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Introduction

Natural products and their derivatives continue to be an im-
portant source of drugs and drug leads in many therapeutic
areas.[1] Prominent among them are the complex (or reduced)
polyketide (PK) and nonribosomal polypeptide (NRP) metabo-
lites, and their hybrids (Scheme 1).[2–5] These compounds exhib-
it a wide range of valuable pharmaceutical activities, from anti-
cancer (epothilone, 1) to immunosuppressive (cyclosporine,
ACHTUNGTRENNUNGrapamycin (2), and FK506), to anti-infective (erythromycin (3),
daptomycin (4), monensin (5), gramicidin (6)) properties. Al-
though structural diversity is a hallmark of these metabolites,
they are all generated by the linkage of simple building
blocks—acyl-CoAs in the case of PK metabolites, and proteino-
genic or modified amino acids in the case of NRPs—into long
chains. The basic functional groups arrayed along the chains
are further diversified by modification reactions, which include
reduction, oxidation, methylation, acylation, and glycosyla-
tion.[3,6] Macrocyclization is also a fundamental feature of many
pathways and introduces the conformational rigidity, which en-
ables specific interactions with biological targets, and in the
case of NRP-derived compounds, confers resistance to proteo-
lytic degradation.[7]

Nature has evolved a particularly elegant solution to the
challenge of customizing a set of standard building blocks to
generate structural complexity: each step in the pathway is
designated to an independently folded enzymatic domain
within large polypeptides. In accordance with their products,
the multienzymes are known as polyketide synthases (PKSs),
nonribosomal synthetases (NRPSs), and mixed PKS–NRPS sys-
tems (Figure 1). Within the gigantic protein subunits, sets of
domains are organized into functional units called modules,
and each module is responsible for a specific round of chain
extension. The sequence of modules also directly correlates
with the order in which they act. As this biosynthetic logic
echoes the method of car manufacture invented by Henry
Ford, these polypeptides have been dubbed “molecular assem-
bly lines”. In fact, the colinearity between the genetic organiza-
tion and the sequence of enzymatic transformations in many
systems is so strong that multiple features of the product
structures can be predicted with confidence from inspection of
the gene sequences alone.[8,9]

In these so-called “type I” PKSs (Figure 1), a functional
module minimally comprises an acyl transferase (AT) domain,

which recruits the building block from the cellular environ-
ment, and a ketosynthase (KS) domain, which accomplishes
carbon�carbon bond formation using thioclaisen condensation
chemistry. The extent of modification that occurs on the result-
ing b-keto group depends on the specific complement of
ACHTUNGTRENNUNGreductive domains present in the module: inclusion of a keto-
ACHTUNGTRENNUNGreductase (KR) domain results in a hydroxyl group, a DH–KR
ACHTUNGTRENNUNGenzymatic pair in a double bond, and a complete DH–ER–KR
tridomain in a fully reduced methylene group. In some sys-
tems, this set of domains is further augmented by O-, N-, and
C-methyltransferase (MT) functions. PKS assembly lines also
ACHTUNGTRENNUNGincorporate a module of domains to initiate the biosynthesis (a
“loading module”), while the finished product is cleaved off
the multienzyme by hydrolysis or, more typically, by macrocyc-
lization by a dedicated thioesterase (TE) activity.
The analogous basic biosynthetic apparatus in the NRPS sys-

tems (Figure 1) comprises an adenylation (A) domain responsi-
ble for selection of a specific amino acid and activation as its
aminoacyl adenylate, and a condensation (C) or heterocycliza-
tion (HC) domain, which catalyzes amide bond formation. HC
domains are variant C domains, which additionally carry out
cyclization of the thiol side chain of cysteine or the hydroxyl
side chain of serine or threonine onto the newly formed pep-
tide bond, resulting in the formation of thiazoline or oxazoline
rings. The complement of specialized processing enzymes in
NRPS modules can include epimerase (E), N- and C-methyl-
transferase, and oxidase (Ox) activities. Initiation of biosynthe-
sis is also assigned to a specific set of domains, while TEs or al-
ternatively reductase (R) functions are typically present at the
end of the assembly lines to terminate chain extension. Follow-
ing disconnection of PK, NRP, and hybrid intermediates from
the multienzymes, the structures are often subject to various
tailoring reactions, including acylations, oxidations, and glyco-
sylations, which are usually required to elaborate the metabo-
lites to their biologically active forms.[3]

The multienzyme polyketide synthases (PKSs), nonribosomal poly-
peptide synthetases (NRPSs), and their hybrids are responsible for
the construction in bacteria of numerous natural products of clin-
ical value. These systems generate high structural complexity by
using a simple biosynthetic logic—that of the assembly line.
Each of the individual steps in building the metabolites is desig-
nated to an independently folded domain within gigantic poly-
peptides. The domains are clustered into functional modules, and
the modules are strung out along the proteins in the order in
which they act. Every metabolite results, therefore, from the suc-

cessive action of up to 100 individual catalysts. Despite the con-
ceptual simplicity of this division-of-labor organization, we are
only beginning to decipher the molecular details of the numerous
protein–protein interactions that support assembly-line biosyn-
thesis, and which are critical to attempts to re-engineer these sys-
tems as a tool in drug discovery. This review aims to summarize
the state of knowledge about several aspects of protein–protein
interactions, including current architectural models for PKS and
NRPS systems, the central role of carrier proteins, and the struc-
tural basis for intersubunit recognition.
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Scheme 1. Structures and biological activities of representative polyketide (PK), nonribosomal polypeptide (NRP), and mixed PK–NRP natural products.
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Despite the obvious benefits from a programming stand-
point, assembly-line biosynthesis is inherently inefficient, as it
depends on the successive action of tens (and up to hun-
dreds)[10] of individual enzymes. Indeed, measured rates for
PK[11–13] and NRP[14,15] biosynthesis in vitro (kcat values are typi-
cally in the 0.1–10 min�1 range) suggest that the multienzymes
are among the more sluggish catalysts in nature.[16] This pro-
cess would undoubtedly be slower were it not for “substrate

channeling”[17]—a highly efficient method of sub-
strate delivery employed by other multienzyme sys-
tems, including the 2-oxoacid dehydrogenase com-
plexes and the biotin-dependent carboxylases.[18] This
strategy is achieved by the inclusion in each PKS and
NRPS module (Figure 1) of a small (80–100 residues),
noncatalytic domain, called a “carrier protein” (CP;
either acyl carrier proteins (ACPs), aryl carrier proteins
(ArCPs), or peptidyl carrier proteins (PCPs), depending
on the particular building block incorporated by the
module).[19,20] Each CP is modified by post-translation-
al addition of a phosphopantetheine (PPant) pros-
thetic arm derived from co ACHTUNGTRENNUNGenACHTUNGTRENNUNGzyme A to a conserved
Ser residue; this converts the domain from its inac-
tive apo to its active holo form. This priming reaction
is catalyzed by a recently identified superfamily of
enzymes called the phosphopantetheinyl transferases
(PPTases),[21] which are exemplified by the broad spe-
cificity catalyst Sfp from the surfactin NRPS pathway
in Bacillus subtilis.[22]

Tethering of the growing chains to the terminal
sulfhydryl of the PPant generates a thioester bond,
which is activated towards both Claisen condensation
and amide bond formation. An additional benefit of
this “multiple thiotemplated” logic of natural-product
assembly is that the substrates are sequestered away
from competing cellular processes.[17] Such micro-
compartmentation is particularly important in these
pathways, as many of the building blocks are divert-
ed from primary metabolism, or are used by one of
the many other PKS or NRPS assembly lines within
the producing organisms.[23,24] Substrates covalently
attached to CPs can additionally be protected from
bulk solvent through interactions with the carrier
protein itself or other domains; this sequestration
provides an effective means to stabilize reactive in-
termediates.[17,25] Finally, attachment to a carrier pro-
tein means that the true substrate is not simply the
growing PK or NRP chain, but the entire acylated
domain; this feature introduces an additional level of
molecular recognition, which can contribute to the
specific programming required in these systems.[18]

The use of protein-bound molecules as substrates
potentially places protein–protein interactions at the
very heart of assembly-line biosynthesis of natural
products. Dissection of a typical cycle of chain exten-
sion in PKS systems shows that the ACP (in either its
holo or acylated form) must interact with every other
domain within the module (Figure 2):[20,26] with the

AT to load the building block; with the KS to accomplish chain
elongation; with any reductive domains within the module to
customize the resulting b-ketone; and with a KS or TE domain
located immediately downstream to initiate the next round of
chain extension, or alternatively, to terminate it. Similarly, in
NRPSs, the PCP domain must communicate with multiple part-
ners: with upstream A and C domains, any optional modifying
enzymes present in the module, and with a downstream C or

