
R E V I E W :  B I O C H E M I S T R Y  

Harnessing the Biosynthetic Code: 
Combinations, Permutations, and Mutations 

David E. Cane, Christopher T. Wabh, Chaitan Khosla* 

0 ver the past decade striking advances 
in microbial genetics have propelled 
a revolution in our ability to deduce, 

analyze, and manipulate the biosynthesis of 
structurally complex and biologically impor- 
tant families of natural products, most nota- 
bly the classes known as polyketides and as 
non-ribosomal peptides. An explosion of dis- 
coveries and technological innovations is rap- 
idly enhancing our capacity to "mutate" the 
structure of natural products using heuristics 
and procedures that are analogous to those 
routinely used in the generation of structur- 
ally altered nucleic acids and proteins. It is 
tempting to speculate that before too long, 
it will be possible to modify the structures 
of natural products such as the immunosup- 
pressants FK506 or cyclosporin with the 
same degree of precision and convenience 
with which the primary amino acid se- 
quences of their corresponding binding 
proteins, FKBP and cyclophilin, can be 
altered. What is the state-of-art in the ma- 
nipulation of microbial natural products? 
Where are the existing hurdles to an expan- 
sion of the biologist's synthetic capabili- 
ties? How might these barriers be over- 
come? What would be the biological, bio- 
chemical, and medical implications as the 
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structural manipulation of a target natural 
product becomes an increasingly straight- 
forward task? This review addresses these 
questions. 

What Are Polyketides and 
Non-ribosomal Peptides? 
Polyketides and non-ribosomal peptides are 
two large families of natural products, the 
first built from acyl-coenzyme A (CoA) 
monomers and the second from amino acids 
(1). These metabolites include many impor- 
tant pharmaceuticals, veterinary agents, 
and agrochemicals, a few of which are 
illustrated in Fig. 1. The enormous struc- 
tural diversity and complexity of these bio- 
molecules is impressive. Although the ac- 
tual biological roles of each of these me- 
tabolites in the native producing organisms 
(primarily actinomycetes, bacilli, and fila- 
mentous fungi) are unclear, an extraordi- 
nary variety of pharmacological properties 
have been associated with naturally occur- 
ring polyketides and non-ribosomal pep- 
tides. Other widely used polyketides include 
rifamycin (antibacterial, inhibitor of bacterial 
RNA polymerase), FK506 (immunosuppres- 
sant, binds FK506 binding protein and cal- 
cineurin), and lovastatin (anti-cholesterolem- 
ic, hydroxyrnethylglutaryl-CoA reductase in- 
hibitor), while the antibacterial vancomycin 
(cell wall biosynthesis inhibitor) is an impor- 
tant non-ribosomal peptide (2). 

How Are They Made? 
Non-ribosomal peptide synthetases (NRPSs) 
and a class of polyketide synthases (PKSs) 
called modular PKSs use a strikingly similar 

strategy for assembly of these distinct classes 
of natural products (I) (Fig. 2). Both groups 
of metabolites are biosynthesized by excep- 
tionally large, multifunctional proteins that 
are organized into coordinated groups of ac- 
tive sites termed modules, in which each 
module is responsible for catalysis of one 
cycle of polyketide or polypeptide chain 
elongation and associated functional group 
modifications (1 ,  3, 4) .  Within each module 
is a carrier protein domain to which the grow- 
ing polyketide or polypeptide chain is co- 
valently tethered (1, 3). The order of biosyn- 
thetic modules from NH,- to COOH-termi- 
nus on each PKS and NRPS polypeptide and 
the number and type of catalytic domains 
within each determine the order of structural 
and functional elements in the resulting nat- 
ural product. The size and complexity of the 
ultimately formed polyketide or polypeptide 
are controlled by the number of repeated acyl 
chain extension steps, which are in turn a 
function of the number and placement of 
carrier protein domains in these multimodular 
enzymes. In analysis of the molecular logic of 
these megasynthases, four phases can be de- 
lineated: priming, chain initiation, chain elon- 
gation, and termination. 

