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Abstract
Nonribosomal peptides have a variety of medicinal activities including activity as antibiotics,
antitumor drugs, immunosuppressives, and toxins. Their biosynthesis on multimodular assembly
lines as a series of covalently tethered thioesters, in turn covalently attached on pantetheinyl arms
on carrier protein way stations, reflects similar chemical logic and protein machinery to fatty acid
and polyketide biosynthesis. While structural information on excised or isolated catalytic adenylation
(A), condensation (C), peptidyl carrier protein (PCP) and thioesterase (TE) domains had been
gathered over the past decade, little was known about how the NRPS catalytic and carrier domains
interact with each other both within and across elongation or termination modules. This highlight
reviews recent breakthrough achievements in both X-ray and NMR spectroscopic studies that
illuminate the architecture of NRPS PCP domains, PCP-containing didomain-fragments and of a full
termination module (C-A-PCP-TE).
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†The structures discussed and shown in this Highlight are listed with the corresponding PDB database acession codes as follows:

1f7l AcpS : Coenzyme A complex

1f80 AcpS : ACP complex

1qr0 Sfp : Coenzyme A complex

2gdw TycC3-PCP (A/H-state)

2gdx TycC3-PCP (H-state)

2gdy TycC3-PCP (A-state)

2ge0 Sfp : CoA complex (model)

2ge1 Sfp : Mg2+: CoA : TycC3-PCP (model)

2jbz AcpS : Coenzyme A complex

2jgp TycC PCP5-C6 didomain

2ron SrfTEII

2roq EntF PCP-TE

2k2q SrfTEII : TycC3-PCP complex

2vsq SrfA-C module

NIH Public Access
Author Manuscript
Nat Prod Rep. Author manuscript; available in PMC 2010 June 1.

Published in final edited form as:
Nat Prod Rep. 2009 August ; 26(8): 987–1000. doi:10.1039/b904543k.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



1. Introduction
Two major classes of metabolites, polyketides (PK) and fatty acids (FA) on the one hand and
nonribosomal peptides (NRP) on the other, are assembled in a series of iterative condensation
steps while the reactants are tethered as thioesters on phosphopantetheinyl (4′-PP) arms of
proteins.1-8 The covalent cofactor is post-translationally added to the 10-12 kDa carrier protein
domains functioning within protein assemblies to accomplish the transport and presentation
of substrates to diverse catalytic domains.9, 10

In each chain-elongating condensation, the growing FA, PK, or NRP acyl chain participates
as the electrophilic partner, undergoing attack at the acyl thioester carbonyl while the monomer
to be incorporated acts as nucleophile.11 For FA and PK chain growth, the iterative chemical
step is C-C bond formation via a decarboxylative Claisen condensation from a (methyl)-
malonyl-S-acyl carrier protein (ACP).12, 13 For NRP chain elongation, the downstream
nucleophile is the amine of an aminoacyl-S-peptidyl carrier protein (PCP) to form the C-N
amide (peptide) backbone linkage.14, 15 ACPs and PCPs are similar 3 or 4-helix bundles of
80-100 residue non-catalytic domains, one per biosynthetic module, that are the way stations
for the growing PK or NRP chains.8, 16, 17

Fatty acid synthases (FAS) and polyketide synthases (PKS) can occur as distributed assemblies
with each catalytic domain on a separate protein (type II FAS or PKS), e.g. in tetracycline and
daunomycin biosynthesis.18, 19 Alternatively, the catalytic and carrier protein domains can be
strung together into one or more functional modules within a single polypeptide chain. The
erythromycin or 6-deoxyerythronolide B synthase (DEBS) has seven modules spread over
three protein subunits and this multimodular assembly line is termed a type I PKS.20, 21 The
most common architecture of NRP synthetase assembly lines is the type I pattern, exemplified
by (a) aminoadipyl-cysteinyl-valine synthetase22, 23, a three module, ten domain 480 kDa
single subunit enzyme that carries out the first committed step in penicillin biosynthesis, and
(b) the seven module vancomycin synthetase, organized in a 3 module, 3 module, 1 module
assembly of three subunit proteins.24, 25