Figure 1. Biosynthetic logic of multienzyme assembly lines. A) Domain and modular
organization of a generic PKS system, showing a typical loading module (LM), minimal
extension module (EM1), and a second extension module (EM2), which incorporates a
full “reductive loop“. Biosynthesis is terminated by an integral thioesterase (TE) domain.
B) Domain and modular organization of a generic NRPS system, showing a typical load-
ing module (LM), minimal extension module (EM1), and a second extension module,
which incorporates processing domains (EM2). C) Domain and modular organization of a
generic mixed PKS–NRPS system. Abbreviations are: AT, acyltransferase; ACP, acyl carrier
protein; KS, ketosynthase; DH, dehydratase; ER, enoyl reductase; KR, ketoreductase; TE,
thioesterase; A, adenylation; PCP, peptidyl carrier protein; C, condensation; N-MT,
N-methyl transferase; E, epimerase.
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TE (Figure 3).[20] Another common feature of these
systems is that the component modules are distribut-
ed among multiple protein subunits. Consequently,
many ACP to KS intermodular transfers in PKSs occur
between domains located on different polypep-
tides.[27] Similarly, peptide-bond formation catalyzed
by a specific C domain might involve substrates teth-
ered to PCP domains that are embedded in separate
NRPS proteins. Therefore, forming the correct prod-
uct requires a specific ordering of the multienzymes;
each subunit must not only recognize its appropriate
partner protein, but discriminate against all improper
associations.[28] Finally, it has been revealed that for
an increasing number of systems, essential transfor-
mations are accomplished by catalytic domains that
are not located within the basic modules. For exam-
ple, several PKSs have been identified that lack inte-
gral AT domains within the multienzymes (the “AT-
less systems”[29,30]), and instead this function is typi-
cally provided by a discrete AT that delivers a
common building block to each ACP, in trans. Similar-
ly, discrete TE domains (“type II” TEs) in both PKS and
NRPS systems perform crucial proof-reading functions
by hydrolyzing aberrant substrates from the respec-
tive CP domains (Figure 4).[31–33]

This analysis clearly shows that efforts to under-
stand these classes of biosynthetic enzymes must
focus on illuminating the molecular basis for the
many protein–protein recognition events that under-
lie the pathways. Questions of particular interest in-
clude the following: What is the structural arrange-

ment of domains within each module that allows all of the in-
teractions to occur? What is the role (if any) of the noncatalytic
regions called “linkers” that separate the domains in maintain-
ing the modular structure or facilitating interdomain communi-
cation? How is the order of interactions controlled when the
carrier proteins have a “choice” of partners? What is the struc-
tural basis for the association between subunits, and how is in-
teraction specificity assured? How do the many domains that
operate in trans during chain assembly interact with their ACP-
bound substrates? The answers to these questions are also
likely to prove essential for optimizing the activity of genetical-
ly engineered assembly lines.
This review aims to summarize the current state of knowl-

edge about these and other aspects of protein–protein inter-
ACHTUNGTRENNUNGactions in PKS, NRPS, and mixed PKS–NRPS systems.

Figure 2. Suite of ACP-based interactions that occur during each round of
chain extension on modular PKSs. A) The holo ACP cooperates with the AT
during extender-unit selection. B) Condensation is accomplished by coopera-
tion between the ACP and KS domains. (Although this is not accurately rep-
resented in the diagram, the KS and ACP domains are located on
opposite subunits within the overall homodimeric PKS.)
C) Reductive tailoring of the b-keto functionality occurs by deliv-
ery of the substrate to the reductive domains, KR, DH, and then
ER. D) The fully processed intermediate is transferred to a
domain in the downstream module, either a KS or a TE.

Figure 3. Set of PCP-based interactions that occur during each round of chain extension
in NRPS systems. A) The amino acid to be added is activated as its adenylate by I) the
A domain, and then II) transferred to the PCP domain. B) If an N-methyltransferase is
present, it acts prior to the condensation reaction. C) The C domain catalyzes amide
bond formation between the growing chain bound to the upstream PCP domain (d site),
and the amino acid monomer tethered to the PCP (a site). D) Epimerization at the a cen-
ter occurs following condensation, as it is energetically preferred. E) The processed chain
is either used in chain extension by the downstream C domain, or transferred to the TE
prior to release from the synthetase.
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1. Modular Architecture

In theory, a high-resolution crystal structure of an entire
module or subunit derived from PKS and NRPS systems would
at once clarify many protein–protein interaction issues, includ-
ing the relative location of the domains within the complexes,
and the function of the intervening linker regions. To date,
however, such a structure has not appeared in the literature,
although efforts towards this goal are almost certainly in prog-
ress. Encouragingly, crystallographic information has recently
become available for the fatty acid synthase (FAS) of ani-
mals[34]—a multienzyme system the evolution of which is
closely linked to that of PKSs—as well as for the FAS of
fungi.[35]

1.1. The structure of animal FAS

The sequence of reactions performed by animal FAS parallels
that in PK biosynthesis, and the analogous domains (KS, ma-
lonyl-CoA/acetyl-CoA transacylase (MAT), DH, ER, KR, ACP, and
TE) occur in the same order in the primary sequence of the
proteins (Figure 5). Nonetheless, an important general distinc-
tion between PKS and FAS is that FAS multienzymes function
in an iterative manner, with the same set of domains used re-
peatedly to generate products of appropriate length. (In fact,
iteration is a programmed feature of some bacterial PKS mod-
ules, such as in the pathways to borrelidin[36] and aureothin,[37]

but the majority of modules are “single use“.) Although the de-
tailed logistics of chain extension also differ between PKS and
FAS, the catalytic mechanisms employed by individual domains
are closely similar (for an in depth comparison between PKS
and FAS, see the recent excellent review by Smith and Tsai[38]).
These considerations suggest that modular PKS and FAS multi-
enzymes might have evolved from a common ancestor, a hy-
pothesis that is supported by phylogenetic analysis.[35] There-

fore, structural information on the overall architecture of FAS is
likely to be relevant to modular PKS.
The crystal structure of porcine FAS was solved to 4.5 N,[34]

yielding an overall X-shaped dimer (Figure 5) that was in good
agreement with an earlier 15 N structure determined by elec-
tron microscopy.[39] Although it was not possible at this resolu-
tion to unambiguously trace the entire peptide backbone, by
fitting the observed electron density to the atomic-resolution
structures of homologous individual (type II) bacterial proteins,
the authors were able to locate the majority of the functional
domains within the structure. This analysis revealed that the
large dimerization interface of FAS arises from self-association
of three individual domains—the KS, the ER, and the pseudodi-
meric DH. In contrast, the MAT and KR domains do not oligo-
merize, but are positioned on the periphery of the structure
through interactions with adjacent domains or linker regions.
The structure was also notable for the absence of the ACP and
TE, although the location of these domains directly adjacent to
the KR was suggested by a blurred volume of electron density
at the end of one arm of the dimer. The failure to unambigu-
ously place these two domains within the structure likely arises
from their high inherent mobility, a feature that could be facili-
tated by linker flexibility. This idea is bolstered by analysis of
the distances between active sites in each of the two asym-
metrical reaction chambers defined by the FAS structure
(Figure 5); from these measurements it is clear that the ACP
must be capable of significant motion in order to shuttle sub-
strates among the deep-set active sites within its partner do-
mains. Therefore, earlier models for substrate delivery by the
swinging arm of the ACP must be broadened to include the
concept of the ACP itself as a “swinging domain”.[18]

Despite the good agreement between the structure and
many earlier biochemical data, there is one troubling inconsis-
tency.[40,41] Mutant-complementation studies have demonstrat-
ed that each ACP domain can interact with functional partners
located both on the same and opposite subunit. Such exten-
sive cross-talk is difficult to reconcile with the crystal structure,
as the two reaction chambers appear to be physically isolated
from one another. Thus, it is likely that fatty acid biosynthesis
is accompanied by large-scale conformational transitions
within the FAS multienzyme, and, therefore, that the solved
structure represents only a static picture of a much more
ACHTUNGTRENNUNGdynamic system.

1.2. The structure of fungal FAS

Although fungal FAS systems exhibit a type I organization, the
component domains are ordered differently and distributed
between two distinct subunits, a and b, which together form a
dodecameric a6b6 architecture.

[42] However, it is relevant to
consider emerging structural information on fungal FAS here,
as they represent the only systems to date for which the
motion of the ACP domains has been rationalized clearly.[34,43–45]

Consideration of interdomain distances within the structures,
as well as the constraints of the flexible linker regions that
tether each ACP domain to two anchor points within the com-
plex, suggests that the diffusive motion of the ACP is chan-

Figure 4. Roles of type II TE domains in megasynthase systems. A) In modu-
lar PKS, type II TEs are proposed to release from the ACP domains acyl
groups that have been produced by aberrant decarboxylation of chain ex-
tender units. B) Type II TEs are proposed to play two functions in NRPS sys-
tems: removal of acyl groups added to the PCP domains during post-trans-
ACHTUNGTRENNUNGlational priming of the apo proteins, and release of amino acids that have
been loaded by mistake.
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neled into a two-dimensional, circular trajectory around the re-
action chamber. Temporary docking of the ACP onto the indi-
vidual domains is proposed to occur through complementary
electrostatic interactions between a negatively charge recogni-
tion motif on the ACP domain, and a prominent positively
charged patch near the active-site cavity of each partner.[43]

Indeed, such an interface was observed between the KS and
ACP domains in the crystal structures. The contact surface is
not extensive, however, and involves only ten residues on the
ACP; this is consistent with the need for the interaction with
the KS to be transient.[43,45] Weaker docking against the remain-
ing domains would explain the finding that the ACP is not ran-
domly distributed among the active sites, but localized at the
KS domain. While it remains to be demonstrated whether
modular systems operate by similar principles, it is tempting to
speculate that the respective CPs might also follow such eco-
nomic trajectories during substrate translocation.

