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Figure 1. Therapeutically relevant PKs, NRPs, and-PKRP hybrids. (A) The PK antibiotics erythromycin A and tetracycline and the
NRP antibiotics penicillin G, cephamycin C, and vancomycin. (B) The-RIRP hybrids FK506, rapamycin, epothilone, and yersiniabactin.
(C) TheN-acylated NRP daptomycin, and tleaminated PK-NRP bleomycin. (D) Legend for the protein domains shown in subsequent
figures.
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Figure 2. Use of thioester monomers by PKSs and NRPSs. (A) Common acyl-CoA thioesters used for chain initiation and elongation by
PKSs. (B) Common amino and aryl acid monomers used for chain initiation and elongation by NRPSs. (C) Formation of pantetheinyl
thioester from aminoacyl-AMP by NRPSs.

Medicinally relevant hybrids include the immunosuppressant synthetic capabilitied? The clustering of biosynthetic genes
drugs FK5067 and rapamycif? the antitumor agents of the  facilitates the cloning of complete pathways. These genetic
bleomycirt® and epothilong families, and théersinia pestis ~ forays, coupled with biochemical studies on purified and/or
iron chelator yersiniabactih(Figure 1b). reconstituted enzymatic components, have deciphered the
The remarkable structural and functional diversity in logic, machinery, and mechanisms of the PKS and NRPS
polyketides arises from combinatorial utilization and template- enzymatic assembly lines over the past 20 years. This basic
directed elongation of only a few simple building blocks. knowledge of PKS and NRPS systems provides context for
Malonyl-CoA and methylmalonyl-CoA comprise the great more efficient efforts in combinatorial biosynthesis to create
bulk of monomer units incorporated during chain elongation. collections of natural product variants with novel structure
The chain starter units can be the thioesters of monoacyland function. At points during this review, we have taken
groups such as acetyl-, propionyl-, and benzoyl-CoAs, or examples and references from recent papers and reviews;
structural variants, such as malonamyl-CoA or methoxyma- for the interested reader, we intend these to serve as entry
lonyl-CoA.*3 For nonribosomal peptides, the 20 proteinogenic points into the founding literature.
amino acids and a much wider variety of nonproteinogenic ] ]
amino and aryl acids are the monomer building blocks for 2. Logic of Assembly-Line Enzymology
oligomerization and diversification during chain elongation - : Co
and after chain terminatiotf.NRP chains can bi-capped éll Chemlcal Logic of Monomer Activation and
with acyl groups such as the long-ch@irfOH fatty acid in Igomerization
daptomycif® (Figure 1c) orC-capped with amines as in  The chemical logic for assembly of polyketides and
bleomycin:® nonribosomal peptides is that a small set of monomer units
The unique structures of thousands of PK, NRP, and are incorporated into a linear oligomer by iterative chemical
NRP—-PK hybrid products arise from coordinated, multistep condensation steps. The monomers are acyl units, with the
action of enzymes organized in assembly lines. The identity carboxyl group activated for capture by nucleophiles. The
and order of each protein domain in an assembly line spec-first central chemical tenet is thahioestersare used for
ifies (i) the sequence of monomer units activated and incorp- activating the acyl group of each monomer. In PKS assembly
orated, (ii) the chemistry that occurs at each way station in lines, the monomers are acyl-CoA thioesters (e.g., acetyl-
the assembly line, and (iii) the length and functionality of CoA, malonyl-CoA, methylmalonyl-CoA), readily con-
the product released from the distal end of the assembly line.scripted from the pool of primary metabolites in microbial
The genes for hundreds of polyketide synthase (PKS), Producer cells (Figure 2a). The monomers for NRPS as-
nonribosomal peptide synthetase (NRPS), and hybrid-PKS sembly are proteinogenic and nonproteinogenic amino acids
NRPS assembly lines have been sequetidéih the 240 ~ and other carboxylic acids (e.g., aryl acids) (Figure 2b).
microbial genomes reported to dateThis genetic informa- ~ While some of these monomers are primary metabolites,
tion has revealed that PKS and NRPS genes are organizednany require a dedicated set of enzymes to divert a primary
in clusterst? perhaps reflecting coordinate regulation to Metabolite toward their production.
activate the secondary metabolic pathway on demand and Comparable aminoacyl-CoAs are not known to exist in
possibly suggesting horizontal gene transfer of these clustershiological systems. Instead, the amino acid monomers that
between microbial genomes to acquire useful small moleculeget incorporated by NRPS assembly lines are aminoacyl-
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valine (ACV), the immediate precursor of th&lactam
antibiotic scaffol?® aminoadipoylST; is the donor and
cysteinylST, the acceptor for catalyzed peptide bond
formation (Figure 3) that yields the deacylategS and
the dipeptidylS-T,. Iterative condensations use the same
chemical logic for each step of chain extension.

° Whereas NRPS elongations involve-8 bond formation
PN as an amide (peptide) link is forged in each condensation
© ‘ step, PKS elongations form-@C bonds via Claisen con-

o densations. During peptide bond formation, the monomer
attached to the downstream T domain acts as the nucleophilic

valently tethered acyl donor, aminoadip&F,, is transferred to par.tnerfm thefccr)]ndens_atlon (Figure 4;;)' -Lhe dep_:jotonated
the covalently tethered acyl acceptor, cysteiiyl,, forming amine form of the aminoacy$-T, attacks the peptidys-
aminoadipoyl-cysteinys-T,. C = condensation, A= adenylation, Tr-1. In PKS modules, the polarity of condensation is
T = thiolation. maintained. The downstream (methyl)malo®yF, under-

goes catalyzed decarboxylation to yield the stabilized C
AMP mixed anhydrides. This strategy mirrors the activation carbanion (thioester enolate) (Figure 4b) as the attacking
logic for amino acids in ribosomal protein synthesis. In every nucleophile on the acys-T,-; chain. The G-N and C-C
NRPS module in which an aminoacyl-AMP is selected for bond formations occur during chain translocation to the
incorporation, thermodynamic activation is preserved by downstream module.

transfer of the aminoacyl group to the thiolate anion of a  The choice of thioester chemistry for activation of both
pantetheinyl-phospho-carrier protein domain (Figure 2c). (methyl)malonyl monomers and aminoacyl monomers pro-
Convergent logic is followed in PKS systems in which vides both thermodynamic driving force and kinetically
malonyl-CoA undergoes transthiolation to yield a comparable accessible nucleophiles for the condensations. During peptide
malonyl-pantetheinyl-phospho-carrier protein before any bond-forming steps, the conversion of a peptidioester
condensation steps occur. to the amide bond of the peptigdyl chain is thermodynami-
The second central tenet is that chain elongation proceedscally favored. Analogously, the timed decarboxylation of the
via covalent tetheringof all the substrates, intermediates, (methy|)ma|ony| Q-Carboxy|ate renders the €C bond-
and product$*# Carrier protein or thiolation (T) domains, forming steps irreversible. The covalent sequestration of
which bear a covalently attached phosphopantetheinyl monomers and growing PK and NRP chainsSgsanteth-
“‘arm”,?>2* are the points of attachment of the activated einyl-T domain thioesters in enzymatic assembly lines may
monomers and growing acyl chains. For enzymatic assemblype a deliberate balance between necessary thermodynamic
lines to become functional, each T domain must be post- activation of peptidyl/acyl thioesters and unwanted kinetic
translationally modified with a phosphopantetheinyl arm, |apility to hydrolysis. Restricting the access of water to PKS
derived from coenzyme A (see Figure 14). Since fatty acid and NRPS condensation domain active sites may help

synthases (FASs) use the same chemical logic as PKSs foprevent activated thioester intermediates from being squan-
monomer activation and chain elongation, these multimodular dered hydrolytically.

enzymes also employ tethered phosphopantetheinyl moieties
and covalent attachment of the growing acyl chain from one 2 2 |nformation-Transfer Enzymology
elongation cycle to the next.
For example, in the first condensation catalyzed by the The construction of each polyketide or nonribosomal
tripeptide synthetase that makes aminoadipoyl-cysteinyl- peptide scaffold by multimodular enzymatic assembly lines

Figure 3. Chain elongation during ACV biosynthesis. The co-

Figure 4. Catalyzed condensations during NRP and PK biosynthesis. (A) During NRP biosynthesis, nucleophilic attack of the downstream
aminoacylS T amine on the upstream peptid$iT thioester results in amide bond formation. (B) During PK biosynthesis, decarboxylation

of the downstream (methyl)malon$-T yields a nucleophilic thioester enolate, which attacks the upstreanacyhioester in a Claisen
condensation to form a-€C bond. KS= ketosynthase, AT acyltransferase.
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Figure 5. Representative PK and NRP assembly lines. (A) The erythromycin synthase is composed of 28 domains organized into 7 modules
on 3 polypeptides.(B) The fengycin synthetase comprises 35 domains organized into 10 modules on 5 polygéptiRlesketoreductase,
DH = dehydratase, ER= enoylreductase, TE thioesterase, E epimerase.

requires the selection and incorporation of particular mono- NRPS-mediated peptide elongations do not use an RNA
mers into the growing acyl chains in a temporally defired  template. Rather, the identity and ordering of protein domains
and thus structurally defineetontext. In a real sense, these (Figure 1d) in the synthetase constitutes the template (Figure
processes comprise a system of information-transfer enzy-6). There are one or two gate-keeping domains in each NRPS
mology. module that specify the monomer to be selected and the
The concepts of biological information transfer are clas- chirality or modification state of the condensation partners
sically framed in the transcription of DNA into RNA and  (e.g., to generate bacitracin). The code for information
the translation of RNA into proteins. Both transcription and transfer in polyketide synthasesomparable to NRPS
translation involve comparable processes of selecting mono-|ogic—is that the number, identity, and order of protein
mer units and incorporating them into a polymer in a modules in the assembly line determine the monomers that
template-directed fashion, forming a sequence specified by are incorporated and the order in which they are condensed.
the information in the template (DNA for RNA polymeri-  Other catalytic domains in each PKS module determine the
zation and mRNA for ribosomal protein synthesis). DNA chemical processing steps following each condensation to

replication involves parallel logic, where the template strand contro| the oxidation state at thgcarbon of each newly
directs which monomers (in this case, dXMPs) are incor- 5qded G or G unit, as exemplified for nystatin.