Following two decades of intensive investigation of the chemical mechanisms of PKS and
NRPS assembly lines, the chemical logic is fairly well deciphered.9, 11, 12, 26, 27 This includes
the enzymatic priming of the apo forms of ACPs and PCPs by phosphopantetheinyl
transferases (PPTases) to install the active thiol function of the pantetheinyl cofactor on the
carrier proteins so that covalent acyl/peptidyl chain growth can proceed on the thiols.10, 28,
29 The selection and/or activation of monomeric building blocks in chain initiation involves
acyl-CoAs by acyltransferase (AT) domains in PKS assembly lines and amino acids by
adenylation (A) domains in NRPS assembly lines.6, 30-39 Chain elongation is mechanistically
coupled to translocation, via a C-C bond forming step carried out by ketosynthase (KS) domains
for polyketides and fatty acids and by C-N bond formation by condensation (C) domains in
NRPS assemblies.40-46 The termination modules for PKS, FAS and NRPS typically contain
a thioesterase (TE) domain as the most downstream domain and catalyze the disconnection of
the full length acyl/peptidyl chain from the adjacent downstream ACP/PCP domain.2, 16, 17,
40, 47-51 TE domains can act as hydrolases, reductases, or regiospecific macrocyclization
catalysts and can release the PK, FA or NRP nascent product.52-66 A variety of tailoring
enzymes can work on the acyl or peptidyl chain. These tailoring reactions may occur in
trans after the chain termination step on the nascent product but many (e.g. keto-reductases,
dehydratases, enoyl-reductases in PKS modules and N-methyltransferases, epimerases,
cyclases or FMN-dependent oxidases in NRPS modules) work in cis in a specific elongation
module on the elongating acyl chains.44, 47, 49, 67-82
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Comparable insights into how the structural architecture of type I FAS, PKS, and NRP
assembly lines enable and constrain chain initiation, elongation, and termination events have
lagged behind chemical insights. The first level of structural information has been obtained
from X-ray crystallographic and NMR spectral analyses of separate constituent catalytic and
carrier proteins from distributed type II assemblies or excised single domains from type I
synthetases. Structural studies on the FAS and PKS catalytic subunits83-92 (KS, AT, KR, DH
and, ER) first yielded to such structural information by protein crystallization and X-ray
diffraction along with high-resolution liquid-state NMR spectra analysis of the 80-100 residue
ACP proteins.84, 93-102 Structures of free standing or excised NRPS adenylation (A) domains
were solved by X-ray crystallography103-106 as well as a C domain from the vibriobactin
siderophore synthetase assembly line107 and tailoring enzymes such as the halogenases of the
rebeccamycin or syringomycin synthetases.108, 109 The type I TE domain from the surfactin
non-ribosomal peptide synthetase as well as the TEs from polyketide synthases such as
erythromycin and picromycin have been also crystallized and the structures solved.59,
110-112 These structures provided insights into the general fold of isolated proteins and excised
domains, their structural dynamic and high-resolution structural details helped to understand
the interaction with their substrates, but the structures could not provide sufficient information
on protein-protein or domain-domain interactions to elucidate the overall architectures the
multienzyme assemblies of PKS, FAS or NRPS systems.

Most recently, structures of multidomainal fatty acid synthases of fungal (Thermomyces
lanuginosus), yeast (Saccharomyces cerevisae) and mammalian (Sus scrofa) origin, free and
in complex with NADP+ have been solved by X-ray crystallography, giving snap shots of the
global orientation of catalytic domains relative to each other and giving hints as to the mobility
of ACP and thioesterase domains. The invisibility of ACP and TE domains in the X-ray
analyses of the mammalian and fungal FAS structures reflect the domains intrinsic flexibility.
48, 113-118 These structures have been transformational accomplishments in delineating how
the architectural arrays of the catalytic core (KS, AT/MPT) and tailoring (KR, DH, ER)
domains interact to perform the chemical steps of fatty acid elongation. Further exciting details
about the well-synchronized internal dynamics and domain-domain interactions have been
discovered very recently for a metazoan fatty acid synthase by cryogenic electron microscopy
and three-dimensional reconstruction methods.119 Analogously, pairs of PKS domains from
the 6-deoxyerythronolide B synthase (DEBS) have been solved by efforts in X-ray
crystallography83, 85, 120-124 to reveal how inter-domain linkers function and KS and AT
domains to be oriented with respect to each other. Also, domains involved in the regioselective
cyclization of polycyclic aromatic polyketide scaffolds by bacterial and fungal PKS have been
studied to understand the control of ring size and connectivity.46, 56, 59, 125, 126