1.3. Structural information on modular PKS

It has been known for over a decade that modular PKS, like
animal FAS, are homodimeric.[46,47] Several fragments (KS–AT di-

domains, TE) retain their dimeric character when released by
limited proteolysis ; this suggests that they contribute to the
overall subunit association. Chemical cross-linking[46] and
mutant-complementation studies analogous to those per-
formed on animal FAS,[48,49] have also demonstrated that inter-
subunit cross-talk is a fundamental feature of chain assembly
on PKS multienzymes. The strong parallels to animal FAS have
been reinforced by the recent publication of high-resolution
crystal or NMR structures for all of the domains, with the ex-
ception of the DH and ER activities.
The structures of KS and AT activities have been solved

within the context of two KS–AT didomains derived from the
PKS (DEBS) responsible for erythromycin biosynthesis (at 2.6
and 2.7 N; Figure 6).[50,51] The overall structure of the didomains
closely resembles that of the equivalent KS–MAT region of FAS,
including an extensive dimerization interface formed by the
KSs. As in the FAS structure, the active sites of KS and AT are
separated by a distance (�80 N) that exceeds the reach of a
static ACP; this is consistent with the requirement for a swing-
ing ACP domain in PKS systems. In addition, the higher resolu-
tion of the PKS structures allowed clarification of the roles of
various linker regions, which were suggested by the FAS struc-

Figure 5. Domain organization and structure of porcine FAS. A) The linear domain organization of animal FAS. Abbreviations are: KS, ketosynthase; MAT, ma-
lonyl-CoA/acetyl-CoA-ACP transacylase; DH, dehydratase; ER, enoyl reductase; KR, ketoreductase; ACP, acyl carrier protein; TE, thioesterase. The linker regions
between the domains are also included, and drawn approximately to scale. B) Semitransparent surface representation of the 4.5 N crystal structure of the FAS,
showing the fitted domains. The white stars indicate the suggested locations of the missing ACP and TE domains. Reprinted with permission from ref. [34] ;
copyright 2006, American Association for the Advancement of Science. C) Front view of FAS with ribbon representations of the fitted domains colored as in
B). The hollow spheres in domain colors that surround the active sites denote the length of the phosphopantetheine arm, and reflect how close the ACP has
to approach the domains during the catalytic cycle. The active sites are connected in order of the reaction sequence, with the distances between them indi-
cated for the left-hand reaction chamber. Reprinted with permission from ref. [34] ; copyright 2006, American Association for the Advancement of Science.
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ture.[34] The KS-to-AT linker region between the two domains
interacts with the last a helix of the AT domain, to form an
overall aba fold. The linker C-terminal to the AT domain was
observed to wrap back over both the AT domain and the KS-
to-AT linker to interact with the KS, although this static config-
uration might have arisen through artifactual crystal contacts.
Thus, both “linkers” appear to be structured adapter domains
that serve to fix the relative positions of the KS and AT.[51]

A folded linker region was also discovered during structure
elucidation of KR domains derived from the DEBS (Figure 6)
and tylosin (TYL) systems.[52, 53] In both cases, the crystallo-
graphic efforts were targeted at stable proteolytic fragments
of the PKS subunits, and encompassed the catalytic KR domain
and approximately 200 residues of the large upstream AT-to-
KR linker region.[47] The structures, obtained at 1.79 and 1.95 N
resolution, respectively, showed that both the AT-to-KR linker
region and the KR domain adopt similar folds that are charac-
teristic of the short-chain dehydrogenase (SDR) family of en-
zymes. Although the linker–KR fragment is monomeric, which

is consistent with the monomeric nature of the FAS KR, the AT-
to-KR linker and KR domains interact with each other to form
an overall pseudodimer. On the basis of this observation, the
authors proposed that the unassigned electron density at the
tip of the porcine FAS structure might arise not from the ACP–
TE didomain, but from an analogous “structural subdomain” of
the FAS catalytic KR.[52] However, there is no convincing se-
quence homology between the PKS AT-to-KR linker and the
corresponding DH–ER interdomain sequence of animal
FAS,[38,54] and so it cannot be assumed that the two regions
will adopt a common fold. Finally, detailed insight into the
structure of PKS ACP domains was recently provided by the
publication of the NMR solution structure of a prototypical
ACP from DEBS (Figure 6).[55] The ACP adopts a right-twisted
helical bundle topology, which is a conserved fold previously
observed for type I ACP from rat FAS,[56] and many type II ACPs
from both FAS and PKS systems.[57–66]

The accumulated structural data have been combined to
produce a model for PKS reductive loops[52] and a closely simi-

Figure 6. Structures of PKS domains derived from DEBS. A) Crystal structure of DEBS KS5–AT5 didomain at 2.7 N resolution. The domains and linker regions are
color coded, as follows: orange, N-terminal docking domain; blue, ketosynthase (KS); green, acyl transferase (AT); yellow, KS-to-AT linker; red, post-AT linker.
Residues 458–465 (indicated in gray) lacked electron density and were therefore modeled manually. (Reprinted with permission from ref. [51]; copyright 2006,
National Academy of Sciences, USA. B) Crystal structure of DEBS KR1 at 1.79 N resolution, showing the secondary structural elements. The AT-to-KR linker
(“structural subdomain“) is shown in light blue, and the catalytic domain in dark blue. The NADPH and catalytic tyrosine are represented as sticks. Reprinted
with permission from ref. [67] , copyright 2007, Annual Reviews. C) NMR solution structure of DEBS ACP2; ribbon diagram of the minimized mean structure is
shown. Reprinted with permission from ref. [55] , copyright 2007, The Protein Society. D) Crystal structure of the DEBS TE solved at 2.8 N resolution. One sub-
ACHTUNGTRENNUNGunit in the monomer is shown in surface representation. The open substrate channel is indicated by the red arrow. Reprinted with permission from ref. [67] ;
copyright 2007, Annual Reviews.
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lar structure that additionally encompasses the KS and AT do-
mains[67] in which the linker between the DH and ER domains
plays the role of the KR structural subdomain (AT-to-KR linker;
Figure 7). In both cases, the proposed organization bears a

striking resemblance to the published FAS structure, although
the authors took the extra step of locating the ACP domain in
defined positions (at the C terminus of the KR[52] and on a KS
docking site,[67] respectively). In support of the models, it has
been shown that while the linker–KR fragment is monomeric, a
construct that additionally encompasses the DH and ER is a
homodimer;[52] this is consistent with the role of the DH and
ER domains in promoting subunit self-association
Despite the inherent appeal of models for PKS architecture

that resemble that of FAS, these proposals are based largely
on homology modeling and computational docking.[52,67]

Indeed, there are multiple issues with deriving the structure of
a PKS module by direct analogy with that of FAS. For example,
many PKS modules lack DH and ER domains, and so it is not
obvious in these cases how the overall stability of the PKS
dimer would be maintained. A variant model has been sug-
gested for PKS modules that include only a KR domain,[67] and
in which the upstream AT-to-KR linker appears to substitute for
the missing DH and ER dimerization elements; indeed this
region can self-associate when expressed as a discrete pro-
tein.[54] However, in AT-less PKS modules even this portion of
the multienzymes appears to be absent.[54] Another significant
concern is that in modular PKSs, many ACP are joined directly
to KS domains within the downstream module by short linker
regions (15–25 residues). Thus, while FAS ACPs are tethered on
their C-terminal ends to a monomeric TE domain—an arrange-
ment that does not appear to hinder their mobility—many
PKS ACPs are effectively attached to all the downstream mod-
ules within the polypeptide. A similar situation arises even for
modules at the end of the assembly lines, as the solved struc-
tures of PKS TE domains have shown them to be homodimeric
(Figure 6).[68–70] These architectural features would seem to
impose very significant constraints on the ability of the ACP
domain to traverse the large interdomain distances apparent
in the FAS structure. As it seems premature to propose struc-
tural models based on animal FAS, further insight into the spe-

cific organization of domains within PKS modules (as well as
the relative arrangement of the modules themselves) awaits
real structural data obtained on larger portions of these
systems.

1.4. Structural information on NRPS/mixed systems

As with PKS systems, structure elucidation efforts on NRPSs
have not yet yielded overall structures for the multienzymes.
However, high resolution crystallographic or NMR spectroscopy
data are available for each type of domain, including the
stand-alone C domain VibH from the vibriobactin pathway[71]

(which is likely to be representative of HC and E activities), the
phenylalanine-activating A domain from gramicidin synthe-
tase,[72] an integral PCP from tyrocidine biosynthesis (TycC3–
PCP),[59] and TE domains from the surfactin[73] and fengycin[74]

NRPSs. These structures have identified accurate boundaries
for the folded domains, and simultaneously of the intervening
linker regions. Inspection of each type of linker sequence
(refs. [57, 73, 75], and K.J.W. unpublished results) shows them
to be uniformly short (from zero length to ~30 residues), and
to incorporate a high proportion of proline, alanine, and
charged residues. Thus, unlike many PKS interdomain regions
that are likely to adopt specific folds, those present in NRPS
systems appear to share characteristics with “classical” linkers,
as exemplified by the interdomain sequences from the 2-oxo-
ACHTUNGTRENNUNGacid dehydrogenase complexes.[18] Although such linkers are
inherently flexible, a degree of rigidity is introduced through
the presence of trans Ala�Pro peptide bonds.[76] These features
serve to keep tethered domains apart, while allowing them to
make essential interactions with other catalytic partners.
Several multidomain structures have also been reported,

ACHTUNGTRENNUNGincluding the didomain EntB protein from the enterobactin
NRPS (which contains functionally independent isochorismate
lyase (ICL) and aryl carrier protein (ArCP) domains),[57] and a
PCP–C didomain from the module 5–6 junction in the tyroci-
dine synthetase (referred to hereafter as PCP5–C6).