porated. Thus, DNA polymerases, RNA polymerases, and

the peptidyl transferase center of the large rRNA subunit of . ; .
the ribosome are information-transfer catalysts. mycin, rapamycin, and the epothilones, are constructed by

Each PKS and NRPS assembly line is also an information- "Ybrid assembly lines. The number and placement of PKS
transfer catalyst. During biosynthesis of the PK erythromycin, @hd NRPS modules required to make an assembly line coding
the seven-module 6-deoxyerythronolide B synthase performsfor & hybrid product can be predicted from an understanding
21 steps involving 28 domains to make the linear intermedi- Of the modular logic of PKS and NRPS systeth¥ The
ate that is regiospecifically cyclized by the final domain of 109ic of PKS and NRPS systems is compatible, and growing
the synthase to release the 14-membered macrolactonechains can be transferred across an NRPES interface
6-DEB, as the ag|ycone scaffold of erythromféiﬂ:igure to switch from Incorporating amino acid monomers to
5a). Analogously, the 35-domain fengycin synthetase per- (methyl)malonyl-CoA monomers. Further downstream in a
forms 25 operations on 10 modules to produce the decapephybrid assembly line, at a PKSNRPS interface, the process
tidolactone antifungal agetit(Figure 5b). can be reversed, as in the case of the yersiniabactin or

During ribosomal protein synthesis, mRNA is the template epothilone synthases. As a result, the chain connectivity of
that specifies the amino acid monomer (recognized as anhybrid PK—=NRPs switches back and forth betweenr-IC
aminoacyl-tRNA) to be incorporated. The code being read bond connections in amide linkage te-C bond connections
by the ribosome is the hydrogen-bonding pattern betweenin S-ketoacyl moieties. Two such switching events are shown
the mRNA codon in the peptidyl transferase center and thefor the first three modules of the epothilone synthase
tRNA anticodon on the docked aminoacyl-tRN®A. assembly line (Figure 7).

Molecules with mixed PK-NRP lineage, such as bleo-
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Figure 6. Product of a PK or NRP assembly line is encoded in the identity and order of its constituent domains. (A) The first six
modules of the nystatin synth&&&in which the AT domains activate either malonyl-CoA (Mal-CoA) or methylmalonyl-CoA (Me-
Mal-CoA). (B) The first five modules of the bacitracin synthefd&a which the A domains activate the specifieéamino acids. Cy=
cyclization.

2.3. Pre- and Post-Assembly-Line Enzymology “just-in-time” expression of the enzymes required to divert
OIprimary metabolites down these conditional pathw#ys.
Analogously, sets of genes in PKS and hybrid PRERPS
osynthetic clusters encode the production of specialized
starter units, including 3,4-dihydroxy-cyclohexenecarboxylic
acid for the rapamycin and FK506 synthagesalonamic

Genes that encode multimodular, megadalton PKS an
NRPS assembly lines are clustered with genes that encod%_
the production of unusual monomer units required for that '
particular assembly line to function. This theme is particularly
well illustrated by the 30-gene biosynthetic gene cluster for <. ; ;
chloroeremomyén, one gf the var{comycir?-family glyco- acid for the tetracycline synthaé"éand 3-amino-5-hydroxy-
peptide antibiotic& Three of the genes are required to encode PeNZoic acid for the rifamycin synthdsé* (Figure 10).
three giant proteins, CepA (three modules), CepB (three During biosynthesis of many PKs and NRPs, the free acid
modu|es), and CepC (One modu|e), to make up the seven-Or macrocycllc lactam or Iac_tone rele_ased from the final Way
module NRPS assembly line for the heptapeptide scaffold Station of the assembly line requires further enzymatic
of chloroeremomycin. Five of the seven residues in this tailoring to gain biological activity. In some cases, e.g., the
scaffold are nonproteinogenic: tw&hydroxytyrosine §- macrolide antibiotics, tailoring requirements are absolute;
OH-Tyr), two 3,5-dihydroxyphenylglycine (3,5-Dpg), and 6-DEB does not exhibit Qnt|b|ot|c activifp.This PK scaffold
one 4-hydroxyphenylglycine (4-Hpg) (Figure 8). Three ORFs requires two hydroxylations and two glycosylations to be a
are required for benzylic hydroxylation of tyrosine, four potent protein synthesis inhibitéf.

ORFs are needed to convert prephenate to 4-Hpg, and four Post-assembly-line tailoring enzymes typically catalyze
ORFs encode a Type lll PKS that converts four malonyl- oxidation, glycosylation, acylation, or alkylation (usually
CoA monomers to 3,5-Dpg. In total, 11 ORFs from the gene methylation) of nascent PK and NRP scaffotdélmost all
cluster are dedicated to creating nonproteinogenic aminoof the genes encoding these dedicated tailoring enzymes are
acids as starting materials for the assembly line (Figure 9). also found in biosynthetic clusters (Figure 9) for coordinate
Coordinate regulation of the clustered genes likely facilitates regulation. The coordination of logic for these microbial
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embedded KS domain. Subsequent reduction and dehydration yield the EpoC-bound intermediate methylthiazolylmetBylac@hyl-
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4-hydroxyphenylglycine (4-Hpdif?

biosynthetic factories is both elegant and admirably efficient. 3, Enzyme I\/Iachinery

In addition to the assembly-line protein components, enzymes

required for both chemical tailoring of PK and NRP scaffolds 3.1. Polyketide Synthase Enzymatic Machinery:

and diversion of primary metabolites to secondary metabolic Canonical Organization

monomers are collected into adjacent sets of operons. Inter

alia, transfer of a contiguous 5000 kb of DNA between PKs and fatty acids are assembled with the same logic
bacteria can provide all of the genetic components requiredand by equivalent enzymatic machinery (Figure 11). In some
for making new small molecules in the recipient, so the bio- biosynthetic systems, the catalytic and carrier T domains exist
synthetic capacity to make numerous antibiotics is portable. as separate proteins that interact in trans to form functional
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Figure 11. Comparison of Type | and Type Il PKSs and FASs.

bundle. While T domains in NRPSs and PKSs are often
referred to as peptidyl carrier proteins (PCPs) and acyl carrier
proteins (ACPs), respectively, the T (thiolation) domain
nomenclature will be used here and denotes the function of
this domain: to provide a thiol on which substrate and
intermediate acyl chains are covalently tethered during chain
elongations. The side chain of a specific serine in all T
domains gets posttranslationally modified to install a flexible
thiol-terminated pantetheinyl arm in phosphodiester linkage
(Figure 14). This “priming” of apo-T domains to functional,
holo-T domains-a prerequisite for assembly line functien
is carried out by phosphopantetheinyltransferases (PPTases),
which are often encoded in FAS, PKS, and NRPS gene
clusters?®

The two core catalytic domains are a 50 kDa acyltrans-
ferase (AT) domain and a 45 kDa ketosynthase (KS) domain.
AT domains select either malonyl-CoA or methylmalonyl-
CoA as substrates and thereby act as gatekeepers for
specificity. They transfer the £or C, acyl group to the
thiolate terminus of the pantetheinyl arm on a holo-T domain
(Figure 15a). This is a net transthiolation: an energy neutral

(A) In Type | PKS/FAS systems, protein domains are connected acyl transfer step.

in cis. (B) In Type Il PKS/FAS systems, protein domains interact
in trans.

The KS is the G-C bond-forming catalyst. After an
upstream acyB-T,-; has been transthiolated onto a con-

complexes for acyl chain elongations. In other systems, theserved cysteine in its active site, the KS decarboxylates the
catalytic and the carrier T domains are fused in cis to form downstream malonysT, (Figure 15b). The resultait-ke-
modules, and modules are joined together to form a multi- toacyl-S-T, is the substrate for the next cycle of elongation.
modular assembly line. Those PKS systems with domains Each catalytic cycle of a KS domain results in a net addition
connected in cis have been termed Type | PKSs, while of two carbons (from a malonyl unit) or three carbons (from
systems with domains organized in trans are known as Typea methylmalonyl unit) to the growing acyl chain. During
Il PKSs3839There exists a Type Il PKS subgroup, distin- Type | PKS assembly, the growing acyl chain is translocated
guished from Types | and Il by the use of malonyl-CoA downstream from J-; to T, by each action of a KS domain
rather than malony&-pantetheinyl-T species as substrdfes. (Figure 16a). Each KS and T domain is used once, and the
One example of a Type Ill PKS is the enzyme DpgA, which assembly-line metaphor applies. During Type Il PKS as-
uses three molecules of malonyl-CoA to form the precursor sembly, there exists only one T domain, one AT domain,
to 3,5-Dpg for chloroeremomycin assemBlyFigure 12). and one KS domain for the chain elongation steps. The chain
Two catalytic domains and one T domain are the core grows by two or three carbons in each cycle, but it remains
domains present in both PKS and FAS enzymatic machin- tethered to the same T domain, and KS and AT act iteratively
ery®® (Figure 13). The T domain is an-80 kDa four-helix (Figure 16b). The role of the chain length factor (CLF),



3476 Chemical Reviews, 2006, Vol. 106, No. 8 Fischbach and Walsh

o o o o o o o o o

.. - -~ i
O)J\/<U\SCOA O)J\O)j\/s; o%scw O)J\/ko)j\/s;
’S 3 e ’S B ey

(o} O‘\O (o}

[e] o] o] o] o] o] [e] [e] 0
— A e T I == I I
O SCoA O S [e] SR
DpgA
< o o ~—_
R 3N on R = CoA or DpgA

o 0
HaN
HO SR DpgB/D SR N0
N S
N —
—
o o H0 HO OH HO OH

3,5-Dpg

Figure 12. Formation of a 3,5-Dpg precursor by the Type Il PKS Dp§ApgA uses four molecules of malonyl-CoA to make the C
precursor to 3,5-Dpg.

effects the four-electron reduction of theC=0 to the
@ B-CH, and completes the chain elongation process initiated
@ by AT and KS action. In FASs, the net result is chain

elongation by a CktCH, unit.
SH The preceding comments on Type | PKS modules apply
to all theelongationmodules. Theénitiation and termination
@ ketosynthase, 45 kDa modules function differently. The initiation module may
contain a KS domaitrcatalytically inactive for condensatien
that effects decarboxylation of the (methyl)malo®yF,,*3
acyltransferase, 50 kDa releasing CQ and yielding an acetyl- or a propion@T
domain as the starting acyl group on the assembly line.
thiolation, 8-10 kDa Alternatively, the KS domain may be missing entirely from
the initiation/loading module at the N-terminus of the
Figure 13. Core domains of PKS and FAS systems. A minimal assembily line. In that case, an acyl-CoA (other than malonyl-
module consists of a ketosynthase domain (45 kDa), an acyltrans-or methylmalonyl-CoA) is selected by the initiating AT
ferase domain (50 kDa), and a thiolation domain-{8 kDa). domain and loaded on the first T domain.