Posttranslational priming of the apo-syn- 
thases. Modular PKS enzymes contain mul- 
tiple copies of 75- to 90-amino acid acyl 
carrier protein (ACP) domains, one to each 
module, whereas the NRPSs have analogous 
peptidyl canier protein (PCP) domains, each 
of which carries a 20 A-long phospho- 
pantetheinyl group derived from CoA co- 
valently attached to a conserved serine resi- 
due. The phosphopantetheinyl prosthetic group 
serves as a flexible tether terminating in a 
cysteamine thiol group that becomes the site 
of covalent attachment for both the monomer 
units and the growing acyl chain intermedi- 
ates of PKS and NPRS catalysts. This post- 
translational priming of each megasynthase 
apoACP and apoPCP is mediated by ACP- 
and PCP-specific variants of phosphopante- 
theinyl transferases (PPTases) (3, ensuring 
pathway-specific regulation and partner pro- 
tein specificity. In the assembly line strategy 
for chain growth by way of covalent acy1-S- 
ACPPCP-enzyme intermediates, every ACP 
or PCP (ACPPCP) domain must cany its 
pantetheinyl residue, or chain elongation will 
be prematurely terminated. For example, 
6-deoxyerythronolide B synthase (DEBS), 
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the PKS that is responsible for the biosynthe- 
sis of the parent macrolactone precursor of 
the erythromycin antibiotics, has seven such 
ACP sites (Fig. 3A), one used in the initiation 
phase of polyketide chain building and six in 
the elongation phase (3). The trimodular 
ACV (aminoadipoyl-cysteinyl-valine) syn- 
thetase of penicillin biosynthesis has one PCP 
domain for each of its three amino acid- 
activating modules (Fig. 3B) (6) whereas the 
undecapeptide immunosuppressive drug cy- 
closporin A is assembled on a megasyn- 

thetase containing 11 primed PCP domains. 
After each PKS or NRPS has been converted 
from inactive apo- to phosphopantetheinyl- 
containing holo-ACPIPCP forms, it is able to 
support initiation, elongation, and termina- 
tion of its characteristic polyketide or 
polypeptide product. In principle, these poly- 
modular proteins should be capable of simul- 
taneous, sequential processing of as many 
polyketide or polypeptide chains as there are 
ACPIPCP domains, analogous to the func- 
tioning of a typical industrial assembly line, 
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Fig. 1. Examples of polyketide and non-ribosomal peptide natural products. 

although definitive evidence for such multi- 
ple loading is still not available. 

Initiation of polyketide and polypeptide 
chain growth. The biosynthesis of polyketide 
and polypeptide chains is initiated by cova- 
lent loading of activated monomer units onto 
the first holo-ACPiPCP domains from which 
the resultant acylthio-enzyme intermediates 
act as donors in the first elongation cycle. In 
PKSs, as in fatty acid synthases, the starter 
units are acyl-CoA thioesters, usually acetyl- 
CoA or propionyl-CoA, with alternate start- 
ers such as isobutyryl-CoA (avermectin), cy- 
clohexenoyl-CoA (FK506), and 3-amino-5- 
hydroxybenzoyl-CoA (rifamycin) also being 
used. The corresponding NRPS loading mono- 
mers are not the analogous aminoacyl-CoAs, 
which are hydrolytically unstable. Instead, 
each amino acid is activated on the spot by 
dedicated adenylation domains (7), analo- 
gous to those in aminoacyl tRNA synthe- 
tases, that are placed upstream of each holo- 
PCP domain so as to produce a transient 
aminoacyl-AMP species that is captured by 
the PCP thiol to yield the aminoacyl-S-PCP 
as donor for chain initiation. In fact, such 
paired adenylation and PCP domains are the 
hallmarks of NRPSs, not just at the initiation 
site but also at every condensation and elon- 
gation way station, as illustrated for ACV 
synthetase (8) (Fig. 3B). 