The canonical view of FAS and PKS organization in an elongation module of a type I assembly
is now that AT-KS-ACP constitute the enzmyatic core assembly with defined interaction
surfaces while the KR-DH-ER domains form an extension from which one, two, or three of
the domains can be disabled or absent without affecting the core activity of the assembly line.
The core AT-KS-ACP module enacts a chain elongation/chain translocation step to produce a
β-ketoacyl-ACP product. Engagement of the loop catalytic domains before the growing acyl
chain moves in the next condensation/translocation event to the ACP of the next downstream
module controls the oxidation state at the Cβ position of the growing chain. Action of the KR
alone leaves a β-OH-acyl-ACP, of KR plus DH yields an α,β-enoyl-ACP, while combined
action of KR, DH and ER domains in that order yields a β-CH2-acyl-ACP at the end of a
particular module's activity.11, 20

Recent studies on NRPS assembly lines have provided structural insight into NRPS
architectural logic to a level comparable with that of PKS and FAS systems. These involve
NMR studies on PCP domains127, 128, an external thioesterase (TEII)129 and on a PCP-TE
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didomain130, X-ray studies on a condensation (C) domain107, inter-subunit communication
enabling COM-domains131, terminating type I thioesterases (TEI)110, 132 and adenylation (A)
domains103-106, a dehydrolase domain involved in enterobactin synthesis (EntA)133, an
excised PCP-C didomain134, the full length didomain protein (EntB) of a substrate delivering
aryl carrier (ArCP) and a substrate-providing isochorismate lyase domain (ICL) from the
enterobactin synthetase135, and on a full termination module C-A-PCP-TE.136 The structural
studies have illuminated mechanistic issues still to be resolved in these antibiotic and antitumor
agent assembly lines.137, 138

This highlight article examines recent conclusions from such NRPS structural work. We start
with NMR studies on the peptidyl carrier proteins which must visit at least four catalytic
partners. These essential catalytic partner proteins are priming PPTases, loading/initiating A
domains, chain elongating upstream and downstream C domains and for some PCPs, chain
terminating TE domains or tailoring enzymes. At least three of these carrier recognition
processes are essential for each elongation cycle.17, 127, 139 Experiments focused on the protein
dynamic and protein-protein interactions of the PCP have revealed that a defined
conformational switch of this small shuttling domain is intimately linked to its ability to interact
with multiple proteins.16, 128, 140 We then take up two different didomain combinations, a
PCP-C and then a PCP-TE pair that function in cis in an elongation module in the tyrocidine
synthetase and the termination module in enterobactin synthetase assembly lines, respectively.
130, 134 The ‘pièce de résistance’ in the field is the recent X-ray structure of the termination
module of the surfactin synthetase assembly line.136 This structure gives a snapshot of how
the C-A-PCP-TE domains can interact at one moment in time. The complete termination
module further reveals significant domain-domain interfaces and the positioning of linker
regions between domains. This structural complex is a key starting point for subsequent efforts
to chart possible pathways for how the PCP domain(s) in this termination module as well as
in elongation and initiation modules must move and reorient to visit the C, A, downstream C,
and the TE domains after initial interaction with the post-translational modifying 4′-
phosphopantetheinyl transferases (PPTase). This termination module architecture also
provides a building block for how multiple NRPS modules can come together to form full
assembly lines.

2. A peptidyl carrier protein-centered view of NRPS assembly lines
The 80-100 residue peptidyl carrier proteins (PCPs) are at the center of the action in every
module of NRPS assembly lines (as are the corresponding ACPs for FAS and PKS assemblies).
A module is defined as the unit responsible for selection and addition of one substrate monomer
into the growing, tethered peptidyl/acyl chain (Figure 1). A NRPS module is composed of a
C, an A and a shuttling PCP domain. For a natural product enzymatic assembly line to function,
the carrier proteins in each and every module must first be post-translationally modified on a
conserved serine residue surrounded by a homologous pattern of amino acid residues, which
together define a carrier protein-specific recognition site.50, 141-144 The 18 Å long prosthetic
group, bearing the terminal thiol on which natural product chain growth subsequently proceeds,
is covalently connected via a phosphodiester to the folded apo carrier proteins by action of a
dedicated family of 4′-phosphopantetheinyl transferases, often encoded within the NRPS
biosynthetic gene cluster.28, 29