. . . . . The last module of a Type | PKS assembly line is
which forms a heterodimer with the KS, will be discussed (esponsible for release of the full-length acyl chain from

in section 5.4. There is no tra_nslocation of the growing chain -gyglent tethering on the final T domafhThis process of
along a cascade of T domains. chain termination is typically catalyzed by a 35 kDa
. thioesterase (TE) domain, which can catalyze hydrolysis,
3.1.1 Type I PKS Assembly Lines generating the free acid (e.g., durifigactam biosynthesis
Three additional catalytic domaifrgnvariably present in (Figure 18a)), or intramolecular capture by one of tHeH
Type | and Il FASs but optional in Type | and Il PKSare groups in the polyketide chain, generating a cyclic lactone
ketoreductase (KR), dehydratase (DH), and enoylreductaseas shown for the proposed assembly of averm&qtiigure
(ER) domains. Their functions are well established from 18b).
classical investigation of FAS enzymology; they operate in  The hallmark of Type | and Type Il PKSs is the incomplete
the sequence KR— DH — ER, initially reducing the reduction of the initia3-ketoacylS T condensation product.
B-ketoacylS-T arising from KS-mediated condensation to While some Type | PKS modules may contain functional
thes-hydroxyacylST (KR action), then dehydrating to form KR, DH, and ER domainsand therefore generate fully
the a,-enoylS T (DH action), and finally reducing the reduced Ch-CH, units—others will preserve the intermedi-
conjugated olefin to the saturated a&TF (ER action) ateo,3-enoyl,3-hydroxyacyl, o3-ketoacyl moieties (Figure
(Figure 17). This tandem action of three enzymes (domains) 19) due to absent or nonfunctional ER, DH, or KR domains,

HJ NH, o o (J - S!H
N- Ay Hs\/\NJ\/\NJ\)Qoﬂ:::o
2 2 erQ < A Hon o
HSV\N)K/\NJ%O—E—O—E—O NN
H HoL, o o o PPTase

+ 3',5'-ADP

coenzyme A

Figure 14. Posttranslational modification of T domains by phosphopantetheinyltransfétadembers of this enzyme class catalyze the
transfer of phosphopantetheine from coenzyme A to a conserved serine in the T domain.
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R1 Hor CH3
R, = growing polyketide chain

Figure 15. Activities of the AT and KS domains. (A) The AT domain selects the acyl-CoA monomer to be incorporated and catalyzes its
transthiolation to the downstream T domain via an d3ydnzyme intermediate. (B) The KS domain catalyzes3hond formation between

the upstream (transiently KS-bound) acyl thioester and the downstream carbanionic acyl acceptor resulting from decarboxylation of (methyl)-
malonyl-S-T.

00,0 080 - @@,0 @@,

O o,
o-
Figure 16. Regiochemistry of chain elongation in Type | and Il PKS systems. (A) In Type | PKSs, each condensation results in the
addition of two or three carbons to the nascent chain, which is simultaneously transferred from one T domain to the next. (B) In Type Il
PKSs, each condensation results in the addition of two or three carbons to the nascent chain, which remains tethered to the same T domain.
CLF = chain length factor.

p-ketoacyl-S-T B-hydroxyacyl-S-T a,B-enoyl-S-T fully reduced acyl-S-T
condensation product

Figure 17. p-Carbon processing in PKSs. TReketoacylS T condensation product is reduced by the ketoreductase (KR) domain to form
p-hydroxyacylST, subsequent dehydration by the dehydratase (DH) domain yieldgaenoyl-S-T, and reduction of this species by the
enoyl reductase (ER) domain gives the fully saturated S¢kl-

respectively. Such incompletecarbon processing by Type as schematized for the antibiotic tetracycline and the

| PKSs creates the diverse chemical functionality and antitumor agent doxorubicin (Figure 20). The fate of the

chemical reactivity for further elaboration of the scaffold. polyketoacyl thioester chains is no doubt controlled at several
The chemical diversity enabled by accumulation of stages: by the conformation of the bound polyketone chain

polyketoacyl chains during elongation cyetegsulting from in enzyme active sites surrounding the polyketoagyil; by

the absence gf-carbon processingis particularly notable  cyclase enzymes that control regioselectivity of cyclization,

in Type Il PKS machinery in which iterative action of core and by prior regioselective reduction of one of the ketone

KS-AT-T subunits generates the polyketone chains for which groups in the nascent polyketoa&F intermediate!’ 48

this class of natural products is named. These highly reactive A few polyketide scaffolds generated by Type | PKSs

functionalities undergo enzyme-directed carbonyl chemistry havef-branched groups, such as jamaicantitiehe corre-
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Figure 18. Chain termination by the thioesterase (TE) domain. (A) The TE domain of the ACV synthetase first acylates itself with the
tripeptidyl group via a conserved serine and then catalyzes hydrolytic release. (B) Proposed chain termination for avermectin assembly.
The TE domain of the avermectin synth&sfirst transfers the & linear thioester precursor to an active site serine and then catalyzes
macrocyclization, forming a 20-membered ring and releasing the macrolactone from covalent linkage to the synthase.

forming a A%isopentenylST species. Elongation extends
this g-branched PK chain (Figure 21). This example is
probably one of many in which tailoring enzymes act in trans
on growing acylST intermediates and therefore can be
grouped with enzymes of this class, such asati#l KR 52

that selectively reduces one of the ketones in the octaketidyl-
ST intermediate that arises during actinorhodin assembly.

3.2. Nonribosomal Peptide Synthetase
Machinery: Canonical Organization

KR KR+DH no B-carbon Nonribosomal peptide synthetases follow the general
processing precepts of Type | PKS logic. The biosynthetic machinery

Figure 19. Correspondence betwegrcarbon processing domains IS con_*npnsed of multimodular en;ymatlg assembly “.nes that
and chemical functionality found in the polyketide product. The C€ontain one module for each amino acid monomer incorpo-
first three modules of the avermectin synttfdsmntain varying rated. In analogy to the three core domains of a PKS module
sets of B-carbon processing domains, which correspond to the (KS-AT-T), there are three core domains in a minimal NRPS
pB-carbon functionalities observed in the product. module that carry out an elongation step on a growing
peptidyl chain tetheredta T domain in the NRPS assembly
sponding gene clusters encode homologs of hydroxy- line3® Like PKSs, NRPSs contaia T domain and two
methylglutaryl-CoA synthase (HMG-CoA synthase)he catalytic domains, the 50 kDa adenylation (A) domain

HMG-CoA synthase acts in trans on tlfieketoacylST responsible for selecting the amino acid monomer, and the
intermediate to add thearbanion of acety& T into the 50 kDa condensation (C) domain responsible for the peptide
ketonet®* Subsequent dehydration by EC¥lelds a conju- bond-forming chain elongation (Figure 22). The typical order

gated species that is primed for decarboxylation by ECH of domains is C-A-T.
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Figure 20. Biosynthesis of doxorubicin and tetracycline by Type Il PKSs. In both systems, the product of the assembly line is a reactive
polyketone, which is acted upon in sequence by a cyclase and an aromatase to produce the planar aromatic core of these molecules.
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Figure 21. Formation of$3-branched groups by isoprene-inserting machirtgf}184The HMG-CoA synthase adds the-€arbanion of
acetylST into the 5-ketone. Subsequent dehydration by EGiid decarboxylation by EGHyield the A%isopentenylS-T species.
chain with phosphopantetheine, catalyzed by dedicated

©
jﬁ PPTased?® During NRP assembly, aminoacyl and peptidyl

SH chains are tethered in thioester linkage to the terminal thiolate
of the phosphopantetheine prosthetic group (Figure 14).

The two catalytic domains in a minimal NRPS elongation

| PKS assembly lines. Each-80 kDa apo-T domain must
be primed by posttranslational modification of a serine side

condensation, 50 kDa

adenylation, 50 kDa

of PKS modules. The A domain, in analogy to the AT

module have functions similar to the AT and KS domains

thiolation, 8-10 kDa

domain, selects the amino acid, activating the carboxylate
with ATP to make the aminoacyl-AMP and then installing

the aminoacyl group on the thiolate of the adjacent T domain.
Like the KS domain, the C domain is the chain-elongating

Figure 22. Core domains of NRPSs. The condensation (C) domain catalyst, joining an upstream peptid#¥,-; to the down-
catalyzes amide bond formation. The adenylation (A) domain stream aminoacy®T,. Chain elongation by one aminoacyl

activates the amino or aryl acid monomer to be incorporated as
the adenylate and catalyzes acyl transfer to the adjacent thiolation
(T) domain to which monomers and nascent chains are covalently

tethered.