[75] In the
EntB structure, PCP protrudes from the dimeric ICL domain—
an arrangement that presumably facilitates its interactions in
trans with its partner adenylation domain EntE, and the down-
stream NRPS module EntF. Although the PCP and C domains
are in intimate contact within the PCP5–C6 structure, their
active sites are located ~50 N apart—a distance that exceeds
the reach of the 20 N phosphopantetheinyl prosthetic group.
Thus, this structure could represent a conformational state of
the system prior to peptide-bond formation. The 18-residue
linker region between PCP and C, while unstructured, partici-
pates in an intricate H-bonding network with both domains,
and presumably stabilizes their respective orientations. Howev-
er, the linker shows high inherent mobility, and should there-
fore accommodate the significant conformational adjustments
and/or domain rearrangements necessary to allow the PCP
and C domains to interact directly with each other.
Given the many analogies to PKS systems in terms of organi-

zation and reaction mechanism, it was anticipated that NRPSs
would also operate as functional dimers.[77] Indeed, a shared
quaternary architecture would neatly account for the ability of

Figure 7. Structural models for type I PKS modules. A) Structural model of
module 4 of DEBS, which incorporates a full reductive loop (DH–ER–KR).
ACHTUNGTRENNUNGReprinted with permission from ref. [67] ; copyright 2007, Annual Reviews.
B) Structural model of modules 3 or 5 of DEBS, which include only a KR
domain. Reprinted with permission from ref. [67] ; copyright 2007, Annual
Reviews.
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NRPSs to form interfaces with PKS subunits in hybrid systems,
as well as the presence of both NRPS and PKS modules within
the same multienzymes.[78,79] However, analysis by the same
methodologies used to demonstrate the homodimeric nature
of FAS and PKS (size-exclusion chromatography, analytical ul-
tracentrifugation, chemical cross-linking, and mutant comple-
mentation) failed to provide any evidence for physiologically
relevant dimerization of subunits derived from the purely
NRPS systems responsible for gramicidin (6), tyrocidine, and
enterobactin (7) biosynthesis.[77,80] In addition, all individual
NRPS domains whose structures have been solved, were puri-
fied as monomers.[71] On the other hand, analogous studies of
the six-domain multienzyme VibF from the vibriobactin NRPS
clearly showed it to be dimeric,[81] while gel-filtration studies of
a mixed PKS–NRPS enzyme from the yersiniabactin pathway
provided evidence for both monomeric and dimeric forms.[77]

These findings have led to the proposal that NRPS subunits
might exhibit a continuum of functional oligomerization states
between monomers and dimers.[77]

2. CP-Based Interactions

Although the overall structure of PKS and NRPS modules re-
mains unknown, the available data strongly suggest that
mobile tethered elements (either the CP domains themselves
and/or their attached “swinging arm” cofactors) will be a criti-
cal architectural feature. Another important conclusion from
the ongoing structural work is that detailed insights into CP-
based interactions are unlikely to come from single crystallo-
graphic snapshots of intact multienzymes. Such static images
do not capture the dynamic aspects of chain extension (for ex-
ample changes of domain position, and internal conformation-
al motions), and furthermore, might not reveal the locations of
the carrier proteins themselves.[34] One promising, though as
yet untested idea, is to trap carrier proteins in the act of com-
municating with their partners by using specific mechanism-
based inhibitors.[82,83] In the meantime, information on CP-
based interactions is beginning to emerge from assays of spe-
cific interactions between the carrier proteins and their part-
ners in solution, coupled with studies of dynamic domain
ACHTUNGTRENNUNGbehavior by solution-phase NMR spectroscopy.

2.1. ACP-based interactions

In analyzing ACP-based interactions, one useful starting point
is to conceptualize the domain’s movement as a “random
walk” through the module. Unregulated encounters with the
catalytic domains are possible because the enzymes can only
operate when offered suitable substrates. For example, if the
ACP were to present any of the reductive elements with a
ACHTUNGTRENNUNGdicarboxylic extender unit, catalysis could not take place
(Figure 8). After the chain is lengthened, the ACP could still
engage in nonproductive interactions with the reductive loop
activities without deleterious effects, as the DH domain can
only operate after the KR has acted, and the ER can function
only after catalysis by the DH. Therefore, the critical events in
substrate processing are to position the intermediates within

reach of each reductive activity. In fact, the only programmed
“choice” that each ACP has to make is to interact with domains
within its own module, or to transfer the chain to a domain
(KS or TE) located in the subsequent module. (The analogous
decision for ACPs positioned upstream of NRPS modules in
mixed systems, is when to participate in chain extension with
the downstream C domain.)
This analysis leads to two possible mechanisms by which in-

tramodular interactions can occur. In the first model, recogni-
tion by the catalytic domains is centered on the chain-exten-
sion intermediates (and possibly the Ppant tether), in the ab-
sence of a complex being formed with the ACP domain. The
enforced proximity of the domains within the multienzymes
obviates the need for specific interaction motifs between the
ACP and its partners, as the high effective concentration of the
substrates is sufficient to ensure catalytic efficiency. The deci-
sion to engage in an intra- or intermodular interaction would
then be controlled by the substrate specificity of the down-
stream domain in the next module. Alternatively, the ACP and
its partner domains, despite their covalent linkage, behave like
discrete proteins. Complementary electrostatic docking sites,
as postulated for fungal FAS,[43] could enable formation of ACP-
catalytic domain complexes at each stage of the chain-exten-
sion cycle. Such interfaces are unlikely to be strong, however,
as high affinity interactions would interfere with efficient sub-
strate shuttling. Programmed changes in partnership could
then be induced by subtle conformational changes on the ACP
as it contacts the various forms of the chain-elongation inter-
mediates, optimizing its surface features for recognition by the
next catalytic domain. In this way, the ACP random walk could
be constrained into a more economical series of protein–pro-
tein interactions with its partner activities.

2.1.1. Studies of ACP-based interactions

On the basis of domain boundaries revealed by limited pro-
teolysis[46,47,84] and the high-resolution structures (Figure 6),[50,51]

module 3 from the DEBS PKS was dissected into its individual
components (KS3, AT3, and ACP3; the KR present in the module
is inactive).[85] Critically, KS3 and AT3, when expressed as inde-
pendent proteins retained their ability to self-acylate. Combin-
ing ACP3 and acylated AT3 resulted in transacylation to the

Figure 8. Analysis of ACP-based interactions. When the ACP is charged with
carboxylated extender unit, its interactions (shown by black arrows) with the
DH, ER, and KR domains are unproductive (indicated by an X).
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ACP3 domain; this suggests that the domains share a defined
interaction motif that enables reformation of an active chain-
transfer complex. Addition of KS3 was sufficient to reconstitute
chain extension, although only in the presence of an AT3
domain that incorporated its C-terminal linker region. In the
KS–AT crystal structure, this linker appears to serve as a struc-
tural adaptor between the catalytic domains; this observation
suggests that docking between the ACP and KS requires resto-
ration of the native KS–AT didomain architecture. Furthermore,
KS3 exhibited preferences among heterologous ACPs derived
from DEBS, as partners during chain extension.[84,86] Taken to-
gether, these results strongly implied the existence of specific
molecular interfaces between the ACP and both its partner KS
and AT domains.
Direct evidence for an interaction motif can be provided by

identifying interface residues by using site-directed mutagene-
sis, as long as it can be demonstrated simultaneously that the
mutations do not disrupt the structure or intrinsic catalytic
properties of the domains. In the case of the KS–ACP interac-
tion, attention was focused on helix aII by homology model-
ing[26] and computational docking by using solved structures.[50]

Indeed, mutation of proposed interface residues on helix aII of
DEBS ACP2 to their counterparts in DEBS ACP6, was sufficient
to switch the condensation specificity of ACP2 from DEBS KS3
to KS6.

[55] Residues along the length of helix aII were also
shown to lie at the interface between ACP6 and the DEBS-spe-
cific PPTase, which acts on the domain, in trans.[26] Thus, helix
aII is recognized by at least two of the ACP’s partner domains.
This mechanism is reminiscent of type II FAS systems, in which
helix aII serves as a universal “recognition helix“,[87–90] and high-
lights the fundamental mechanistic similarities between the
two pathways.
An interesting question is whether this helix is also involved

during chain transfer between ACP and KS domains located on
successive modules. It cannot be assumed that the chain trans-
fer and condensation complexes between ACP and KS do-
mains are identical, given the very different connectivities be-
tween the participating proteins (ACPn�1+KSn and KSn+ACPn

respectively). In fact, the existence of an alternative docking in-
terface for chain transfer has been suggested by a study of
modular “skipping“. This phenomenon was observed in an en-
gineered version of DEBS, in which an introduced module was
simply ignored, resulting in omission of the expected chain-ex-
tension step.[91] In this case, the chain-extension intermediate
was shown to pass through the interpolated module by direct
ACP-to-ACP transfer.[92] This transesterification process requires
that the thiol groups on the ACPs come together in close prox-
imity, an arrangement that would arise naturally from simulta-
neous docking of two ACPs onto a single KS domain (Fig ACHTUNGTRENNUNGure 9).
If a conformational switch within the upstream ACP is required
to interact with this alternative site on the KS domain, it could
form the basis for substrate-induced programming at inter-
modular junctions.
The basis for communication between ACP6 and the adja-

cent TE domain in DEBS has recently been investigated by
using a combination of functional and binding assays.[93] These
experiments did not provide any evidence for a strong inter-

face between the TE domain and the apo ACP. An interaction
was observed between the TE and the holo ACP, and the affini-
ty of binding increased further by the presence of a model
substrate, butyrate. These data suggest that molecular recogni-
tion occurs between the TE and prosthetic group (as well as
attached substrates), and not with the ACP itself.[19] Similar
conclusions have recently been reached for several recombi-
nant KR domains from DEBS, which showed specificity for their
b-ketoacylthioester substrates, but not for the ACP domains to
which the substrates were tethered, or for the KS domains that
synthesized the intermediates.[85]

Taken together, these experiments show that control of
chain extension within PKS modules probably arises from a
combination of the two mechanisms outlined above. Matched
recognition motifs are likely to play a role within a subset of
interactions (KS+ACP and AT+ACP), and these might be
modulated by the internal conformational dynamics of the
ACP domains.[55,84, 86] In the case of the KS+ACP interaction, a
higher affinity, longer-lived complex is probably required to
satisfy the mechanistic and stereochemical constraints of the
condensation reaction.[43,45] The remaining intramodular inter-
actions (ACP+ reductive activities), appear to be fostered by
physical approximation of the domains within the multien-
zyme subunits. Intermodular communication between the ACP
and the N-terminal domain of the downstream module within
the same polypeptide (a KS or TE in PKS systems, or a C
ACHTUNGTRENNUNGdomain in mixed PKS–NRPS) should be facile as the domains
are tethered directly through short linker sequences.[94] These
linker regions show no evidence for sequence conservation
within and among PKS systems (K.J.W., unpublished observa-
tions) and therefore are unlikely to serve as a shared mecha-
nism for controlling the timing of intermodular interactions. In-
stead, changes in the conformational state of the ACP domain
and/or the inherent substrate preferences of the downstream
catalytic activities could suppress premature chain transfer be-
tween the modules.