Carrier proteins have been examined in the past using biochemical methods, by high resolution
NMR spectroscopy and X-ray crystallography, as excised domains, as free standing single
proteins, and during recognition by PPTases like Sfp from Bacillus subtilis and AcpS from
Streptomyces coelicolor or Streptococcus pneumoniae.93-97, 99-102, 127, 128 The crystal
structure of Sfp and the studied protein complex with PCP revealed that Sfp has a pseudo-
homodimeric fold and provides one V-shaped interface for the 4′-PP cofactor modification of
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a PCP (Figure 2c); in comparison AcpS is crystallized as a symmetric homo-trimer and three
catalytic sites for the post-translational modification of ACPs are located in the interface of
AcpS monomers (Figure 2d).145-147 ACPs and PCPs had been shown to comprise of a three
to four helix bundle, whereas the third helix is described as a short α- or 310- helix. However,
X-ray studies did not deal with the structural flexibility and dynamics, essential for the function
of carrier proteins to shuttle to, interact with, and present their tethered, growing acyl chain to
every catalytic domain in any NRPS/PKS/FAS module. In comparison, early NMR analyses
have given initial evidence that these small proteins may have some structural flexibility and
conformational exchange also involving the 4′-PP arm.94, 95, 101

The apo and the holo forms of the peptidyl carrier protein, TycC3-PCP, excised from the third
module of the third subunit (TycC) of the three protein, ten module tyrocidine A antibiotic
synthetase (Figure 1), have been studied in detail by high resolution NMR spectroscopy.
148-154 A subset of residues in apo-TycC3-PCP consistently showed two peaks in 15N-HSQC
spectra for some backbone amides in two regions of the folded protein (Figure 2a). One region
is around the active site residue Ser45 that will become phosphopantetheinylated in the holo
form. The second region is located in the area of helix III including the linkers to helix αII and
αIV. These NMR signals reflect slow chemical exchange, which could be described as slow
conformational exchange between an A (for apo) state and a second, major conformer
designated as A/H state, which is present for the apo- and holo protein conformers (Figure 2a).
On post-translational conversion of apo to holo form of this PCP the A/H state predominates
and a third H (holo) conformer is detected by NMR spectroscopy. In the equilibrating mixture
of the two conformers of apo-PCP, the A state is the one that is selected to interact with the
phosphopantetheinyl transferase Sfp to undergo post-translational modification. In the
resulting holo form of PCP, as the A/H and H conformers exchange via loop/helix melting
switch, the covalently attached 4′-PP cofactor rotates through approximately 100° over the
surface of holo-TycC3-PCP and the thiol terminus of the pantetheinyl arm can move 30-35 Å
(Figure 2a). The misacylated and arrested H state is the conformer detected by TEIIs (see
section 3; (Figure 2b cartoon & lineshape analysis).128

This helix/loop switch may be a key swivel mechanism to move the pantetheinyl arm to allow
the holo-PCP to visit C and A (and TE) domains within the cognate module and the C domain
of adjacent modules in chain elongation steps. It is likely that different surface elements, loops,
side chains, and charged residues of PCP domains may be recognized by partner C, A and TE
domains.16, 139, 141 These effects on protein-protein recognition have been established by
mutational studies with two PCP domains, from EntB and from EntF, in the E. coli enterobactin
synthetase assembly line.155 These two PCPs, normally embedded as domains within the EntB
and EntF proteins respectively, were recognized in the helix αII regions by their native PPTase
EntD and in the loop II and helix III regions by the C-domain of EntF.139, 156

Establishing the structures of the major dynamic conformers of both apo and holo forms of
PCP domains constitutes a foundation for evaluation of interactions with paired domains in
more detail, taken up in the next section.