The logic and machinery of T domain function in NRPS

residue occurs concomitantly with chain translocationto T
(Figure 23).

The initiation module in NRPS assembly lines is often a
two-domain A-T module that selects the first amino acid and
installs it covalently on T. The peptidyl chain then elongates,

assembly lines is equivalent to the role of T domains in Type preserving the free amino group of the N-terminal residue.



3480 Chemical Reviews, 2006, Vol. 106, No. 8

adenylation °

acylation
HB’ HB’
(’S . NH, &
R o Y SN °
Flo ) _
NH, st)ﬁ(ﬁ foy W Ny
‘| ©

OH OH

condensation

Figure 23. Activities of the A and C domains. (A) The A domain

catalyzes the adenylation of the amino acid to be incorporated and
its subsequent acylation to the downstream T domain. (B) The C

domain catalyzes €N bond formation between the electrophilic
upstream peptidy®-T; and the nucleophilic downstream aminoacyl-
ST,

Fischbach and Walsh

In contrast, the preponderant organization in NRPS as-
sembly lines from Gram-positive bacteria involves a 50 kDa
epimerization (E) domain in those modules wher@mino
acid monomers are to be incorporated and epimefized
(Figure 25a). The domain organization in such modules is
Ch-An-To-En. The G+1 domain—immediately downstream of
the B, domain—is specific for thep-peptidylST donor®?
Such C domains have been designat€d domains, for
p-donor andL-acceptor. This leads to the expectation that
all C domains adjacent to (and downstream of) E domains
makeb-,L-peptide linkage& Some nonribosomal peptides,
such as chloroeremomycin, containp-dipeptidyl moieties
that are formed by tandem CATE-CATE modufe$his
dimodule motif likely forms ap-,L-peptide bond and then
epimerizes it to @-,p-peptide linkage before chain transfer
to the next module.

A variant of the E-"C (+1) organization has been eluci-
dated in assembly lines for arthrofactisyringomycint
and syringopeptitt from Gram-negativéseudomonaspp.
(Figure 25b). These “dual-function” C domains & in
their chiral specificity; they first generate an equilibrating
mix of L-peptidyl andb-peptidyl-S-T intermediates and then
condense only the-peptidyl-S-T donor with the downstream
aminoacylST acceptof®

3.2.1.2. Condensation Domains with Heterocyclization

In some instances, the first module has a three-domain C-A-T Actizity. In addition to the C,_ and°C, domains noted above,
organization; these often occur in assembly lines that make additional C domain variants exist that catalyze amide bond

N-acylated peptides, such as plipastétiihe first C domain
has been shown in one case to catalizacylation of the
initiating amino acid while it is installed on;F*

Like Type | PKSs, thetermination modules of NRPS
assembly lines usually have a C-A-T-TE organizafibm

formation with Cys, Ser, or Thr as the downstream acceptor.
These domains then catalyze addition of the side chain thiol
(Cys) or hydroxyl (Ser, Thr) to form a five-membered cyclic
adduct, followed by dehydration to yield thiazoline or
oxazoline rings, respectivély(Figure 26a). This subset of

analogy to PKS TE domains, NRPS TE domains can be ¢ domains are termed Cy (cyclization) domain for their

hydrolytic or cyclizing®®% (Figure 18). An alternative, TE-

cyclodehydration activity. The net formation of a five-

independent route of chain release is reductase-catalyzednembered heterocycle radically alters the covalent con-

thioester reduction to yield an aldehyde, exemplified in
myxochelin biosynthesi$and generation of the tetrapeptidyl
aldehyde precursor of safrair(Figure 24).

3.2.1. NRPS Assembly Lines: Optional Domains

3.2.1.1. Epimerization and Condensation Domains with
°C, Chirality. A pervasive feature of NRPs is the abundance

nectivity of the growing peptidyl chain. Tandem Cy domain-
containing modules are found in the yersiniabaétiand
bleomycin synthasée$,leading to the formation of a thia-
zoline-thiazolidine moiety in the former and a bithiazole
substituent in the latter (Figure 26b).

3.2.1.3. Additional Domains in NRPS Modul&everal
other domains are found in certain NRPS modules, which

of pb-amino acid residues in their peptide scaffolds. Since presumably resulted from gene splicing at permissive sites

D-amino acids (especially nonproteinogeniamino acids)
are largely absent in microbial producer celis, to p-
epimerization machinery is required for their productin.

to encode useful chemical transformations on the growing
peptidyl chain. One such domain, termed oxidase (Ox), is
found in modules from the bleomycin and epothilone

Occasionally, a separate racemase is encoded in the biosynsynthases that contain Cy domains and is involved in
thetic gene cluster, such as the alanine racemase that providesxidation of the thiazoline ring to a thiazole (Cy-A-T-Ox)

monomericp-Ala for the first module of the cyclosporine
synthetasé&?

H;C.
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HsCO Ojg oH
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HsC, OH
9 OCH.
HsCO 3
s NH e
HG  Os NH CHs p——
T
HN o

tetrapeptidyl aldehyde
precursor

(Figure 26c¢). This oxidative conversion of the hydrolytically
labile dihydroheterocyclic thiazoline to the heteroaromatic

safracin B

Figure 24. Proposed chain termination during safr&€ibiosynthesis. A C-terminal reductase (Re) domain likely catalyzes concomitant

aldehyde formation and chain release.
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Figure 25. Two amino acid epimerization strategies in NRPSs. (A) In some NRPSs Pah Hidomain functions to effect epimerization
and condensation. The E domain epimerizes the upstrepeptidyl-S-T acyl donor tob-peptidyl-ST prior to condensation, and i€,
domain is specific fob-peptidyl-S-T to ensure that condensation does not precede epimerization. (B) In other NRPS8Ghdiismain

is replaced by a single bifunction®C,/E domain that epimerizes thepeptidyl-ST to ap-peptidyl-S-T and then selects only the latter for
subsequent condensation. GHEcondensation/epimerization.

thiazole produces a stable heterocy€lén bleomycin, the It is clear that Nature mixes and matches assembly-line
bithiazole is a DNA intercalating moiety that helps target logic for both NRP and PK construction with additional
the antitumor antibiotic to DNA? The Ox domain is portable  modes of enzyme-mediated chemistry available in the
in that it has been shown to function when inserted into bacterial cells. Sometimes, the auxiliary catalytic domains
heterologous modul&sand might therefore be a useful tool are accommodated in cis within a module; other times, they
in a combinatorial biosynthetic toolbox for reprogramming work as separate in trans catalysts to alter the growing chain
NRPS assembly lines. tethered on the assembly-line way stations. Undoubtedly, the
NRPS assembly-line tailoring enzymes can work in trans evolution of NRPS and PKS assembly lines must have
as well as in cis. A notable case occurs during maturation involved the splicing of autonomously folded domains into
of the siderophore pyochelin frol®seudomonas aerugi- and out of the synthetase, without disruption of its architec-
nosa’l’2In contrast to the in cis oxidation of a thiazolinyl- ture and the function of its other domains.
ST intermediate by an Ox domain in epothilone biosynthesis,
pyochelin assembly involves in trans reduction of a com- 3.3, PKS—NRPS Hybrid Assembly Lines
parable thiazolinyls- T species to the tetrahydro thiazolidinyl- ) ) ) ] )
ST (Figure 26d) by Pch@ The thiazolidinyl nitrogen is Knowing the underlying logic and protein machinery use.d
now basic enough to act as a nucleophile and becomefor NRPS and Type | PKS assembly lines, one can predict
N-methylated, stabilizing the thiazolidinyl ring from opening the type and order of domains and modules in a hybrid
to the acyclic aldehyde. assembly line for production of a mlxe_d PHRP product.
Many nonribosomal peptides contdiimethylated amino ~ Many examples are known that validate these expecta-
acid residues. For example, 7 out of the 11 residues in tions/**2##1Some hybrid assembly lines contain mostly
cyclosporine aré\-methylated* N-Methylation is catalyzed ~ PKS machinery, such as the FK520 synthadek520
by a methyltransferase (MT) domain that transfers thg CH @ssembly involves 11 PKS modules distributed over 3
group fromS-adenosylmethionine (SAM) to the amino group Proteins, FkbB, FkbC, and FkbA. One NRPS module exists
of the aminoacyST intermediate in C-A-MT-T modulég on a separate protein, FkbP. The four-domain FkbP (and
(Figure 27a). MT domains are also found in a few modules @nalogously, RapP from the rapamycin synthase) selects and
of Type | PKS assembly lines, e.g., epothilone and yers- activates the six-membered imino acid pipecolate and inserts
iniabactin, and effectC-methylation in those contexts it into the PK backborfé® (Figure 29a). In contrast, the
(Figure 27b). bleomycin assembly line consists of 10 NRPS modules and
NRPS machinery and pyridoxal phosphate enzymology 1 P_KS mo_dL_JIe, \_Nhlch_ provides the_smgle malonyl-CoA-
are merged in the first module of the mycosubtilin syn- derived unit in this antitumor drdg (Figure 29b).
thetas€? An aminotransferase domain (AMT) exists within ~ TheYersinia pestisiderophore yersiniabactin is generated
the module presumed to generate a long cifaketoacyl- from a hybrid assembly line containing two protein subunits
ST intermediate. The AMT domain uses theamino group ~ that function in the order HMWP2-~ HMWP1128* The
of glutamine in a variant of a classic transamination reattion HMWP2 subunit contains two NRPS modules for generating
to producea-keto-glutamine and thg-aminoacylST in- the hydroxyphenylbithiazoliny& T intermediate. The HM-
termediate€?® Elongation by NRPS modules ultimately leads WP1 subunit starts with a PKS module, followed by the third
to macrocyclization and release in which tismino group ~ NRPS module of the assembly line (Figure 29c).
is the internal nucleophile during cyclization to yield the One intriguing aspect of these hybrid assembly lines is
peptidolactam mycosubtilin (Figure 28). how they perform either €C or C—N bond elongations at
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Figure 26. Formation of heterocycles in NRP backbones by Cy domains. (A) Cy domains catalyze attack of a nucleophilic Ser, Thr, or
Cys side chain on the upstream carbonyl and then dehydrate the resultant adduct to yield the oxazoline or thiazoline. (BNRe PK
hybrids bleomyci# and yersiniabact#? contain bithiazole and thiazoline-thiazolidine moieties, respectively, that derive from adjacent
Cy-containing modules in their synthetases. (C) Action of the oxidase (Ox) domain to convert the dihydroheterocyclic Cy product to the
fully aromatic thiazole or oxazole. (D) In trans action of the reductase (Re) domain from the py6tN&iRS to reduce a thiazoline to