Acyl chain growth and translocation: 
Elongation cycles. The PKS and NRPS en- 
zymes use equivalent elongation strategies in 
which the growing chain, docked as an acyl- 
S-enzyme at the upstream ACPJPCP domain, 
acts as an electrophile and is attacked by a 
nucleophilic species associated with the prox- 
imal downstream module, thereby enforcing 
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directionality of chain transfer (Fig. 2A). In 
the case of a PKS, the polyketide acyl chain 
is transferred from the ACP to the active site 
cysteine of the ketosynthase (KS) domain in 
the downstream module, from whence it is 
condensed with a malonyl- or methylmalo- 
nyl-S-ACP by a decarboxylative acylation, 
resulting in formation of a P-ketoacyl-S- 
ACP. In an analogous manner, the peptidyl- 
S-PCP,-, of an NRPS is attacked by the 
amino group of the downstream aminoacyl- 
S-PCP, to generate the characteristic peptide 
bond. 

Within the same module as the KS-ACP 
domain pair in any PKS are up to three 
additional fatty acid-like catalytic domains 
that cany out ketone reduction, dehydration, 
and conjugate double-bond reduction, de- 
pending on the eventual extent of functional 
group modification that takes place within 
each chain elongation cycle (Fig. 2B). The 
resultant acyl-S-ACP intermediate then acts 
as the electrophilic donor for the next chain 
elongation cycle in which it is transferred 
downstream to the next module. The inter- 
mediate oxidation states of the polyketide 
acyl chain generated in each cycle persist 
once the polyketide chain is transferred out 
of that biosynthetic way station and accu- 
mulate in the eventually formed polyketide 
product (9). Analogously the elongation 
modules of an NRPS may contain one or 
more optional domains clustered around a 
core condensation-PCP domain pair. Thus, 
epimerization domains (L- to D-), methyl 
transferase domains (NH,- and COOH- 
methylation), and heterocyclization do- 
mains (serine to oxazoline; cysteine to thia- 

Chain termination and release of the fill- 
length acyl chains. When the elongation and 
chain translocation cycles have brought the 
growing PK or NRP acyl chain to the W e s t  
downstream ACPPCP domain, chain termina- 
tion occurs with release of the full-length acyl 
or peptidyl chain and regeneration of the free 
holo forms of the megasynthases. The final 
acyl-S-ACPPCP chains are released from their 
respective synthases either by intermolecular 
attack by water, resulting in net hydrolysis, or 
by intramolecular capture by a hydroxyl or 
amino group of the acyl chain itself, giving rise 
to a lactone or cyclic peptide product. The first 
termination route yields the free acid, as in the 
release of arninoadipoyl-cysteinyl-valine from 
ACV synthetase (Fig. 3B) during penicillin bio- 
synthesis. Alternatively, DEBS-catalyzed cap- 
ture by a polyketide chain hydroxyl group re- 
sults in the formation of the 14-membered ma- 
crolactone 6-deoxyerythronolide B (Fig. 3A) 
(10). 

The common catalytic element used by 
the megasynthases for chain termination is a 
25- to 35-kD polypeptide segment located at 
the very COOH-terminus of these polyfunc- 
tional enzymes that has been termed a thio- 
esterase (TE) domain (11). TE domains have 
an active-site serine to which the full- 
length acyl chain is transferred from the 
last ACPJPCP site to generate a transient 
acyl-0-TE intermediate. This final covalent 
acyl-enzyme species is then cleaved by hy- 
drolysis or cyclization, depending on the 
nature of the recruited nucleophile. The TE 
domain of DEBS is clearly portable; when 
fused downstream of other modules in this 
PKS, the TE directs lactonization and re- 

chelating siderophore enterobactin (tris-N- 
dihydroxybenzoylserine trilactone), the TE do- 
main may perform both elongation and cy- 
clotrimerization functions (13). 