Figure 9. A two-site docking model for KS–ACP interactions. The existence
of distinct docking sites on the KS for the upstream (n�1) and downstream
(n) ACP domains explains how ACP-to-ACP chain transfer can occur in the
absence of a functional KS domain.
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2.2. PCP-based interactions

By analogy with PKSs, several mechanistic schemes can be pro-
posed to account for the control of chain extension within
NRPSs. In these systems, tailoring of the constituent amino
acids can occur both before (for example, N-methylation) and
after (for example, epimerization, C-methylation) the condensa-
tion reaction in each module.[95] In the simplest model, recog-
nition is focused on the chain-extension intermediates. The in-
herent substrate specificities of the C domains at both their
donor (upstream module) and acceptor (same module) sites
would then control the directionality of chain elongation,[96]

while the timing of modification would be regulated by the
ACHTUNGTRENNUNGreaction chemistries (for example, epimerization, which is most
favorable following condensation).[97] Alternatively, the se-
quence of PCP-based interactions (for example, with the N-
methyltransferase, upstream C domain, epimerase, and then
downstream C domain) could be regulated through formation
of successive PCP-catalytic domain complexes. Similar consid-
erations apply to mixed PKS–NRPS systems, in which NRPS
modules are fused directly to PKS modules within the same
polypeptide. In such cases, however, the PCP must choose to
present its substrate to the domains within its own module, or
to transfer the intermediate to the immediate downstream KS
domain.

2.2.1. Studies of PCP-based interactions

A particularly notable report[98] arose from re-examination of
the original TycC3–PCP NMR solution structure.[59] Detailed
analysis of the NMR spectra revealed the existence of two dis-
tinct conformational states for both the apo and holo forms of
the domain (Figure 10). One of the conformations (the A/H
state) is shared by both forms (despite the absence of the
phosphopantetheine arm in the apo domain), and resembles

the classical four a-helix bundle structure.[57–66] In the alterna-
tive A state of the apo protein, the lengths of helices aI, aII,
and aIV are significantly reduced, and helix aIII is missing en-
tirely; the corresponding loop region is buried within the core
of the structure between helices aII and aIV. The major differ-
ence between the alternative H conformation of the holo pro-
tein and the A/H state is that helix aIII unravels and becomes
extended, inducing a significant relocation of helix aII and
loop elements, including the region that contains the active
site Ser and its attached PPant. Together, these changes cause
the cofactor to migrate some 100 N across the face of the PCP,
repositioning the terminal thiol group by ~16 N. These data
therefore provide the first direct evidence that the PPant arm
“swings” during catalysis on NRPS multienzymes.
Using NMR titration experiments, the authors further dem-

onstrated that the PPTase enzyme selectively interacts with the
apo protein A state, and contacts some 25 residues along helix
aII and the preceding loop, which are not fully accessible in
the A/H state. Thus, despite the almost complete absence of
sequence homology between ACP and PCP domains,[99] both
exploit helix aII as an interaction element. The type II TE associ-
ated with the pathway exclusively recognizes the H state of
the holo domain, through a contiguous interaction surface
formed by the N-terminal part of helix aII and the loop II and
III regions that flank it. Critically, in the A/H state, the corre-
sponding amino acids are not adjacent to each other, which
explains the selectivity of the TE for the H conformation. Al-
though these experiments with trans-acting domains did not
directly probe the control of chain extension, they bolster the
idea that conformational changes within the PCP domain
could contribute to programming within NRPSs.
Further support for the role of helix aII in partner recogni-

tion has been provided by genetic engineering. A hybrid
TycC3 PCP domain was constructed by swapping helix aII with
the equivalent region from a type II ACP of bacterial FAS.[99] Al-

Figure 10. Ribbon diagrams of the average NMR solution structures of the TycC3 PCP domain. A) A state adopted by the apo protein. The PPTase Sfp interacts
exclusively with this conformation. B) A/H state shared by both the apo and holo domains. This state most closely resembles the classical four a-helix bundle
structure. C) H state adopted only by the holo protein. This state is recognized by the type II TE. In each case, the position of the active Ser is indicated by an
asterisk. Reprinted with permission from ref. [98] ; copyright 2006, American Association for the Advancement of Science.
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though wild-type PCP was not recognized by the ACP-specific
PPTase AcpS, the chimaeric PCP was efficiently phosphopante-
theinylated both in vivo and in vitro. The hybrid PCP failed to
interact with the neighboring E domain, suggesting that helix
aII also participates in this interaction. In contrast, no effect
was observed on the rate of in cis aminoacylation by the A do-
main directly upstream. Therefore, either the A domain recog-
nizes an alternative motif on the PCP, or a specific interface is
not required for interdomain communication. Targeted muta-
genesis within helix aII further demonstrated that a single-
point mutation was sufficient to alter the specificity of phos-
phopantetheinylation. Such “hot-spot” residues are typical of
protein–protein interaction surfaces.[100]

A residue on helix aII was also identified at the interface be-
tween PCP and the downstream C domain in the Tyc PCP5–C6
crystal structure,[75] in which the A/H conformation of the PCP
suggests that it is primed for interaction with the upstream A
or C domains within its own module. In support of this hy-
pothesis, mutation of several residues in helix aII of the TycB1
PCP compromised its ability to participate in chain extension
with the upstream C domain.[101] However, mutation of helix aII
within the PCP of TycA also impaired the ability of the domain
to cooperate with a downstream C activity located on the next
subunit, TycB.[99] One possible explanation for this result is that
interactions between the TycA PCP domain and its aminoacyl
substrate induced a switch between its A/H and H conforma-
tional states,[98] presenting residues on helix aII to the down-
stream C domain.
Additional interaction motifs for NRPS carrier proteins have

been revealed by a series of studies on the synthetase respon-
sible for biosynthesis of enterobactin (7) in Escherichia coli
(Figure 11).[102–104] Enterobactin is a cyclic trilactone siderophore
comprised of three N-(2,3-dihydroxybenzoyl)-serine (DHB–Ser)
residues. Assembly occurs on an NRPS that consists of two
modules, which are distributed among three proteins EntE,
EntB, and EntF (Figure 11). EntE is a DHB-specific A domain,
which delivers its cargo to the ArCP of the bidomain ICL–ArCP,
EntB. ArCP-bound DHB is then condensed with serine by the
C domain of the NRPS module EntF, to yield DHB–Ser. The
products of three such elongation cycles are themselves con-
densed by the terminal TE domain of EntF, which then releases
the final product enterobactin by macrolactonization. Both car-
rier proteins (ArCP and the integral PCP of EntF) are phospho-
pantetheinylated by the PPTase EntD. As the ArCP is a stand-
alone protein, all of its interactions (with EntE, EntD, and EntF)
occur in trans. Conversely, the EntF PCP cooperates in cis with
partners within its own subunit (the C, A, and TE domains).
Thus, the two contexts for carrier-protein recognition, in cis
and in trans, can be probed within a single system. Further-
more, E. coli are dependent on the production of enterobactin
for growth on iron-deficient media, which enabled a high-
throughput, selection-based method for investigating recogni-
tion determinants.
In total, approximately 80% of the residues on the ArCP sur-

face have been mutated, including helices aI, aII, aIII, and the
intervening loops. The majority of amino acids were tolerant
to mutation, suggesting that the recognition motifs on the

ArCP are more localized than the interface regions on the Tyc
PCP.[98] Another possibility, however, is that the particular selec-
tion methodology employed in these experiments was unsuit-
ed to revealing more subtle determinants of interdomain com-
munication. The EntD–ArCP and ArCP–EntF in trans interac-
tions are mediated, at least in part, by a small cluster of strong-
ly conserved residues on either side of the phosphopantethei-
nylated Ser (Figure 11). In the case of EntD (PPTase), the
interface is formed by loop II, while two of the three residues
in the EntF interaction motif are provided by helix aIII, and the
third by helix aII. In an independent study, the interface be-
tween the ArCP and EntE (A domain) was explored by rational
site-directed mutagenesis,[57] and shown to involve residues on
loop II and helices aII and aIII. Surface-exposed residues on he-
lix aIII also make a critical contribution to the in cis interaction
between the EntF PCP and the downstream TE.[104] Like helix
aII, the structure of helix aIII is substantially altered during the
PCP A/H-to-H transition.[98] Therefore, these results add further
weight to a model for NRPS operation in which substrate-in-
duced conformational switching in the PCP is used to program
alternative interactions with the domain’s up- or downstream
partners.[20]

A module-dissection approach has also been applied to
EntF,[105] as well as to the NRPS subunit EpoB from the epothi-
lone mixed PKS–NRPS.[106] The HC domain, when excised from
EpoB, was able to recognize the remainder of its module (A–
Ox–PCP), but with reduced catalytic efficiency relative to the
intact protein. In the case of EntF, the isolated C domain was
completely incapable of interacting with the remaining three
domains (A–PCP–TE) in the subunit, while the A domain within
a C–A fragment was incompetent for transfer of seryl-AMP to
the severed carrier-protein partner, PCP–TE. Evidently, the affin-
ity of interaction between partner domains in these systems is
insufficient to reconstitute the active complexes from their
fragments. These data reinforce the idea that for both NRPS
and PKS systems, covalent tethering of catalytic and carrier-
protein domains into single multienzymes also plays a critical
role in optimizing their interactions.