a thiazolidine. MT= methyltransferase.
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Figure 27. N- and C-Methylation of NRPs and PKs by embedded MT domains. {AWethylation of aminoacy&T amines in NRP
assembly lines. (B) Presum&imethylation of a nascent PK intermediate during epothilone biosyntHesis.
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Figure 28. Action of the aminotransferase (AMT) domain in the mycosubtilin NRPS to convgtketoacylS T to a f-aminoacylS T
with concomitant conversion of glutamine ¢eketo-glutaming€® AL = acyl-CoA ligase.

PKS/NRPS interfaces. Each time the assembly line switches3 .4, Post-Assemny-Line Tailoring of PKs and

from PKS to NRPS or vice versa, the growing chain must NRPs

be translocated across the PKS/NRPS and NRPS/PKS

interfaces. For example, at the NRPS/PKS interface of the Following release from their assembly lines, many PKs
yersiniabactin synthetase that occurs at the subunit interfaceand NRPs are chemically modified by dedicated enzymes
between HMWP2 and HMWP1, the KS domain must accept encoded in their biosynthetic gene clusters (Figure 31). These
an upstream peptidyl chain rather than ketide chain as a donomodifications, which are often required for the biological
cosubstrate. In contrast, at the subsequent PKS/NRPSactivity of the natural product, modulate the hydrophobicity
interface in HMWP1, the C domain must accept a dimeth- of a PK or NRP scaffold. Hydrophobic PK scaffolds such
ylmalonyl acyl donor rather than a peptidyl donor cosub- as erythromycin and fumonisin undergo hydroxylation by a
straté* (Figure 29d). Likewise, during the net insertion of heme-utilizing P450 and a non-heme irefi{etoglutarate-

the pipecolyl moiety into the FK520 chain, the NRPS subunit dependent dioxygenase, respectively, increasing the hydro-
is a four-domain GA-T-C, catalyst. The €domain forms philicity of these molecule® 87 In contrast, the hydrophilic

the C-N bond between the PK acyl chain and the pipecolyl NRP aminoadipoyl-cysteinyl-valine is oxidatively cyclized
nitroger¥? (Figure 30). The ¢ domain then presumably to theS-lactam core by a non-heme-iron-dependent dioxy-
catalyzes G-C bond formation to complete the macrocy- genasé®imparting increased rigidity and hydrophobicity on
clization, acting as a surrogate TE domain to form the this scaffold. Glycosyltransferases can conjugate hydrophilic
macrolactone linkage. nucleotide-activated hexoses from primary metabolism to
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Figure 29. Representative hybrid PKNRP assembly lines. (A) The FK520 synthasentains 11 PKS modules and 1 NRPS module. (B)
The bleomycin syntheta¥ecomprises 10 NRPS modules and 1 PKS module. (C) The yersiniabactin synthistasenposed of 3 NRPS
modules and 1 PKS module. (D) Recognition of noncanonical acyl donor substrates by the KS and C domains at MieFPKiBterfaces
of the yersiniabactin syntheta&€lnactive domains are indicated by lowercase lettering.

NRP scaffolds as with the glucosylation of teicopla#in. 4, Assembly-Line Operations

Alternatively, they can transfer unusual hydrophobic deoxy-

hexoses-produced from primary metabolites by dedicated 4.1. Size of Assembly Lines

multistep enzymatic pathwaydo PK scaffolds as with the

daunosaminylation of the anthracycline daunosaffiiaed Type | PKS assembly lines and NRPS assembly lines can
the proposed construction of the disaccharide in chartréisin. require megadaltons of protein components. The 6-DEB
These hexoses are often further tailored, as exemplified by (DEBS) assembly line contains seven modules distributed
the successiv®©-methylation andO-acylation of adjacent  over three proteins of about 200 kDa edgfthe tyrocidine
hydroxyls on the noviose sugar of the aminocoumarin synthetase contains 10 modules organized into 3 proteins,
novobiocin%? TycABC, comprising 30 domains in just over 1 MDa of
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Figure 31. Post-assembly-line tailoring. Maturation of the PK fumonisin®8the PK chartreusif! and the NRP isopenicillin 8 involve
post-assembly-line hydroxylation, glycosylation, and oxidative cyclization, respectively.

protein® The cyclosporine synthetase has 41 domains aid in avoiding these problems and could also facilitate
distributed over 11 modules, encompassed in a single proteinevolution of assembly-line components with domain addi-
of ~15 000 amino acid residues with a mass of 1.5 ¥Da tions, subtractions, or substitutions.
(Figure 32a). These proportions lend themselves to a “beads On the other hand, splitting an assembly line into multiple
on a string” analogy for the assembly lines in which each proteins creates new problems. These problems include
bead is a (semi)autonomously folded catalytic or carrier proper domain folding at breakpoints and inter-protein
domain. recognition of high enough affinity for assembly-line com-
Presumably, proteins this large are susceptible to folding ponents to transfer growing acyl chains across subunit
problems, vulnerable to proteolysis, and prone to mutational interfaces. In the three-subunit DEBS assembly line, Khosla,
inactivation. The more common organizational scheme of Cane, and colleagu¥$’ pioneered detection of linker
distributing the modules over multiple protein subunits may elements between the C-terminus of one subunit (e.g.,
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Figure 32. Large assembly lines and assembly-line products. (A) Schematic of the cyclosporine megasytttig}adSeemical structure
of ECO-02301:%2

DEBSZN DEBS2-N What is the upper limit for the size of a PKS or NRPS
assembly line? The linear PK ECO-02301 (Figure 32b)
consists of ay-aminobutyryl starter unit and 26,@r Cs
extender units; its assembly line has 122 domains spread over
9 proteins, totaling a molecular mass of 4.7 MDa for the
assembly liné%? The NRP syringopeptin contains 21 amino
acid residues, and its assembly line has 68 domains spread
over 3 proteins, totaling a molecular mass of 2.7 MDa for
the assembly lin€ Their producing organisms make an
enormous investment of energy and amino acid mass into
one machine that makes a single product. RNA-templated
peptide synthesis is surely more efficient from the point of

\ ! view of microbial cell economy. The importance of functions

* ’ performed by PKs, NRPs, and PRIRPs must warrant the

é /
2

\ "i\ Herculean energetic cost of making megadalton protein
_+" " peBsaN

DEBS3'-N

4.2. Control of Full-Length Chain Assembly

Enzymatic assembly lines must control chain initiation,
elongation, and termination in an orderly way. The mecha-
nisms of quality control in assembly lines have been opaque
but are slowly being deciphered.

Two major challenges in assembly-line action are (i) how
to avoid initiation at internal modules and (ii) how to suppress
premature hydrolytic termination of chain elongation. Taking
NRPSs as an example, it appears that each module can
stochastically select, activate, and load an aminoacyl moiety
on its T domairt® In principle, chains could begin elongating
at any internal module and generate N-terminally truncated

) . . . . products. The mechanism for avoiding premature hydrolytic
e 33, R Sty o s aeflons hal mediate 120001k release of incomplete chains is not understood but may arise
mycin synthase (PDB codes 1PZQ, 1PZR). While the structure wasffom @ combination of steric sequestration of the growing
solved as a fusion between the DEBS2 and DEBS3 fragments, partchain on each T domain and a short lifetime for growing
of the loop connecting these fragments is not shown in the figure chains on any T domain. However, the rifamycin synthetase
in order to represent in trans docking between the DEBS2 and system appears to accumulate elongating chains at every T
(?Efﬁzg fsrtfgggsrrgs-Ag:S:‘%df"“es |rf1dg;gate mobile loops of poorly gomain way statioh? Derailing hydrolysis is most pro-

- Adapted from ret Zo. nounced for T domains at subunit interfaces, which suggests
that these terminal motifs may be less efficient at sequestering
DEBS1) and the N-terminus of the next (DEBS2) which nhascent intermediatés.
direct this in trans interaction. NMR analysis of the linkers . )
has revealed the three-dimensional basis of this recogffiion 4-3. Editing of Stalled Chains by External TEs

(Figure 33). There appear to be comparable intersubunit A complementary challenge is how to restore function to

linkers between proteins in NRF8® and hybrid NRPS/ 3 stalled assembly line that is blocked by a partially elongated
PKS assembly linest°* which should facilitate re-engineer-  chain. Perhaps an inappropriate monomer has been misin-
ing of new subunit interactions in assembly lines for novel corporated by an A domain and cannot be condensed by the
products. downstream C domain. There exist external thioesterase

- bEBS2C

4 \ .
assembly lines.
~

DEBS3'-C DEBS3-C
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Figure 34. Type Il TE domains catalyze hydrolytic editing of assembly-line intermediates. Mispriming of the T domain can be reversed
by the Type Il TE domain, regenerating the free pantetheinyl thiol and preventing the assembly line from stalling.