Once the mature polyketide or polypep- 
tide chains have been released from the 
bucket brigade of pantetheinyl tethers on 
the respective PKS and NRPS complexes, 
they frequently undergo further enzymatic 
tailoring by ancillary enzymes. Indeed, 
such late-stage modification is often re- 
quired for the final product to be biologi- 
cally active. Most such tailoring enzymes 
are dedicated to the biosynthetic pathway 
itself and are encoded by genes that are clus- 
tered with the core PKS and NRPS genes. 
These modifying activities can include hy- 
droxylases, glycosyl transferases, and methyl 
transferases, a combination of which, for ex- 
ample, is required for the conversion of 
6-DEB to erythromycin A (14). Analogous 
dedicated hydroxylases and glycosyl trans- 
ferases are encoded in biosynthetic operons 
for the vancomycin class of glycopeptide 
antibiotics along with genes for peroxida- 
tive enzymes responsible both for chlorina- 
tion and the oxidative cross-linking of the 
heptapeptide skeleton to create the rigid 
scaffolding required for the high-affinity 
recognition of bacterial peptidoglycan ter- 
mini characteristic of these antibiotics (IS). 

Combinatorial Manipulation of the 
Structures of Polyketides and 
Non-ribosomal Peptides 
Despite the enormous number of known 
polyketides and non-ribosomal peptides, it 
has recently become evident that combinato- 

zoline) can functionalize the growing pep- lease of the resultant intermediate PK rial genetics and chemistry can be used to 
tide chain before transfer to the down- chains (12). In the Escherichia coli NRPS expand vastly the molecular diversity of these 
stream aminoacyl-S-PCP (Fig. 2B). that mediates the formation of the iron- pharmacologically important metabolites, tak- 

Fig. 3. Examples of modular polyketide synthases and non-ribosomal synthetase (ACVS), a NRPS biosynthesizing the precursor of penicillins 
peptide synthetases. (A) Deoxyerythronolide B synthase (DEBS), a PKS and cephalosporin. A,,, arninoadipoyl adenylase; A,,, cysteine adeny- 
generating the precursor of erythromycin; AT, acyl transferase, TE, thio- lase; A,,,,, valine adenylase; C, peptide-condensing enzyme. 
esterase (abbreviations as in Fig. 2). (B) Aminoadipyl-cysteinyl-valine 
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ing advantage of the natural modularity of 
polylcetide and non-ribosomal peptide bio- 
synthesis (16).  For example; there are four 
degrees of freedom in polylcetide biosynthe- 
sis that can be independently inanipulated by 
genetic engineering: (i) the length of the 
polyltetide chain. lvhich is determined by the 
n~~n lbe r  of modules that comprise the poly- 
lcetide synthase (3. 12): (ii) the choice of 
primer and extender units, each controlled by 
gatekeeper acyl transferase (AT) donlaills 
(17): (iii) the degree of reduction of the 
polylcetide backbone, which is determined by 
the set of enzyine domains present in each 
module (18): and (iv) the stereochemistiy at 
centers carrying alley1 and hydroxyl substitu- 
ents. lvhich is locally controlled by enzylne 
domains that are responsible for generating 
the stereocenter in question (12, 19) .  Like- 
\vise, in non-ribosomal peptide biosynthesis. 
the degrees of freedom include the number. 
type. and collfiguration of each amino acid 
building block. as \veil as the specific 
combination of modifications controlled by 
each NRPS module, iucluding h'inethylations. 
epin~erizations. and cyclizations. Even for a 
modest-size enzylne complex. the theoretical 
number of possible products is extremely 
high. Practical realization of the coinbinato- 
rial potential for generatiilg new natural prod- 
ucts will depend on the extent of lnolecular 
recogtlition by individual PKS and NRPS 
lnodules and the de\-elopnlent of an optimal 
toolbox for exploiting this modularity. 