3. Intersubunit Recognition

As a consequence of the multi-multienzyme architecture of
PKS, NRPS, and hybrid systems, intermodular interfaces are
formed by domains that lie within the same polypeptide, but
in addition, by domains located on discrete subunits (Fig-
ACHTUNGTRENNUNGure 12). Therefore, in order to generate the correct product,
the individual proteins within the assembly lines must organize
themselves appropriately. This positioning requires not only
that each polypeptide recognize its specific partner, but that
improper associations are actively prevented. In principle, each
subunit may not only have to discriminate among multien-
zymes within its own assembly line, but all other modular PKS
and NRPS proteins that are present within the cell.[23,107] The
structural basis for correct end-to-end docking is therefore one
of the critical issues in understanding catalysis on modular
megaenzymes.
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3.1. Multienzyme docking in modular PKS

The first hint as to how such discrimination might be accom-
plished in modular PKS came from recognition that the N ter-
mini of multienzymes, which house extender modules (i.e. , the
regions N-terminal of the conserved KS domains), contain reg-
ularities in their amino-acid sequences typical of amphipathic

a-helical coiled coils.[108,109] This
observation led to the proposal
that these N termini are involved
in specific coiled-coil interac-
tions,[110] which stabilize the
overall PKS homodimers. Shortly
after, studies on DEBS demon-
strated that these N-terminal
“linker” regions make specific in-
teractions with partner “linkers”
at the extreme C termini of the
previous PKS multienzyme (i.e. ,
the sequences C-terminal to the
conserved ACP domains).[27]

These regions will be referred to
hereafter as “docking domains”,
as this nomenclature reflects the
fact that they adopt three-di-
mensional folds (see below).[28]

Furthermore, matched pairs of
docking domains could be sub-
stituted by other such partners
without impairing the biological
function of the hybrid
PKSs,[111,112] and they could also
mediate chain transfer between
domains and modules that do
not normally cooperate with
each other.[113–115] Together, these
results suggested that docking
domains can function independ-
ently of their parent subunits—
that is, that they are portable—
and might adopt specific struc-
tures. However, it was not imme-
diately obvious how to study
their interactions directly, be-
cause PKS multienzymes bind to
even their correct partners
weakly, at least in vitro.[46,116,117]

This issue was addressed by
solving the NMR solution struc-
ture of a complex of docking do-
mains from the DEBS system, by
fusing the elements together
through their respective C and
N termini.[28] Attempts to study
the individual domains were
hampered by their sensitivity to
limited thrombolysis during pu-
rification,[28] and tendency to ag-

gregate (K.J.W., unpublished results). Critically, an identical
fusion approach had already been applied in vivo with DEBS
and other PKS systems, with no apparent ill effects on the bio-
synthetic activity.[36,118,119] The solved structure (Figure 13) re-
vealed that docking domains not only mediate specific intersu-
bunit interactions, but, as proposed earlier,[108] promote associ-

Figure 11. Protein–protein interactions in enterobactin biosynthesis. A) Biosynthetic scheme for enterobactin (7)
assembly. Protein–protein interactions are indicated by double-headed, dashed arrows (black: in trans; gray:
in cis). The ArCP of EntB must interact in trans with the PPTase EntD, the standalone A domain EntE, and the C
domain of EntF, while the PCP of EntF interacts in cis with all of its modular partners, A, C, and TE. B) Localized
recognition surfaces on the EntB ArCP and EntF PCP domains identified by combinatorial mutagenesis. The
primary determinants of the interactions are shown in red, with secondary contributions from amino acids in
orange. Reprinted with permission from ref. [20] ; copyright 2006, American Chemical Society.
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ation of each homodimer. The structure incorporates two sepa-
rate dimerization elements, an unusual intertwined four a-helix
bundle[120] formed by the first two helices of the C-terminal
docking domain, and a coiled coil formed by the N-terminal
docking domain. Reassuringly, the coiled-coil motif was later
observed in the solved structure of the parent KS domain
(Figure 6).[51] The docking interaction is localized to a second
four a-helix bundle of different topology, formed when the
third helix of the C-terminal docking domain wraps around the
coiled-coil structure. A set of hydrophobic residues at the inter-
face likely contributes to the stability of the docked complex.
The structure also revealed several salt bridges at critical posi-
tions within the helical bundle (Figure 13); this suggests that
association (kon) between correct subunits is driven by favor-
ACHTUNGTRENNUNGable electrostatic interactions,[121] while misdocking is discour-
aged by charge–charge repulsion. Differences in stability be-
tween the resulting docked complexes (koff) could contribute
an additional layer of specificity. Replacement of particular heli-
cal segments within the docking complex by genetic engineer-
ing, yielded results in a minibiosynthetic system that were en-
tirely consistent with this proposed docking model.[122] Taken
together, these data suggest that this artificially docked com-
plex captured the native interaction. Nonetheless, given the
size of the overall structure, it is difficult to imagine how the
docking domain region can be functionally equivalent to intra-
protein linkers of only 20–30 residues, which mediate chain

transfer between ACP and KS domains within the same PKS
multienzyme.[28]

The subunit termini from many other PKSs share a high level
of sequence homology with the DEBS-derived docking do-
mains, making it likely that they adopt similar three-dimension-
al folds. However, sequence analysis reveals a second group of
putative recognition elements, the structures of which might
differ.[28] Thus, specificity appears to arise in many PKSs
through the inclusion of sets of docking domains that are
structurally incompatible. Nevertheless, in many systems, multi-
ple docking interactions occur through DEBS-type docking do-
mains;[28] for example, in the monensin (MON) PKS, the DEBS
class of docking domain is present at all seven intersubunit
junctions. Furthermore, analysis of all key residue positions
(both hydrophobic and charged within the docking four a-
helix bundle) shows that at least two docking domain pairs in
the MON PKS are functionally identical. Thus, contacts between
the docking domains alone are insufficient to insure interaction
fidelity.[28,123] In such cases, interactions between surface resi-
dues on the flanking ACP and/or KS domains are highly likely
to be involved in discriminating between correct and incorrect
docking partners.[124] In support of this hypothesis, mutation of
single residues on the surface of the DEBS docking complex
significantly altered docking affinity.[125] This result demon-
strates that the targeted amino acids are unlikely to be solvent
exposed, but instead to lie within an interprotein interface that

Figure 12. Multi-multienzyme organization of PKS, NRPS, and mixed PKS–NRPS systems. A) The 6-deoxyerythronolide B synthase (DEBS) responsible for eryth-
romycin biosynthesis incorporates three subunits, DEBS 1, 2, and 3. Two intermodular junctions are formed across intersubunit interfaces (boxed gray re-
gions). B) NRPS subunits TycA, TycB, and TycC cooperate to assemble the polypeptide tyrocidine. Chain extension occurs across two intersubunit interfaces
(boxed gray regions). C) Tubulysin is assembled by a hybrid PKS–NRPS that incorporates three NRPS subunits (TubB, TubC, and TubE), a PKS subunit (TubF),
and a mixed PKS–NRPS subunit (TubD). Both chain extension (NRPS–NRPS) and chain transfer (NRPS–PKS) are accomplished by domains located at intersub-
ACHTUNGTRENNUNGunit junctions (boxed gray regions). Abbreviations are: Ox, oxidase; C-MT, C-methyltransferase.
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includes either one or both of the ACP and KS domains. In
fact, it has been estimated that the adjacent domains make an
equal contribution to docking specificity.[114] The precise way in
which the flanking domains interact with each other and/or
with the docking elements, remains to be determined.
These structural data together with considerations of molec-

ular symmetry, support a model for assembly-line biosynthesis
on PKS multienzymes[46] in which the proteins align themselves
one after another, so that the crucial contacts occur between
the ends of the subunits (Figure 13). A recently proposed alter-
native architecture for DEBS in which the successive polypep-
tides are stacked in antiparallel fashion,[67] is more difficult to
reconcile with these data.