domains, often encoded in biosynthetic gene clusters, whicharchitecture and orientation of downstream T domains in
are thought to serve as editing cataly%&° (Figure 34). different modules. Alternatively, growing PK chains can
They are thought to patrol the assembly line in trans, and apparently pause and be elongated twice at the same way
when a stalled chain is detected by its persistent accumulationstation in a stuttering mode of assembly-line operatiéril®

at a T domain, it can be removed hydrolytically. An This behavior, which focuses attention on the complexities
additional quandary is that levels of acetyl-CoA surpass thoseof unit operations in these protein assembly lines, will be
of CoASH in many bacterial cells, and the PPTases that explained by some combination of kinetics of the chemical
prime apo-T domains with phosphopantetheinyl arms derived transformations and architectural relationships of the relevant
from CoASH can also use acetyl CoA and transfer acetyl- modules. It is likely that additional noncanonical arrange-
S-pantetheinyl phosphaté’ The acetylS T domains gener-  ments and stoichiometries of various domains will continue
ated in this way are capped way stations, rendering theto be uncovered as more natural product assembly lines are
assembly line inactive. External TEs will hydrolyze the acetyl characterized.

moieties, regenerating the free HS-pantetheinyl arms needed Examples of iterative Type | PKSs have been descrifed.

to function as the covalent way stations for elongating PK The first class, consisting of a single KS-AT-DH-(ER)-

and NRP chain&>106 (KR)-T polypeptide, is proposed to assemble mono- and
bicyclic aromatic acids including orsellinic aétd and

4.4. Missing Domains, Stuttering, Skipping, and naphthalinic acitf? and polyunsaturated fatty acids such as

Other Collinearity Violations the starter unit for myxochromide assembl§The second

i i _ . class, which has been implicated in the assembly of the

Undoubtedly, microbial producers of polyketides, nonri- - enegiyne cores of C-1027 and calicheamicin, comprise single
bosomal peptides, and hybrid small molecules tinker with o1ypeptides with a KS-AT-T-KR-DH-TD domain structure
assembly-line organizations and operations to evolve newin which the terminal domain (TD) has not been character-
combinations In the small sampling of assembly lines j;eq123.124|¢ js not yet known how the mechanistic details
studied to date, variants have been detected in which domainsy jterative Type | PKS elongation compare to those of Type
normally present in cis are missing. For example, the || pkss.
yersiniabactin system contains three NRPS modules butonly - The macrotetrolide polyether nonactin is assembled by a
one A domaini? It has been shown that this A domain ey class of T-domain-independent Type II-like PR&¢26
activates.-cysteine and supplies it in Cis to one T domain  The nonactin synthase features five ORFs predicted to encode
and in trans to the other two T domait#8itis notyetclear  kss and genetic evidence suggests that these enzymes
whether Cys-AMP diffuses freely, aminoacyl transfer occurs ¢ondense soluble acyl-CoA substrates, forming the@and
among the T domains, or the A domain interacts directly c—o Jinkages found in the backbone of nonactin. A recent

with all three T domains. study in the nonactin-producing PK&supports the hypo-
Multiple Type | PKS clusters have now been sequenced thesis that the formation of tetrahydrofuran and tetrahydro-
that lack one, several, or all of the AT domai#s 4 Instead, pyran rings embedded in the backbone of p0|yether PKs

AT domains act in trans to supply malonyl or methylmalonyl jnvolves epoxidation of olefins followed by bond migration,
units to the holo T domains in the AT-less modules. The g hypothesized by Cane and co-work@¥s.
free-standing AT domains may be components of Type Il . . .
FAS or PKS systems in the producer organisms or stand-4.5. Assembly-Line Fragments: A-T Didomains
alone AT domains in an otherwise Type | PKS organization. and Free-Standing A and T Domains
There are examples of free-standing T domains, and in the Bioinfomatic searches using particular domains or dido-
jamaicamide cluste¥,such a separate T domain follows three  main combinations as queries reveal assembly-line fragments.
T domains fused in cis for a tandem run of four T domains. The limiting case is the Type Il PKS systems in which the
Any differentiating functions of the four T domains have KS, AT, and T components are classically separate proteins,
yet to be elucidated. as noted earlier.

There are examples in which modules appear to be skipped Fragments of NRPS assembly lire&-T didomains, or
during assembly-line operatid#’!%6 raising questions of  separate but adjacently encoded A and T domaame found
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Figure 35. Conversion of A-T tethered Pr8-T to pyrrole-2ST during pyoluteorin, prodigiosin, and clorobiocin biosynthégks.
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Figure 36. Formation of coronamic acid from-allo-lle by CmaABCDET*! CmaA loads itself with_-allo-1le, which is then transferred

to the free-standing T domain Cmab by the acyltransferase Cmabo-lle-S-CmabD is the substrate for the halogenase (Hal) CmaB, and
the resultany-Cl-L-allo-1le-S-CmabD is converted to coronam@CmaDb by the cyclopropanase (Cyp) CmaC. Coronamic acid is hydrolyzed
from CmabD by the free-standing TE CmaT.

in the absence of any other NRPS machiriétnvestigation CmacC-catalyzed displacement by@itarbanion to produce
of several of these free-standing A-T (or A/T) proteins has the coronamylS-CmaD intermediate. Coronamic acid is
confirmed that they activate a specifieamino acid and released from CmabD by action of a thioesterase. Overall, a
install it as the aminoacy&-T. This thioester-linked ami-  six-protein ensemble converdio-lle to coronamic acid#!
noacyl group is then the substrate for a partner enzyme,lt is likely that other A-T didomains and free-standing A
which effects a chemical transformation at fler y-carbon and T domain pairs will be discovered that carry out novel
of the aminoacyls-T.*%0 chemical traformations of proteinogenic to nonproteinogenic
In effect, the use of free-standing A-T or A/T motifs is a amino acids while tethered as aminoa6yT- species.
strategy to sequester a fraction of the pool of a proteinogenic
amino acid and modify it to a nonproteinogenic form for 4.6. Assembly-Line Dynamics
use in secondary metabolic pathways. This logic is illustrated
in Figure 8 for hydroxylation of a Ty&T in vancomycin
and aminocoumarin biosynthesis to yield {OH-Tyr-S
T.131.132In vancomycin assembly, the thioester is hydrolyze
by a thioesterase and the fr8eOH-Tyr is utilized by the
corresponding assembly-line modules in the vancomycin
synthetase. In contrast, during biosynthesis of the aminocou-
marins novobiocin, clorobiocin, and coumermycin, fROH-
Tyr-SNovH is then a substrate for the NovJ and NovK
proteins, which act oxidatively to produce tfieketo-Tyr-
S NovH % an intermediate during formation of the ami-
nocoumarin nucleus. A comparalflehydroxylation of His-
SNikP1 occurs in the nikkomycin biosynthetic pathwdy.
Analogously, the conversion of proline to pyrrole-2-
carboxylic acid occurs while proline is covalently tethered
in thioester linkaged a T domain in several biosynthetic
pathways, including those of pyoluteorin, prodigiosin, and
clorobiocirt3>136(Figure 35). The Pr& T is a substrate for
double dehydrogenation to the pyrrofdT product. Activa- :
tion of the carboxyl as a thioester facilitates acyl transfer to letZu Clillfrg/NRPS Structural Biology and Quatemary
the 3-OH of the noviosyl sugar during clorobiocin biosyn-
thesi$*” and to the decarboxylated malorfdt in the PKS One notable gap in our knowledge is an understanding of
modules for pyoluteorit¥® and prodigiosit®® biosynthesis.  the three-dimensional structure of modules, the basic unit
During biosynthesis of the phytotoxin coronatine by responsible for monomer incorporation in FAS, PKS, and
Pseudomonas syringaie coronamic acid moiety (1-amino- NRPS assembly lines. There exist X-ray or NMR structures
1-carboxy-2-ethylcyclopropane) is generated frorallo- for all of the core PKS domaif® 147 (Figure 37a), largely
lle? (Figure 36). A free-standing A-T didomain forms the from Type Il PKS and FAS systems, in which all of the
allo-lle-S-T thioesteA*°which is then transferred to a distinct  subunits are separate proteins. There is also an X-ray
T domain, CmaD. Thallo-lle-SCmabD is a substrate for  structure of a PPTase for priming apo-T domditiszrom
y-chlorination by CmaB#* which activates the-carbon for NRPS systems, there are structures for individual C, A, T,

PKSs and NRPSs are described as “assembly lines”
because of their protein domain architecture, but do they
d really behave like molecular assembly lines, channeling a
continuous stream of thioester-bound intermediates from one
T domain to the next? Although the chemical nature of
intermediates during PK and NRP assembly are known and
kinetic parameters of catalysis by individual domains have
been determined, the dynamics of monomer activation and
chain elongation in the context of a larger assembly are still
obscure. Floss and co-workers have shown that a rifamycin
assembly line defective in the amide synthase that catalyzes
chain termination builds up discrete intermediates at several
T domainst® supporting the notion of assembly-line-like
function. New mass spectrometric approactés* which
are able to detect T domain-bound intermediates, will be an
important tool in elucidating the occupancies of multiple T
domains under turnover conditions.
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Figure 37. Structures of individual FAS, PKS, and NRPS domains. (A) Structures of the KS dimer'Zh{liXJ) from the R1128 synthase, ti&treptomyces coelicoloA3(2) AT domain FabB*’
(AINM2), the T domain FrenKP® (10R5) from the frenolicin synthase, and the TE domain DEBSI®EKEZ) from the erythromycin synthase. (B) Structures of the free-standing Cy domaid4{dH5A)
from the vibriobactin synthetase, the A domain PR8ALAMU) from the gramicidin synthetase, the T domain Tyé€81DNY) from the tyrocidine synthetase, and the TE domain SHTEJMK) from
the surfactin synthetase. PDB codes for each structure are given in parentheses.
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and TE domains excised from NRPS assembly ktfe®?
(Figure 37b). However, no structures of multidomain frag-
ments (e.g., C-A or A-T) or full modules have been reported,
and therefore, we know very little about how domains
interact with each other. Such a molecular view of the
quaternary organization of assembly lines will be instru-
mental in understanding the organizational principles of
assembly-line function. One of the central questions will be
the structural role of linker regions that (i) connect protein
domains in cis (within a polypeptide) and (ii) mediate the in
trans interaction between modules on separate polypeptides
such as those in the erythromycin PRSAnother set of
questions will surround the flexibility of the quaternary
architecture: (i) how the bond-forming KS/C domain can
interact with its two acyl-phosphopantetheil$/F substrates,

(i) how the phosphopantethein@T species can interact
with upstream and downstream KS/C domains, and (iii) how
optional domains such as KR/DH/ER and E/MT are accom-
modated within the core domain structure of a module.
Taking a wider view, a recent study in the uncharacterized
B. subtilis Pks system provides tantalizing evidence of
colocalization of assembly-line components that is disrupted
by the absence of an upstream multimodular assembly-line
enzyme from the synthase, suggesting collinear scaffolding
of the separate polypeptides comprising a single assembly
line (Straight, P.; Kolter, R.; Rudner, D. Unpublished
observations).