Beca~~se  mod~~les  1; 2. 5. and 6 of the eiyth- 
ronlycin PKS each contain only a ketoreductase 
domain in addition to the core lcetosynthase, 
AT, and ACP domains, the polyltetide chain 
dongation intermediates generated by each of 
these n~odules cany hydroxyl firnctions at the 
rele\-ant positions of the chain. Likewise, the 
presence of metl~yl &ansferase domains in mod- 
ules 2. 3. 4. 5. 7.  8. and 10 of the cyclosporin 
synthetase results in ;'\rmethylation of the cor- 
responding ainide bonds. In practice; the actual 
synthetic potential is limited to a certain extent 
by the intrinsic chemistry of each module. 
Thus, dehydration can occur only if lcetored~~c- 
tion has talcen place; similarly, enoylreduction 
requires prior dehydration (20). 

A potentially far inore serious limitation 
to the manipulation of the modularity of the 
biosynthetic apparatus arises from the possi- 
bility that downstream inodules in a PKS or 
NRPS may not accept or process efficiently 
the anomalous product of an engineered up- 
stream module. Indeed, the factors control- 
ling transfer of grolving polylcetide or 
polypeptide chains to downstream lnodules 
are poorly understood, especially when those 
nlodules are located in distinct protein sub- 
u~lits. T\vo extreme inodels inay be consid- 
ered. In one case; interinodular chain transfer 
\vould be donlinated primarily by protein- 
protein recognition, \\.it11 nlore or less nonse- 

lective transfer of the growing chain from the 
donor module. Contrasted with this fixed 
nlenu inodel is an a la caite model, in vi.hich 
acceptor tnodules actively recognize key 
structural features of their natural substrates 
and discriminate to varying degrees against 
f~~nctionally modified analogs. That sillall 
molecule-protein recognition plays at least 
some. if not the dominant. role in the efficient 
acylation of KS domains in target modules 
is evident from the success of precursor- 
directed biosynthesis experiinents in nrhich 
exogenously adinillistered h'acetyl cystearn- 
ine (NAC) thioester derivatives of natural 
polylcetide chain elongation intermediates and 
their analogs (21) are recognized and pro- 
cessed by the target DEBS inodules to give 
6-dEB and its struch~ral analogs. 

Individ~~al modules are considerably toler- 
ant toward loss-of-function. change-of-specific- 
ity. or gain-of-ft~nction mutagenesis (22.23). A 
nlajor requirement for the practical exploitation 
of conlbinatorial biosynthesis is the develop- 
nlent of an efficient and flexible genetic toolbox 
for rapid, convenient, and high-yield manipula- 
tion of PKS and NRPS sh-uctural genes. 
Polylcetides and non-iibosoinal peptides are 
biosyntl~esized by microorganisills sparu~ing 
Gram-positive bacteria. Gram-negative bacte- 
ria, and filanlentous fungi, thus complicating 
the choice of a surrogate host; given the serious 
issues of promoter compatibility and major dif- 
ferences in codoll usage. In addition, the large 
size of PKS or NRPS gene clusters (10 to 100 
kb) nlakes them particularly challenging targets 
for protein engineering. Moreover, ever) acyl 
call-ier protein (ACP or PCP) domain \vithin 
these systems must be pos~anslationally phos- 
phopantetheinylated in order for the PKS to be 
firnctional. Furthelmore. precursors for 
polyketide and non-ribosomal peptide biosyn- 
thesis. illcluding unusual anlino acids and even 
simple precursors such as methylmalonyl-CoA; 
may req~~ire  specialized biosynthetic pathways 
not present in all organisms, Finally; fotnlation 
of phaimacologically active prod~rcts from the 
initially geuerated polylcetide or polypeptide 
chains almost always req~~ires  the hrther action 
of dedicated tailoring enzymes responsible for a 
\-ariety of biocl~emical modifications, including 
cyclization. glycosylation, methylation. and ox- 
ygenation. The balance between intrinsic sub- 
strate specificity and catalytic plasticity of 
these tailoring ellzyrnes could be critical to 
the successfi~l nlodification of polylcetide and 
non-ribosomal peptide libraries. 