3. Recognition between pairs of domains in cis and in trans: PCP-TE
interactions

The tethered natural product chains that grow as a series of elongating acyl thioesters attached
to each carrier protein in each module of NRPS/PKS/FAS enzymatic machines are subject to
chain disconnection chemistry by cleavage of the thermodynamically activated thioester bond
in two distinct contexts.
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The first is chain termination when a full length peptidyl/acyl chain has reached the most
downstream carrier protein in an assembly line. The large majority of NRPS (and PKS and
FAS) assembly lines terminate in a thioesterase (TE) domain which catalyzes the disconnection
of the natural poduct from the assembly line. The TE domain in cis to the last PCP uses the
side chain −OH of its active site serine residue to transfer the chain to form an O-peptidyl-TE
acyl-enzyme intermediate.56, 59, 60, 157 The fate of the peptidyl-O-TE can vary, depending on
the chemistry in the second step, from hydrolysis, to macrocyclization, to Dieckman
cyclizations, thereby releasing the product as a carboxylic acid, a macrolactone or lactam, or
a cyclic ketone, respectively.14, 55, 60, 158-160 Chain-terminating TEs are fascinating both for
the chemical diversity of the second, product-determining step and for the recognition and
transfer of the acyl chain from the immediately adjacent PCP in the PCP-TE didomain. The
high resolution NMR structure of the EntF PCP-TE didomain revealed a well defined
recognition site between both domains independent from the 4′-PP cofactor modification.130

This close interaction between the last carrier and the terminating thioesterase of an assembly
line is defined by a remarkable specificity of the thioesterase.

The second context where TEs can catalyze hydrolytic disconnection of peptidyl-acyl-S-
pantetheinyl-carrier protein linkages is in proof reading and editing functions.161-165 In several
NRPS (and PKS) biosynthetic gene clusters, a second TE (TEII) is encoded, but produced in
trans as a free-standing protein. This external thioesterase is observed to increase the
throughput of an assembly line to generate mature, released product.161, 162, 164, 166-172

Mechanistic studies have revealed the TEIIs can patrol the assembly line modules and
hydrolytically remove stalled non-native thioesters from the 4′-PP arm that would otherwise
block the assembly line. While TEIIs can remove mis-aminoacylated substrates due to faulty
activity of adenylation domains from several PCP domains, it may be their main function to
hydrolyze acetyl-thioesters of acetyl-S-pantetheinyl-carrier proteins that block chain growth.
Much of intracellular CoASH is present in the form of acetyl-CoA and the majority of PPTases
do not discriminate well.29, 173 If they transfer not HS-pantetheinyl-P from CoASH but acetyl-
S-pantetheinyl-P from the more common acetyl-CoA to apo carrier proteins, this mistake will
shut down an assembly line. The editing TEIIs can rescue a dead assembly line by hydrolysis
of the acetyl moiety to uncover the terminal SH on the 4′-PP arm for re-acylation with
appropriate amino acid monomers.

Two recent complementary NMR studies have illuminated an in cis and an in trans interaction
of PCP-TE pairs.129, 130, 138 The in cis 38 kDa PCP-TE pair was derived from the EntF
termination module (C-A-T-TE) of the enterobactin synthetase assembly line, responsible for
cyclotrimerization of tethered N-2,3-dihydroxyl-benzoylserine to release the enterobactin
trilactone siderophore. The in trans pair involved the TycC3-PCP noted above with the editing
TEII from surfactin synthetase. These studies required the development of new methodologies
in NMR spectroscopy and structure calculation for sorting out high resonance overlaps in the
NMR spectra of the protein complexes.129, 174, 175

The apo form of the EntF PCP-TE was solved after mutation of the active site serine Ser 48
of the PCP domain to alanine to obtain homogeneous protein samples.130 The apo PCP domain
exhibited the anticipated fold with inter-domain linker mobility. The TE domain adopts the
overall fold of α/β hydrolases, previously seen in X-ray structures of the surfactin and fengycin
synthetase TEIs.110, 132 A well-defined interface between the PCP and TE domains was
observed and the active sites of PCP and TE were separated by a distance traversable by an
acylated pantetheine arm, consistent with a functional conformation (Figure 3a, b). Titration
of the PCP-TE didomain with different phosphopantetheinyl transferases (Sfp, EntD, and
AcpS) suggested capture of an open conformer of the structurally exchanging PCP-TE system
by the PCP-modifying enzymes Sfp and EntD. Both PPTases recognize the EntF PCP domain.
Analogous titration of the PCP-TE with the EntF C domain revealed a specific interaction
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surface on the PCP domain distinct from that recognized by the TE domain, consistent with
dynamics of each domain within an NRPS module and selected subsets of PCP conformers
interacting with A, C, TE and PPTase partners selectively. These parallel, non-overlaping
interaction sites on the PCP surface further supports a limited internal structural flexibility as
the driving force to shuttle substrates in an elongation or termination module.