3.2. Multienzyme docking in NRPS

It has also been tacitly assumed that docking between succes-
sive enzymes in NRPS systems occurs at the subunit ends.
While the N-terminal domain of NRPS polypeptides is most
often a C domain (or its HC analogue), the C-terminal domain
can be a PCP or, more commonly, an E domain. A role was pro-

posed for the E domains in or-
dering the subunits within the
synthetases through recognition
of the downstream C
domain.[126,127] However, further
experiments demonstrated that
the interaction motif is actually
located C-terminal to the cata-
lytic E domain, at the very end
of the protein, and that the
N termini of NRPS subunits con-
tain corresponding recognition
features. These regions have
been dubbed “communication-
mediating“ (COM) domains.[128]

COM domains are significantly
shorter than the respective C-
and N-terminal docking domains
of PKSs, approximately 20–30
and 15–25 amino acids, respec-
tively, and exhibit little mutual
sequence conservation.[128, 129] As
in PKS systems, swapping of
matched pairs of COM domains
can also foster communication
between noncognate multi-
ACHTUNGTRENNUNGenzymes, demonstrating that
portability is a shared feature of
these elements.[128–130] Strikingly,
the decisive factor in establish-
ing a productive interface in
these experiments was a
matched set of COM domains.
This result suggests that the
flanking domains make only a
minor contribution to the inter-

actions, although a role for specific PCP–C domain recognition
has been postulated.[130]

A structural model for COM-based interactions has been pro-
posed on the basis of sequence analysis, site-directed muta-
genesis, and structural data.[129] Although the overall sequence
homology among COM domains is low, the amino-acid com-
position is relatively uniform. The C-terminal COM domains in-
corporate a higher than average proportion of acidic amino
acids, while N-terminal COM domains are biased towards polar
residues (Figure 14). This observation suggests that, as in PKS
systems, specificity is mediated largely by polar and/or electro-
static interactions between key residues. Indeed, reversal of
the charge of a single amino acid of a Tyc COM domain was
apparently sufficient to switch its partner specificity.[129] Based
on the crystal structure of the VibH C domain[71] and secondary
structure prediction, both C- and N-terminal COM domains are
believed to adopt a-helical structures. Therefore, docking be-
tween compatible pairs is proposed to result in the formation
of an antiparallel leucine zipper. Crucially, the five putative spe-
cificity determinants on each COM domain occur at approxi-
mately every third position, and so should be displayed on the

Figure 13. The structural basis for docking in modular PKS. A) PKS docking domains are located at the extreme C
and N termini of the subunits. The complex of docking domains solved by NMR spectroscopy models the junction
between polypeptides DEBS 2 and DEBS 3 in the erythromycin PKS. B) NMR solution structure of the DEBS dock-
ing complex. The dimeric C-terminal docking domain is shown in blue and yellow (three helices), while the dimer-
ic N-terminal docking domain is shown in green and orange. Two dimerization elements are present, an inter-
twined four a-helical bundle formed by helices 1, 1’, 2, and 2’, and a coiled-coil motif formed by the N-terminal
docking domain. Docking between the two domains, results in formation of a second four a-helical bundle, as
indicated. The linker region between helices 2 and 3 is highly mobile, and therefore is represented as a dashed
line in the structure. C) Charged residues located at critical positions in the interface (see box in B) are likely to
contribute to the specificity of docking.
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same side of the respective helices. Confirmation of this pro-
posal from high-resolution structural information is eagerly
ACHTUNGTRENNUNGanticipated.

3.3. Multienzyme docking in mixed PKS–NRPS

Mixed PKS–NRPS systems can incorporate as many as four dif-
ferent types of intersubunit interfaces: PKS–PKS, PKS–NRPS,
NRPS–PKS, and NRPS–NRPS. As analogous PKS–PKS and NRPS–
NRPS junctions occur in purely PKS and NRPS systems, in prin-
ciple, the mechanisms of intersubunit recognition could also
be shared. However, it is immediately obvious from primary se-
quence analysis that this is unlikely to be the case. Putative
docking elements from mixed systems do not exhibit discerni-
ble homology to PKS docking domains or NRPS COM domains,
despite the high level of sequence similarity between the cor-
responding catalytic activities.[94,131] Nevertheless, both C- and
N-terminal docking elements show obvious mutual sequence
similarities, and typically cluster according to their module of
origin (either PKS or NRPS).[131] The exception is a group of PKS
C-terminal docking domains that operate at PKS–NRPS inter-
ACHTUNGTRENNUNGfaces, which align instead with their counterparts from NRPS
modules. This analysis suggests that docking is likely to occur
in a common fashion at PKS–PKS junctions in many mixed sys-
tems, and by a second type of mechanism at PKS–NRPS and
NRPS–NRPS interfaces (Figure 15). However, many putative
docking domains from these systems fall outside of the identi-
fied sequence groups (for example, those that operate at
NRPS–PKS junctions), and so further types of interfaces are
possible. Thus, as in purely PKS systems, one probable determi-
nant of interaction specificity at intersubunit junctions is the
presence of architecturally orthogonal sets of docking
domains.
Similarly, sequence analysis suggests that multiple interfaces

within mixed assembly lines are formed by docking domains
that adopt the same overall fold (for example, between sub-
ACHTUNGTRENNUNGunits MelC–D, MelD–E, and MelG–F in the melithiazol sys-
ACHTUNGTRENNUNGtem[131]). Insight into the molecular basis for specificity at such
junctions was recently provided by the NMR solution structure
of a representative N-terminal docking domain, called TubCdd
(Figure 15).[131] TubCdd operates at the intersection between
NRPS subunits TubB and TubC in the tubulysin mixed mega-
synthetase, but members of its domain family are also present
at PKS–NRPS interfaces. The solution structure revealed that
TubCdd is a homodimer. This result suggests that while sub-
ACHTUNGTRENNUNGunits in purely NRPS systems can be monomeric,[77,80] their
counterparts in hybrid PKS–NRPS are likely to oligomerize in
order to communicate effectively with their homodimeric PKS
partners, and that the docking elements actively contribute to
subunit self-association. This result argues against a proposed
structure for hybrid enzymes that consists of a dimeric PKS
core with monomeric NRPS loops.[77] The study also revealed
that TubCdd adopts a novel abbaa protein fold that features
an exposed b-hairpin, which serves as the binding site for the
C-terminal docking domain of the partner polypeptide. The
pattern of charged residues on the surface of the b-hairpin ap-
pears to define an electrostatic “code” for docking at this type
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of interface. Although the C-terminal partner of TubCdd,
TubBdd, is unstructured when expressed as a discrete protein,
it might fold through interaction with TubCdd. In either case,
recognition features within TubBdd are likely to be centered
on the short, acidic-charge cluster at its extreme C termi-
nus,[94, 131] as only this region is conserved throughout the dock-
ing-domain group. In future, it will be important to test fea-
tures of this docking model by genetic engineering of intact
multienzymes, as performed with the DEBS system.
Studies with the epothilone mixed PKS–NRPS system have

demonstrated that several of its constituent docking domains
are portable, and can mediate communication between both
cognate and noncognate partners.[132, 133] However, the chain-
elongation efficiency of the resulting hybrids (at both PKS–
NRPS and NRPS–PKS junctions) was compromised,[132] even
with native substrates. This result implies that, as in PKS sys-
tems, intersubunit communication involves additional molecu-
lar-recognition features that possibly include matched inter-
ACHTUNGTRENNUNGaction interfaces between the flanking domains. A straightfor-
ward mechanism to introduce this added level of discrimina-
tion would be to optimize ACP or PCP domains to interact
only with a downstream C or KS domain, respectively; such a
feature would at least define the specific type of interpolypep-
tide junction. This alternative specificity should, in principle, be

reflected in systematic sequence differences between domains
in purely PKS or NRPS systems, and their counterparts in
mixed systems (for example, C-domain-specific ACPs and their
KS-preferring counterparts). However, neither ACPs nor PCPs
from mixed assembly lines exhibit any distinguishing sequence
features relative to the corresponding domains from entirely
PKS and NRPS systems.[94] And while analysis of KS domains
that function directly downstream of NRPS modules shows
that they form a unique branch within the KS phylogenetic
tree, the residues that differ have been implicated in adapting
their substrate specificity to accommodate peptidyl intermedi-
ates.[94] Thus, evaluating whether such recognition motifs exist
awaits high-resolution structural information on intersubunit
junctions, or direct interrogation of putative interface residues
by site-directed mutagenesis.
It is interesting that mixed assembly lines use an alternative

docking strategy to those in purely PKS and NRPS systems, de-
spite the conservation of catalytic functions. Such divergence
could reflect a different evolutionary origin of the docking ele-
ments in hybrid systems. Alternatively, the change in oligomer-
ACHTUNGTRENNUNGization state of NRPS subunits on transition from purely NRPS
to mixed systems could have driven the development of alter-
native forms of docking at all relevant junctions (NRPS–PKS,
PKS–NRPS, and NRPS–NRPS). The factors favoring evolution of
a second docking solution for PKS–PKS intersections are less
obvious.

4. Domains that Operate in trans

This section describes several further protein–protein interac-
tion issues in megaenzyme systems, about which relatively
little is known. Every PKS, NRPS, or hybrid system depends on
the in trans action of a PPTase enzyme or enzymes for post-
translational activation of the constituent carrier proteins. For
both ACPs and PCPs, recognition appears to be mediated by
residues in the loop II and helix aII regions, which lie directly
adjacent in the primary sequence to the active Ser.[26,98] Many
assembly lines also incorporate a type II TE editing func-
tion.[31–33] In the case of PCP domains at least, the PCP–TE inter-
face is also formed by residues on helix aII, and adjacent loops.[98]

A large and growing number of pathways feature further
trans-acting domains. Notable among them are the group of
“AT-less” PKS, which lack integral AT domains within each
module (Figure 16).[134] Instead, one or several ATs are encoded
elsewhere in the cluster, as monodomains,[29,135,136] tandem
ATs,[137,138] or as genetic fusions with proteins of unrelated func-
tion, such as oxidase domains.[30,139,140] Each AT interacts itera-
tively with every carrier protein within the synthase to deliver
a common substrate, usually malonate. It has been proposed
that the sequences between the KS and KR domains within
the modules in many systems, which are likely to be relics of
functional ATs, serve as “AT docking domains” and restore the
normal positioning of the AT within the complexes.[141] Howev-
er, it is unclear why such a vestigial domain should interact
with an active copy of the AT,[140] particularly given the mono-
meric nature of the ATs observed in the KS–AT crystal struc-
tures.[50,51] A reasonable alternative is that the trans AT domains