Two general strategies have been devel- 
oped for genetic engineering of PKSs and 
NRPSs. In one approach, homologous reconl- 
bination has been used to replace or delete 
segments of gellolnic DNA in the native pro- 
ducing organism; ranging from individual 
base pairs through discrete donlains up to 
entire nlodules (1. 3, 17,  18). This method has 
the ad\-antage that all the native host enzymes 

and relevant regulatory elements are in prin- 
ciple present. &loreover; enzymes controlling 
the supply of both starter and chain extension 
units as well as post-PKS tailoring enzyines 
should be fully acti\-e, thereby providing 
an adequate and well-regulated supply of 
substrates and allowing the appropriate mod- 
ification of the initially generated polyketide 
or polypeptide product. Ho~nologous recoin- 
bination through use of the native producer 
suffers from several dra\vbaclts, however, the 
nlost serious being that it is often tedious and 
technically difficult, especially \vhen applied 
to slow-growing organisins that have poorly 
developed transformation systems or that 
lack other itnportant genetic tools. 

The major alternative to the use of homol- 
ogous recombination has been to use appro- 
priate \-ectors to transfer the entire PKS or 
NRPS to a heterologous host or hosts, in 
which the backgro~md genetic methodology 
is already Inore highly developed. The most 
successf~~l  exainple to date of such a strategy 
has been the utilization of a Sti.eptoiizwes 
coelicoloi-based host-vector system that has 
been extensively used for the l~eterologo~~s 
expression of bacterial and fungal PKSs (24). 
EL-entually, a illode1 host such as E. coli 
might prove to be the organist11 of choice for 
polylcetide and non-ribosomal peptide bio- 
synthesis. @\-en its rapid growth rate, exten- 
sive genetic toolbox, and proven capability as 
a host for protein overexpression. Until very 
recently, a nlajor drawback to the use of any 
heterologous host has been the potential ab- 
sence of enzymes essential for the requisite 
posttranslational nlodification of the PKS or 
NRPS gene products and for the biosynthesis 
of required substrates. Cloiling of a n~unber  
of p11osphopantethein).1 transferases ( 5 )  has 
made possible the successful o\-erexpression 
of posttrallslatioilally modified PKS and 
NRPS modules in E, coii and yeast (2.5). 
Productioll of polylcetides and aon-ribosomal 
peptides in E, coli is still limited by the 
restricted availability of suitable metabolic 
precursors, a problem that can in principle be 
addressed by established metabolic engineer- 
ing approaches. Similar strategies could also 
be exploited to introduce the necessary tailor- 
ing enzymes into the E, coii host. Analogous 
approaches may also be colltelnplated with 
other well-developed host-vector systems, in- 
cluding those for yeast, bacillus, and ulti- 
mately manllnalian and plant hosts. 

The polver of genetic engineering for har- 
nessing the biosynthetic potential of PKSs and 
h W S s  can be considerably amplified when 
coupled with complementa~y chemical ap- 
proaches (26). A hybiid chemical-biological 
skategy for the generation of libraries of "un- 
natural" natural prod~~cts  would involve in viko 
enzymatic synthesis of polyketides and non- 
ribosonlal peptides. The feasibility of the latter 
process has already been demonskated by the 
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successful cell-free synthesis of complex 
polyketides such as 6-dEB (27) and non-ribo-
somal peptides such as enterobactin (28). The 
successful overexpression of posttranslationally 
modified modules in E. coli has made possible 
an abundant supply of such multifunctional cat­
alysts (25). In the case of non-ribosomal pep­
tides, a wide range of natural and unnatural 
amino acid precursors can be cheaply prepared, 
and methods for in situ regeneration of ATP are 
well established. The prohibitively high cost of 
CoA thioesters has recently been addressed 
through the development of a facile method for 
the synthesis of malonyl- and methylmalonyl-
thioesters of A^-acetylcysteamine, and the dem­
onstration that these simplified substrates can 
replace the more commonly used CoA thio­
esters as substrates for polyketide chain elonga­
tion (29). 