The TycC3PCP : SrfTEII structural studies129 provided several kinds of complementary and
additional information. The first was the structure of the editing TEII, allowing comparison
with the chain-terminating TEIs found in the NRPS and PKS assembly lines, and establishing
structural flexibility of the TEII. The active site of SrfTEII was shallow and more accessible
compared to TEIs, consistent with hydrolytic editing of small acyl groups, but not the large
peptidyl chains of normal carrier protein tethered intermediates. Titration with the misacylated
acetyl-S-4′-PP-PCP domain revealed the PCP to be in the H conformational state (see previous
section 2) and shifts the structural exchange equilibrium of the SrfTEII, for specific complex
formation, towards one conformation. Finally, as shown in Figure 3b & 3c the recognition
interfaces of the PCP-TEI pair are distinct from that of the PCP : TEII, enabling the TEII to
access PCP-bound intermediates while the most downstream PCP and the TEI are in an active
conformation.

4. PCP-C didomain X-ray information
A consideration of the alignment of the core C-A-PCP triad of domains across multiple
elongation modules in NRPS assembly lines suggests the PCPn in modulen must interface with
the Cn+1 in the immediate downstream modulen+1 during peptidyl chain elongation. This
interaction can be transient, lasting only long enough for the growing peptidyl chain on the 4′-
PP arm of PCPn to be captured by the free amino group of the aminoacyl-S-4′-PP-PCPn+1 in
the Cn+1 domain active site. Alternatively, it could be a longer-lived, stable interface that helps
position upstream and downstream modules in functional orientations, both when two modules
are in cis in the same protein subunit and when they act in trans across subunits via defined
interfaces.

Intensive efforts by the Marahiel and Essen groups at the Philipps-University in Marburg,
Germany to crystallize a variety of multi-domain fragments of NRPS assembly lines led in
2007134 to the X-ray structure determination at 1.8 Å resolution of a PCP-C didomain (Figure
4), again from the third subunit of the tyrocidine synthetase assembly line of Bacillus brevis.
Tyrocidine is a cyclic decapeptide macrolactam, in which D-Phe1 and L-Leu10 are joined head
to tail in a TE-mediated macrolactamization release step. The ten modules of this assembly
line are distributed over three separate subunits TycA, -B and -C in a one, three, six module
organization, respectively, such that the steps that form the peptide links between D-Phe1 and
L-Pro2 and D-Phe4 and L-Asn5 are in trans while the other seven condensations occur in cis
(Figure 1). The didomain construct that resulted in useful protein crystallization was derived
from the third subunit TycC and involved the fifth PCP and the sixth C domain. This protein
contains the ninth PCP (PCP9) in the overall assembly line and the last C domain (C10) (Figures
1, 4). The C domain uses L-Leu-S-4′-PP-PCP10 as a nucleophilic donor and the nonapeptidyl-
S-4′-PP-PCP9 as the electrophilic acceptor in the last peptide bond forming step of the assembly
line. This final condensation step occurs just prior to transfer of the decapeptidyl-S-4′-PP-
PCP10 product chain to the TE domain for off-loading and subsequent head-to-tail macro-
lactamization. Thus, as for any elongation module, PCP9 must be able to interact specifically
and sequentially, with the adjacent A domain (A9) to load ornithine from activated ornithinyl-
AMP, as ornithinyl-S-4′-PP-PCP9, and to transfer this substrate to the C9 active site for peptide
bond formation to form the nonapeptidyl-S-4′-PP-PCP9. PCP9 must sub-sequently present the
nonapeptidyl chain to C10 to fulfill this shuttling function; all three catalytic domains (A9,

Koglin and Walsh Page 7

Nat Prod Rep. Author manuscript; available in PMC 2010 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



C9, and C10) should be able to achieve proximity to the carrier domain PCP9 at some point in
the loading/elongation cycle.