A domain

C, domain

C; domain

5. Mechanism

5.1. Domain and Module Architectures and
Conformations

The underlying logic for the biosynthesis of PKs, NRPs,
and PK-NRP hybrids is understood, and the protein
machinery responsible for their assembly can be connectedFigure 38. Interacting partners of the T domain during NRPS
to the identity and arrangement of monomer units oligomer- fucr;/?gt(;gh (/3% Ft’krl'g‘ﬁg docfrg;einT S;Tﬁé” Egs?r :aﬂazeag?% aAh;"'rE‘C’:')
ized by an assembly. line. Neverth_eless, there remain many!E"eptidylation of the aminoacys-T by the upstream C domain. (D)
mechanistic and architectural questions about synthetases a”ﬂeacylation of the peptidy&T by the downstream C domain.

their components.

X-ray or NMR structures will be required to understand 5, 11-module PKS assembly line such as the FK520
how catalytic domains act sequentially ardum T domain  gynthase>50 operations must be performed just at the T
within a module to catalyze ordered operations on the acyl/ jomains. It is not yet known which faces of the T domain
peptidylST domain intermediate before the chain gets foyr-helix bundle (Figure 37) are recognized by partner
transferred to the downstream module. To illustrate the enzymeds3 154 ikewise, the extent to which the pantetheinyl
myriad operations required in assembly-line function, it is arm and its tethered acyl chain move between catalytic
instructive to focus on the biosynthetic cycleedl domain.  gomains in a module (the classical “swinging arm” hypoth-
Within each elongation module of an NRPS, the T domain egjgss) js unclear; reciprocally, it is not known how much
is first recognized by a dedicated PPTase for priming with the conformations of catalytic domains change during a
the phosphopantetheinyl ath{Figure 382). Second, the 20-  pjgsynthetic cycle. The flexibility required for catalytic
A-long arm of the holo-T domain enters the active site of gomains to function in modules may mean that they assume
the A domain, in which the aminoacyl-AMP is sequestered 5 yjide range of conformations; this could be one of the
from bulk solvent and then transferred to the pantetheiny! gitficulties encountered by researchers who, to date, have

thiolate (Figure 38b). Third, the aminoac$iT domain is
presented to the upstream C domain (€ Figure 38) for
peptide bond formation (Figure 38c). Once the peptidyl chain
has translocated to this T domain, it finally enters the active
site of the downstream C domain4{ Figure 38) to serve
as the electrophilic donor for peptide bond formation (Figure
38d).

In a Type | PKS module containing KS, AT, KR, DH,

unsuccessfully attempted to crystallize modules.

5.2. Monomer Activation and Module Loading

Acyl thioester chemistry is used for chain elongation on
both PKS and NRPS assembly lines, providing thermody-
namic activation to both monomers and elongating chains
covalently tethered to the T domains of assembly-line

and ER domains, there must be at least seven comparablénodules.

recognition steps of the acyl chain and the T domain protein

The (methyl)malonyl monomers are loaded by AT do-

scaffold: one each by the PPTase, the five catalytic domainsmains onto the pantetheinyl arms of the holo-T domains as

in the module, and the KS in the downstream module. For

(methyl)malonylS-CoAs. Malonyl-CoA is also used as the
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they are held tightly in the active sites of enzymes that

AGA0 generate them, which include both NRPS A domains-and
more famously-aminoacyl-tRNA synthetas¥$ (Figure
: { 39b).
o <OS o= D_uring aminoacyl—tRNA synthetase action, the activated
ADC Oj? o aminoacyl group is attacked by thé- 2r 3-OH of the
on e terminal A residue of the cognate cosubstrate tRNA. Some
B of the thermodynamic activation in the aminoacyl-AMP is
AG <0 preserved in the oxoester linkage of the aminoacyl-tRNA,

while enough kinetic stability to hydrolysis has been acquired
(oxoester instead of thioester) that the amino@@ytRNAs

are sufficiently stable to be used as diffusible ferries to bring
amino acids to mRNA codons in the ribosome. During the
action of A-T didomains of NRPS modules, the intramo-
lecular concentration of pantetheinyl thiolate is high enough

¢
S S
R< o R»gzo 0
0-P-0Ad —0-P—
Hsrg)\{(w & © NH, TO-F-OAde
5 o

Figure 39. Thermodynamics of monomer loading in PKSs and

NRPSs. (A) In PKSs, transthiolation of the (methyl)malonyl unit
from CoA to the panthetheinyl thiolate is energy neutral. (B) In
NRPSs, the capture of an aminoacyl-AMP mixed anhydride by the

to capture the aminoacyl-AMP in the A domain active site,
yielding the thioester (Figure 38b). No diffusible aminoacyl
thioesters are involved, and presumably the amino&€yl-

pantetheinyl thiolate is a thermodynamically favorable process. and peptidylS-T intermediates are kinetically sequestered

. o . ) . from hydrolysis to avoid derailing the assembly-line process.

monomeric building block in the primary metabolic pathway
of fatty acid synthesis, so the use of this metabolite in PK 5 3 "protein Thioester and Oxoester Intermediates
biosynthesis merely requires its diversion down a conditional
metabolic pathway. The thioesters acetyl-CoA and malonyl- Assembly-line enzymology is, in one sense, the catalysis
CoA are finely balancegbetween thermodynamic activation of an elongating cascade of a&protein intermediates from
for group transfer of the acyl moiety as an electrophile and N-terminal T domain to C-terminal T domain. Protein acyl
kinetic stability toward the weak nucleophile watd¢o have thioester chemistry may be quite ancient, and it is certainly
a useful lifetime in cells as diffusible metabolites. Thus, useful in several modalities. There are hundreds of thiol
loading a malonyl or methylmalonyl unit from a soluble CoA proteases that generate peptidynzyme intermediates
thioester onto the thiolate of the pantetheinyl arm of a PKS during the course of peptide bond hydroly8i%.During
T domain is an energy-neutral transthiolation (Figure 39a). protein splicing, thioester intermediates are generated in the

A convergent strategy for monomer activation is used to first cleavage step when Cys side chains attack the upstream
get to the comparable aminoacyl/pepti®/F in NRPSs. peptide!®® These thioesters are not hydrolyzed, but they are
Aminoacyl-SCoA thioesters are not found in prokaryotic subject to translocation following attack by downstream
or eukaryatic cells. In contrast to simple acyl-CoAs such as cysteine thiolates. FinallyS to N-acyl shifts regenerate
malonyl-CoA, which have half-lives of many hours to days peptide bonds. The use of the pantetheinyl arm to tether acyl
at neutral to slightly acidic pH, aminoacyl-CoAs are more intermediates is also akin to the use of lipoyl arms for acyl
labile due to the electronic effects of theamine groug>® capture ina-ketoacid oxidative decarboxylation enzynies,
Their hydrolytic lability apparently precludes their use as but the pantetheinyl prosthetic group strategy may derive
soluble, activated aminoacyl donors. As an alternative proximally from FASs. FASs, in turn, may have evolved
strategy for amino acid activation, Nature employs the ATP- first by capture of the pantetheinyl fragment of the readily
dependent adenylation of the carboxylate of amino acids to available CoASH. The chemistry of the serine phosphory-
produce aminoacyl-AMP and PPi. The aminoacyl-AMPs are lation step by a serine side chain is analogous to the action
both thermodynamically activated and kinetically labile, and of a serine protein kinad® (Figure 40).
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Figure 40. Comparison of protein kinase-catalyzed serine phosphorylation and PPTase-catalyzed serine phosphopantetheinylation.
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Figure 41. Structure and mechanism of KS-CLF from Type Il PKSs. (A) Crystal structure of the®S- heterodiméef3 (PDB code
1TQY). (B) Mechanism of iterative chain elongation catalyzed byrKG& F and their associated T and AT domains.
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At the end of the assembly line, to prepare for chain proteases found in proteom¥38.During synthetase action,
termination and disconnection of the covalent linkage the lifetimes of acyclic polyketidy®-TEs and peptidy-
between the full-length chain and the final T domain, the TEs must be long enough for intramolecular capture by side
assembly line switches from acyl thioester chemistry to acyl chain nucleophiles to proceed, yielding the macrocyclic
oxoester chemistry (Figure 18). The active site serine of TE lactone and lactam scaffolds that have conformational
domains in both PKS and NRPS assembly lines attacks theconstraints essential to many of the biological functions of
adjacent acyBT intermediate to create an ad@FSer-TE these natural products.
as the last acyl-enzyme intermediate in the assembly line. . . .