Future Directions of 
Combinatorial Biosynthesis 

The impact of combinatorial biosynthesis is 
most likely to be felt in the near future in 
connection with promising new natural prod­
uct leads, such as the antibacterial ketolides, 
the neurotrophic agent FK506, and the anti­
cancer epothilones (30). In addition to pro­
viding methods for the optimization of exist­
ing pharmacological leads and for the dissec­
tion of novel modes of action, combinatorial 
biosynthesis promises to be a new resource 
for the discovery of cell-permeable bioactive 
ligands. The primary bottleneck for semisyn­
thetic modification and biological evaluation 
of both natural and unnatural polyketide and 
non-ribosomal peptides is often their limited 
supply (31). 

Increases in the size and diversity of com­
binatorial biosynthetic libraries will also re­
quire the development of advanced strategies 
for combinatorial manipulation of PKS and 
NRPS gene clusters. The development of sets 
of compatible expression vectors carrying in­
dividual open reading frames derived from 
the parent multigene clusters could signifi­
cantly reduce the special difficulties associ­
ated with hi;vitro manipulation of large DNA 
fragments while simplifying access to multi­
ple mutants of large PKS or NRPS genes 
based on plasmid cotransformation. Further­
more, the enhancement of transformation, 
transfection, and conjugation methods, or the 
development of improved techniques for in 
vivo genetic engineering, could be expected 
to increase the accessible size of combinato­
rial biosynthetic libraries. Finally, state-of-
the-art combinatorial mutagenesis and DNA-
shuffling methods (32) are likely to have a 
major impact both on the generation of new 
molecules and on the improvement of prod­
uct yields. 

Technological advances are also needed 
for the rapid and convenient development of 
new pathways amenable to combinatorial 

biosynthesis. At present, this is an intrinsical­
ly labor-intensive process that requires 
cloning, verification, and sequencing of gene 
clusters that can span as many as 100 kb. 
Complicating these problems is the fact that 
these genes often reside in genetically poorly 
characterized, experimentally hard-to-manip-
ulate microorganisms, for which new trans­
formation or recombination systems must of­
ten be developed de novo. The design of 
robust plasmids capable of carrying large 
DNA fragments (for example, >100-kb in­
serts can be maintained in bacterial artificial 
chromosomes) could facilitate shotgun clon­
ing of entire biosynthetic gene clusters (in­
cluding regulatory genes) from producing or­
ganisms. On the other hand, the development 
of model host organisms within genera of 
prolific natural product producers such as the 
actinomycetes, myxobacteria, and filamen­
tous fungi, when coupled with high through­
put micro-analytical technologies, will un­
doubtedly facilitate functional evaluation of 
shotgun-cloned gene clusters. 

The incorporation of unnatural precursors 
into polyketide and non-ribosomal peptides is 
likely to expand dramatically the size and 
diversity of resulting libraries. Two prerequi­
sites must be satisfied: access to suitable 
precursor libraries, and the development of 
"gatekeeper" ATs or adenylating domains 
with broad substrate specificities that have 
orthogonal specificity to most naturally oc­
curring domains (equivalent in a sense to the 
role of amber suppressor codons) (33). Per­
haps the most intriguing feature of combina­
torial biosynthesis is that it provides a self-
replicating, biological approach to the syn­
thetic generation of small-molecule diversity. 
One exciting prospect will be to couple li­
brary generation to lead selection and ampli­
fication through suitable in vivo or in vitro 
assays. Given the explosive growth in the use 
of direct, cell-based assays optimized for mo­
lecular targets of interest, it may soon be 
possible to engineer and exploit contrived 
"autocrine" systems in hosts that produce 
"unnatural natural product" libraries. By cou­
pling the marginal survival of a bacterial 
clone to the biological efficacy of its 
polyketide or non-ribosomal peptide product, 
one could conceivably mimic in the labora­
tory the evolutionary processes that may have 
been the very source of the already vast 
repertoire of bioactive natural products. 
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