbone (counting from the carboxyl end 

ORFl ORF2 ORF3 

Ketosynthase Ketoreductase 
a~cyltransferase a ~ ~ c l a s e  
.chain-length-determining factor HOMethyltransferase 

Acyl carrier protein 

Fig. 4. Gene clusters for act, gra, and tcm PKSs 
and cyclases. The percentage identities be- 
tween corresponding PKS proteins in the three 
clusters are as follows: KSIAT: actlgra 76, act1 
tcm 64, graltcm 70; CLF. actlgra 60, actltcm 
58,  graltcm 54; ACP: actlgra 60, actltcm 43, 
and grdtcm 44. [Note that the carboxyl-termi- 
nal halves of the act and gra cyclases have 
previously been postulated to catalyze dehy- 
dration reactions in carbon chain modification 
(21).l 

of the chain) (24); and (iii) the regiospec- 
ificitv of ketoreduction is constant relative 
to that of the first cyclization, suggesting 
that both these events are controlled bv 
either the ketoreductase or the chain-ex- 
tending enzymes. 

A striking feature of RM20 is the pattern 
of cyclizations following the first cycliza- 
tion. Isolation of mutactin (4) from an 
actVII mutant suggested that the actVII 
product and by analogy its tcm homolog 
catalyze the cyclization of the second ring 
in the biosynthesis of actinorhodin (1) and 
tetracenomycin (3), respectively (2 1, 25). 
The cyclization pattern of RM20 is different 
from that of 6 and tetracenomycin F1, 
despite 
pRM20 
cyclase 
chains. 

the presence of the actVII gene on 
. It therefore appears that the act 
cannot cyclize longer polyketide 
This inactivity could be due to its 

inability either to recognize longer chain 
substrates or to associate productively with 
PKS components that synthesize longer car- 
bon chains. 

No polyketide could be detected in 
CH999lpRM15 or CH9991pRM36 (Table 
1). Thus, onlv some ORFI-ORF2 combina- . , 

tions are functional. Because each subunit 
was functional in at least one recombinant 
synthase, protein expression and folding 
problems are unlikely to be the cause. 
Instead. imoerfect or inhibitow association , . 
between the different subunits of these en- 
zyme complexes, or biosynthesis of (abort- 
ed) short chain products that are chemical- 
ly unstable, are plausible explanations. 

The above results are consistent with 
those of similar experiments in which a 
polyketide synthase of unproven function 
was used (7). 

Until now, the function of the ORF2 
product in aromatic PKSs has been un- 
known. It has been suggested that the 

ORFl and ORF2 products function as a 
heterodimer (4). The results reported above 
suggest that the ORF2 product plays the 
role of a chain-length-determining factor 
(CLF). The simplest model is one in which 
the CLF is a thioesterase. Such a mecha- 
nism for chain-length control occurs in 
plant FASs (26). Alternatively, the CLF 
(perhaps in conjunction with the KSIAT) 
could provide a water-excluding binding 
pocket with appropriate molecular dimen- 
sions and noncovalent interactions for the 
nascent ~olvketide chain. Further in vivo . , 
and in vitro studies of aromatic CLFs are 
necessary in order to conclusively explain 
the role of this protein. The above expres- 
sion system can serve as a source of func- 
tional mutant PKSs to aid such in vitro 
mechanistic studies (27). 

In the course of the studies described 
above and elsewhere (7), five novel mole- 
cules have already been produced. The 
expression system provides a practical 
method for designing and synthesizing oth- 
er polyketides by allowing the genetic en- 
gineer to build a PKS with only the desir- 
able components. In view of the minimal 
number of modification reactions that such 
compounds undergo, they would be partic- 
ularly attractive targets for subsequent syn- 
thetic derivatization. As shown for the 
frenolicin PKS. the svstem can also be used 
to functionally express PKSs of uncertain 
(and possibly even unknown) specificities, 
that can be easily cloned by homology (6, 
7, 28). Given the size of the PKS gene 
family in nature and the availability of 
suitable gene probes for different subgroups 
of PKSs in diverse organisms including bac- 
teria, fungi, plants, and animals, this ap- 
 roach could be an effective method for the 
biosynthesis of large numbers of novel 
structures. 

Our results demonstrate that at least 
three factors that control elements of aro- 
matic polyketide structural diversity (that 
is, chain length, ketoreduction, and the 
regiospecificity of cyclizations) can be ef- 
fectively exploited to produce novel poly- 
ketides. The eventual impact of the strat- 
egy described here will be critically deter- 
mined by the following four factors: (i) its 
applicability to the biosynthesis of other 
classes of polyketides, including the mod- 
ular PKSs for compounds such as macro- 
lides, polyenes, and polyethers; (ii) the 
extent to which the various classes of 
PKSs will tolerate changes introduced by 
targeted mutagenesis or by replacement of 
domains or subunits; (iii) the ease of 
isolating naturally occurring homologs of 
domains or subunits that control variabil- 
ity in polyketide structure; and (iv) the 
substrate plasticity of naturally occurring 
post-PKS tailoring enzymes that may be 
co-expressed in strains producing alterna- 
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tive polyketides to convert the unmodified 
primary PKS products into interesting me- 
tabolites. 
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A Binary Source Model for Extension-Related 
Magmatism in the Great Basin, 

Western North America 

William P. Leeman* and Dennis L. Harry 
Models for extension-related magmatism based on decompression melting of astheno- 
spheric mantle poorly simulate fluxes and bulk compositions of magmas produced during 
early stages of continental extension. For the Great Basin of western North America, it is 
proposed that magmatism proceeded in two stages, the first involving melting of litho- 
spheric mantle sources between 40 and -5 million years ago (Ma), followed (since -5 Ma) 
by melting of upwelling asthenospheric mantle in areas where extension has exceeded 
about 100 percent. This transition in magma sources is diachronous, depending on initial 
variations in lithosphere thickness and on rates of lithospheric thinning. 

Magmatism associated with lithospheric 
extension has been attributed to partial 
melting of ascending hot mantle material. 
Such a mechanism reasonably accounts for 
many aspects of magma production in re- 
gions of high extensional strain such as 
mid-ocean ridge spreading centers and some 
rifted continental margins (1 -3). However, 
simple decompression melting is not easily 
reconciled with styles of magmatism char- 
acteristic of early stages of continental rift- 
ing. First, unless the lithosphere is unusu- 
ally thin or an anomalous heat source is 
present, a significant lag time is predicted 
between the onset of extension and incipi- 
ent magmatism because asthenospheric 
magma sources (for example, "dry" perido- 
tite) must ascend to within 5-80 km 
before significant melting occurs (1). Sec- 
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ond, magma production rates should gener- 
allv increase with time unless the rate of 
lithospheric thinning decreases. Third, 
magma compositions should reflect a pro- 
gression from deep to progressively shallow- 
er depths of melt extraction. These patterns 
are not always observed. For example, the 
principal phase of Great Basin extension 
began at around 40 Ma. after the late - 
Eocene global plate reorganization, and was 
accompanied by voluminous synextensional 
silicic magmatism (4). 

The present Great Basin was the locus of 
an Andean style magmatic belt until latest 
Cretaceous or early Paleocene time (-60 to 
70 Ma) (5). Between -60 to 40 Ma, 
magmatism in this region waned and be- 
came predominantly alkalic to shoshonitic 
in character. Local extension began in a 
belt of now-exhumed metamorphic core 
complexes along the eastern margin of the 
Great Basin (6). The amount of subsequent 
extension across this region varies from at 
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