Figure 15. Intersubunit docking in mixed PKS–NRPS systems. A) Sequence
analysis predicts that docking occurs by a common mechanism at PKS–NRPS
and NRPS–NRPS junctions in mixed systems, while an alternative recognition
architecture is operative at PKS–PKS interfaces. Docking elements at NRPS–
PKS intersections exhibit no apparent homology to other docking domains,
impling the existence of additional interface types.[131] B) NMR solution
structure of the N-terminal docking domain from the NRPS subunit TubC
(TubCdd). Each monomer of the overall homodimeric complex exhibits a
novel abbaa fold. Residues on either side of the dimeric complex that
contact the partner docking domain of TubB, are indicated.
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dock directly with the ACP domains through recognition of a
common surface feature. This hypothesis is supported by the
finding that exogenous MAT from Streptomyces coelicolor re-
stored the function of a DEBS module in which the native AT
domain had been disabled by active-site directed mutagene-
sis ;[142] in this case, the complemented module lacked a puta-
tive AT docking domain.
The proposed role of the AT-docking domain has been ex-

plored directly within the context of the mycosubtilin assembly
line.[143] Surprisingly, inclusion of the upstream AT-docking
domain in a recombinant ACP construct significantly reduced
the rate of malonate transfer by the discrete AT, FenF. The au-
thors postulated that FenF might form a long-lived or catalyti-
cally incompetent complex with the docking domain, in order
to control the timing of malonyl transfer. The need for such a
regulatory function is unclear, however, given that transfer of
malonate to the ACP can only occur when the active site is un-
occupied. FenF was also unable to discriminate significantly
between the two possible ACP substrates within the assembly
line, suggesting a role for additional recognition determinants
in the interaction. Taken together, these data indicate that the
residual fragments of AT domains found in AT-less systems are
not involved in AT docking, but further exploration of this
issue is clearly warranted.
Another modification that occurs in trans is the addition of

alkyl functionalities to the b-position of nascent chains, as
found in myxovirescin (8 ; Scheme 2), bacillaene, mupirocin,
and curacin, among other metabolites.[137, 138,144–148] Introduction
of such b branches requires a cassette of five proteins, com-
prising a 3-hydroxy-3-methylglutaryl-CoA synthase homologue
(HCS), a decarboxylase-type KS domain (which incorporates an
active-site Cys to Ser substitution), a discrete ACP, and two
enoyl-CoA hydratase homologues (ECH). The modification
cycle is proposed to begin with loading of the alkyl precursor
(either malonate or methylmalonate) onto the ACP, followed
by KS-catalyzed decarboxylation; alternatively the correspond-
ing alkyl chains are loaded directly onto the KS. Condensation

Figure 16. Architecture of the “AT-less” leinamycin hybrid PKS–NRPS, showing the location of the proposed “AT docking domains“ (ATD). The discrete AT (lo-
cated on the didomain LnmG), has been proposed to dock onto the ATD domains, in order to deliver the common substrate malonate to the ACP domains.

Scheme 2. Modification by b-alkylation. A) The mixed PK–NRP metabolite
myxovirescin (8) contains two alkyl groups (at C12 and C16, highlighted in
gray), which are introduced by the action of a 5-member “HMG gene cas-
sette”. B) Mechanism of b-methylation. A stand-alone ACP is acylated with
malonate, presumably by the action of a discrete AT. The malonate is then
decarboxylated by a free-standing KS domain. The resulting acetate unit is
then added to an ACP-bound chain-extension intermediate by HMG–CoA
synthase (HCS), followed, sequentially, by elimination of water and decarbox-
ylation, which are catalyzed by two enoyl–CoA hydratase (ECH) homologues.
Recognition between the HCS, ECHs, and ACP might increase the efficiency
of the condensation, dehydration, and decarboxylation steps.
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of the resulting alkyl unit (as its enolate nucleophile) with the
b-keto group of the multienzyme-bound intermediate is ac-
complished by the HCS. Dehydration and decarboxylation cata-
lyzed by the ECH enzymes then furnish the final alkyl function-
ality. The timing of b-alkylation critically depends on selection
of the correct chain-extension intermediate by the HCS
enzyme, and must occur before the chain is processed further.
In principle, the HCS could be specific for a particular poly-
ACHTUNGTRENNUNGketide intermediate. However, the demonstrated promiscuity
of HCS enzymes towards alternative acceptor substrates[135,146]

suggests that additional recognition features are required, and
likely include the modular ACP to which the substrate is teth-
ered. Indeed, data have been obtained that support the forma-
tion of a specific complex between the HCS and the discrete
ACP bearing the alkyl functionality.[145] Analogous interaction
motifs might also facilitate the efficient processing of the alky-
lated intermediate by the ECHs. Additional studies will be
ACHTUNGTRENNUNGrequired to fully elucidate the recognition requirements for b-
branch incorporating enzymes.
A final feature of interest in several mixed PKS–NRPS sys-

tems is the in trans operation of domains that normally func-
tion in cis. This situation arises with the so-called “split mod-
ules” found primarily in myxobacterial systems, in which the
normal complement of domains that comprises a module is
shared between two different proteins (Figure 17).[135, 138–
140,149,150] Module splitting can occur at multiple sites (for exam-
ple, following the KS,[135,139] AT,[150] DH,[140] or KR[135,135,149] do-
mains) and is taken to an extreme in the andrimid PKS–NRPS,
in which 15 domains are distributed over nine proteins.[151,152] It
has been proposed, in some cases, that the splitting observed
on the genetic level might not be realized in the protein struc-
ture, due to translational by-passing.[139] Alternatively, however,
specific interactions between modular components (which
likely include the KS and ACP domains as these are always
ACHTUNGTRENNUNGlocated on the separate proteins of split modules) or supra-
molecular interactions among multiple polypeptides as pro-
posed for the bacillaene PKS–NRPS,[153] are sufficient to reform
the active complexes. Direct studies of split modules in vitro
will be required to understand this phenomenon.

5. Summary and Outlook

In type II FAS and PKS systems in which all domains are pres-
ent as individual components, interactions between most if
not all of the proteins must arise through compatible molecu-
lar interfaces.[19] In contrast, within the modules of PKS, NRPS,
and their hybrids, the majority of CP-based interactions occur
with domains to which they are physically attached, albeit in
many cases indirectly. In principle, this arrangement allows the
number of essential protein–protein interactions to be reduced
relative to type II systems, with the exception of those with
PPTase enzymes, and possibly TEII functions. Nevertheless, at
least for several interactions within modular megasynthetases,
specific interfaces do play a role. In PKS systems, evidence sup-
ports the formation of KS–ACP complexes,[55,84,86] both during
the condensation reaction and to maintain the fidelity of inter-
subunit transfer. Correspondingly, C–PCP interfaces appear to

be operative in NRPSs.[99,101] The participation of such recogni-
tion motifs likely allows the systems to program one of the
most critical events in the pathways—the switch between
intra- and intermodular communication. Commonalities are
also evident in the particular surface features characterized to
date, which are used by the CP domains to recognize their
partners. Although it is logical that such contact loci should
center around the active Ser residues, both ACPs and PCPs
ACHTUNGTRENNUNGexploit residues in helices aII and aIII and the surrounding
loops.[19] It is unlikely to be coincidence that these regions of
the proteins show the greatest structural flexibility.[58,62, 98] This
observation supports the idea that conformational switching
within the CPs, possibly provoked by interaction with chain-ex-
tension intermediates, allow the proteins to adapt structurally
to one or the other of their specific partners, giving rise to a
programmed series of interactions at intermodular junctions.
Further commonalities are observed in the strategies to ach-

ieve docking specificity between subunits in PKS, NRPS, and
mixed systems, although the particular structural solution used
in each case differs. For both PKSs and PKS–NRPSs, more than
one type of docking element type may be present, which
would clearly tend to suppress mispairing of individual multi-
enzyme subunits at those interfaces. However, in all three sys-
tems, multiple interfaces are formed by docking domains that
adopt the same overall fold, and which therefore might be ex-
pected to compete for binding to “wrong” partners. Here, the
contribution of the docking domains to binding specificity ap-

Figure 17. Examples of biosynthetic systems that incorporate “split”-exten-
sion modules. In each case, the subunit names containing the split module
are indicated.
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pears to depend upon precise interactions between a small set
of polar or charged residues that occupy critical positions in
the interfaces.[28,128,129,131] In PKS and mixed systems, at least,
the flanking catalytic domains are also likely to make a decisive
contribution. The underlying logic governing intersubunit rec-
ognition is therefore very similar. The reliance on charged
rather than hydrophobic residues at intersubunit junctions is
consistent with the overall weak affinity of intersubunit interac-
tions. This feature of the pathways might allow these systems
to cope with the mistakes in translation or protein folding that
likely arise with proteins of this size, as defective proteins can
be easily exchanged for functional alternatives.
Many of the protein–protein interaction models discussed in

this review await direct experimental evaluation. In addition,
the majority of CP-based interactions within PKS and NRPS
modules have yet to be probed comprehensively. Such experi-
ments should reveal whether further interdomain interactions
involve the formation of specific protein–protein complexes, or
whether proximity is also the primary determinant of interac-
tion efficiency in these cases. Research in the field is also likely
to focus on obtaining high-resolution crystallographic informa-
tion on larger, multidomain portions of the complexes, includ-
ing entire modules and subunits, and using NMR spectroscopy
to probe the dynamic aspects of these gigantic protein com-
plexes. In future, deciphering in detail the rules for recognition
of (acyl)carrier proteins, subunits, and trans-acting domains,
will undoubtedly improve our ability to productively engineer
megasynthetase systems towards the production of novel
drug candidates.
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