In ribosomal E)/roteir?/ synthesis, by analogy, the actizated 5.4. Condensation Catalytic Domains

amino acids are ferried to the peptidyl transferase center to The catalytic domains that carry out iterative chain-
dock on mRNA codons as oxoesters (aminod@ytRNAS). elongating condensations are central to the action of multi-
TE domains are members of thés hydrolase superfamily ~ modular assembly lines. Much is known about the chem-
of enzyme&—which use active site serine side chains as istry and mechanism of the family gf-ketoacyl syn-
nucleophiles-so the evolutionary precursors to these do- thases from structural and mechanistic analyses of several
mains might have been available as part of the protein soluble variants from Type Il PKS and FAS systéth&3166
inventory of domain building blocks in microbial cells. (Figure 41). An active site cysteine acts as a thiolate nucleo-
In Type Il PKS and FAS systems, the TEs are separate phile on an acyl thioester donor to yield an a8/€ys-KS
proteins. intermediate. This species is the electrophilic donor in the

While acyl-O-TE intermediates are less thermodynamically subsequent condensation with a (methyl)mald®yil- The
activated than acy&enzymes, their equilibria lie far in favor ~ residues in the KS domain that are required to induce
of hydrolysis, as evidenced by the large numbers of serine decarboxylation of the (methyl)malonyl and generate the
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Figure 42. Proposed “volume control” by CLF active sites in determining chain length. The polyketone chain is extended until it fills the
CLF tunnel, which is bounded by a gating residue indicated by R. Full-length chains are then diverted to cyclization.

C, carbanion of the acceptor have also been identified. 6. Summary
Studies have been conducted on donor and acceptor specific- ] ) ] ) ]
ity with regard to R groups at the dCposition67:168 this Assembly lines for turning monomeric amino acids and/
information is relevant to the use of promiscuous KS do- OF acyl-CoAs into complex oligomeric natural products are
mains in module-reprogramming efforts. In Type Il PKS rem.arkable.proteln machmes. C.ovallently tethgrlng elongating
systems, the KS is a heterodimer of an active subunitKS chains in th|oestgr linkage for.d|rect|onal chaln growth, they
and an inactive subunit termed CLF (chain length factor). are Nature’s equivalent of solid-state synthesis arrays. None
Studies on the KSCLF heterodimer indicate that the volume  Of the intermediates are soluble, arioarring adventitious
of the polyketidyl binding pocket of the CLF subunit is Nydrolysis-none should escape the assembly line. The
an important determinant of acyl chain len§&#%° (Figure chg:mltstry of elongation is elegantly simple and reasonably
42). robust.
) In PKS and NRPS systems, the organization of protein
domains is based orovalentlinkage within large polypep-
tides, and the channeling of small molecule intermediates is
similarly controlled bycovalenttethering to way stations in
the assembly line. The existence of such an organizational
scheme for substrate transfer begs comparison to other
metabolic systems in which substrate channeling is known
'to operate. In the heterodimeric enzymes tryptophan syn-
thasé’ and carbamoyl phosphate synthet&8&gr example,
the reactive intermediates indole and ammonia are channeled
from one active site to another through tunnels-@5 and
modules-will be needed to elucidate the mechanistic details 45”A|’ respec_nvelly. Ir]l Eontrast, fI|ttIe IS kn_ownl abo_ut the_
of these NRPS bond-forming catalysts, cellular organization of the sets of enzymes involved in basic
) - metabolic pathways such as glycolysis and amino acid
Some C domains have evolved the ability to catalyze pjosynthesis. Considering the apparent efficiency of covalent
epimerization (dual-function C/E domains) and cyclodehy- |inkage as an inter-enzyme substrate transfer principle, it is
dration (Cy domains). It is not yet known how Cy domains tempting to speculate that these fundamental metabolic
catalyze the attack of thiol and hydroxyl side chains of Cys, systems are arranged such that noncovalent (but well-
Ser, and Thr residues onto the newly formed amide linkage. organized) proteirprotein interactions replace covalent
The attack conformations may be very similar to those in domain linkage to facilitate efficient substrate transfer.
protein-splicing catalytic domains. Indeed, the free-standing A and T domains of the initiation
C domains have chiral specificity. The majority of C module of the enterobactin NRPSmay be vestiges of an
domains use-donors and.-acceptors and form the corre- earlier—noncovalent-association of protein domains in
sponding L-,L-peptidyl-ST products; these areC, cata- assembly-line systems.
lysts1”*We have noted that a subset of C domains introduce The limitations to assembly-line biosynthesis probably
p-configured residues into elongating peptidyl chains. These come from the sheer bulk of the protein machinery needed
C domains recognize-aminoacyl groups as the residue to provide the template for the natural product. The minimal
proximal to the thioester in the upstream T domain, so they modules (KS-AT-T or C-A-T) required for selection and
are °C, catalyst$! Iterative action of modules containing incorporation of a single acyl-CoA or amino acid comprise
E- °C, didomains will allow generation af-,n-linkages in over 100 kDa (1000 amino acid residues) of protein mass.
elongating peptidyl chains. To date, no examples’@f A decapeptide product such as tyrocidine requires a mega-
domains have been detected. dalton assembly line. The 21-mer syringopegptihe largest

Much less is known about the structure and mechanism
of C domains from NRPS systems. The X-ray structure of a
free-standing C domain from the vibriobactin synthetase,
VibH, has been solvéé® (Figure 37). As expected from
bioinformatic predictions, VibH bears homology to the
chloramphenicol acetyltransferase family of enzyriiésn
contrast to the covalent catalysis mechanism of KS domains
it is anticipated that amide/peptide bond condensation by C
domains will be a direct acyl transfer, but no catalytic
residues have been firmly identifiéé7?Further structural
studies of C domairsboth in isolation and embedded within
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known NRP for which a biosynthetic gene cluster has been
identified—requires over 2.7 MDa of protein machinery for
its assembly lin€> The energy cost to the cell to use enzymes
totaling ~27 000 amino acid residues to make a cyclic 21-
mer peptide may well be near the upper limit of microbial
economy for secondary metabolites, no matter how ef-
ficiently the assembly line operates.

It would be less costly in protein mass to use iterative
Type Il PKS rather than assembly-line Type | PKS organiza-
tion, and iterative use of the catalytic subunits on the one T
domain may be a more efficient way to make large
polyketide chains. No Type Il NRPS machines have yet been

reported, perhaps precluded by the absence of A domains

promiscuous for iterative loading of different amino acid
monomers.
The products released by TE domain action from both PKS

Fischbach and Walsh

(2) Kim, E. S.; Bibb, M. J.; Butler, M. J.; Hopwood, D. A.; Sherman,
D. H. Genel994 141, 141.

(3) Aharonowitz, Y.; Cohen, G.; Martin, J. Annu. Re. Microbiol.
1992 46, 461.

(4) Martin, J. F.Appl. Microbiol. Biotechnol1998 50, 1.

(5) van Wageningen, A. M.; Kirkpatrick, P. N.; Williams, D. H.; Harris,
B. R.; Kershaw, J. K.; Lennard, N. J.; Jones, M.; Jones, S. J;
Solenberg, P. Xhem. Biol.1998 5, 155.

(6) Motamedi, H.; Shafiee, AEur. J. Biochem1998 256, 528.

(7) Wu, K.; Chung, L.; Revill, W. P.; Katz, L.; Reeves, C. Bene
200Q 251, 81.

(8) Schwecke, T.; Aparicio, J. F.; Molnar, I.; Konig, A.; Khaw, L. E.;
Haydock, S. F.; Oliynyk, M.; Caffrey, P.; Cortes, J.; Lester, J. B.; et
al. Proc. Natl. Acad. Sci. U.S.A995 92, 7839.

(9) Aparicio, J. F.; Molnar, I.; Schwecke, T.; Konig, A.; Haydock, S.
F.; Khaw, L. E.; Staunton, J.; Leadlay, P.Genel1996 169 9.

(10) Du, L.; Sanchez, C.; Chen, M.; Edwards, D. J.; SheiGigm. Biol.
2000 7, 623.

(11) Tang, L.; Shah, S.; Chung, L.; Carney, J.; Katz, L.; Khosla, C.; Julien,
B. Science200Q 287, 640.

and NRPS assembly lines may be biosynthetic end products (12) Pelludat, C.; Rakin, A.; Jacobi, C. A.; Schubert, S.; Heesemann, J.

themselves, but in manmyperhaps mostpathways, as-
sembly-line products are only late-stage intermediates. As

soluble small molecules, these assembly-line products are ) _ B
e(15) Miao, V.; Coeffet-Legal, M. F.; Brian, P.; Brost, R.; Penn, J.; Whiting,

substrates for a diverse set of tailoring enzymes that decorat
the PK or NRP scaffold. These tailoring enzymes can alter
polarity (acylation, methylation, glycosylation, hydroxylation)
and introduce functional groups (e.g., deoxyhex8sés that
often serve as recognition elements for interaction with
biological targets.

The genes that encode the great majority of natural
products built by assembly-line logic are clustered together,
and they include four types of functions: (i) “just in time”
provision of specific monomers for use by the assembly line,
(i) assembly-line modules themselves, (iii) enzymes for
modifications during assembly-line action and post-assembly-
line tailoring, and (iv) efflux and other self-protection
mechanisms for the microbial producer.

Continued insights into the logic, machinery, and mech-
anism of assembly lines will reveal how building blocks are
oligomerized by microbial enzyme factories into the vast
architectural and functional range of PKs and NRPs. Bacteria
and fungi are clearly evolving new assembly lines to generate
molecular diversity that may confer on them a selective
advantage. Humans might be able to practice combinatorial
biosynthesis by reprogramming, using principles deciphered
thus far.
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8. Note Added in Proof

Recent work by Calderone et'df.has elucidated the roles
of the enzymes involved in isoprefiebranch insertion. Two
recent reports by Ban and coworképs®show the structural
architecture of mammalian and fungal fatty acid synthases.
A recent report by Koglin et @f” sheds light on the dynamics
of T domain structure.
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