The TycC PCP-C didomain crystal structure should give insight into both the fold of the PCP
and C domains and the relative orientation of upstream donor PCP to immediately adjacent
downstream partner C domain. Residues 1-82 comprise PCP9 and residues 101-522 make up
C10. The PCP domain with the active site serine residue replaced by an alanine represents the
apo form of the carrier domain in a fold similar to the A/H state described in the apo-PCP
NMR studies noted in an earlier section. The C domain has the V-shaped architecture
reminiscent of the previously solved free-standing C domain, VibH107 in the vibriobactin
synthetase assembly line2, 176, with a presumed active site His 224 residue in the cleft of the
V-shaped protein.134 The N-terminal and C-terminal pseudo-domains of the V-shaped C10
look to have a swivel point around Ser 268 and potential motion around this swivel point may
be important for peptide bond formation by C domains.

While one might have anticipated this PCP-C donor/acceptor pair would be oriented such that
Ser 43, the active site serine in the PCP domain that must normally become post-translationally
phosphopantetheinylated (if the protein were not a mutant) with a 18 Å long 4′-PP cofactor,
would be within 20-25 Å of the C domain active site, this was not the case. As noted in figure
4, Ser 43 in the PCP domain and His 224 in the C domain are 47 Å apart.

The authors proposed several possibilities to explain this unproductive orientation of the PCP
and C domains. One is that this orientation could be imposed by crystal packing forces: in
essence this could then be a nonphysiological didomain architecture, and therefore this X-ray
snapshot could represent some trapped inactive state. Or this snapshot could be a state visited
by the PCP9-C10 in cis pair perhaps between catalytic cycles. If so, dramatic domain
movements/reorientations would be required to yield a conformer where the 4′-PP arm (absent
from the apo form of PCP9) could bring the peptidyl chain into the C10 domain active site. A
third alternative is that this PCP-C didomain orientation reflects a state in which the PCP9 is
oriented not to the downstream C10 domain but back towards the C9 domain (not present in
this excised fragment). In this context, the 4′-PP arm on the holo-form of PCP9 would be
carrying Orn9 as the nucleophile for the C9 domain mediated condensation cycle with the
octapeptidyl chain tethered as a thioester on the 4′-PP arm of PCP8. To validate this supposition
it would, of course, be nice to be able to crystallize and structurally analyze an excised, native
Cn-An-PCPn-Cn+1 multidomain construct.

This first X-ray structure of a PCP-C didomain emphasizes both: (1) the value of a high
resolution X-ray structure and (2) its limitations in that the species crystallized lacked the 4′-
PP business arm of the PCP domain and represents only one snapshot in time. Further the
“nonproductive” orientation of PCP9 to C10 emphasizes the ambiguity of one static structure
as a possible unproductive conformer vs. a conformer that represents the orientation of the two
domains at an earlier step in which PCP9 interacts with the (missing) upstream C9 domain
rather than the (present) downstream C10 domain.

To sort out this and other ambiguities of architecture and mechanism will require many X-ray-
based snapshots of different intermediates to reconstruct the whole picture of assembly line
domain-domain and module-module interactions. This structure of an unfunctional didomain
also emphasizes the complementary need to study functional structural dynamic of protein-
protein and inter-domain interactions during the many steps of peptidyl chain growth, e.g. by
NMR spectroscopy. For example, for the ten module tyrocidine synthetase, there are at least
thirty discrete covalent chemical steps (not to mention the many non-covalent changes of
protein scaffolds) required for the biosynthesis of each cyclic tyrocidine antibiotic molecule
that rolls off the TE domain of the assembly line.
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5. Architecture of a NRPS termination module
The crystal structure of the four-domain C-A-PCP-TE termination module of the surfactin A
synthetase from Bacillus subtilis has recently been determined at 2.6 Å resolution (Figure 5a),
again by combined efforts of the Marahiel and Essen groups.136 Surfactin synthetase has seven
modules and generates an N-acyl-heptapeptido-lactone biosurfactant.177, 178 The native
termination module has 1274 amino acids and a mass of 144 kDa. To obtain crystals suitable
for structure determination, two conditions were necessary. One was the point mutation of the
active site serine Ser 1003 in the PCP domain to alanine so that the mutant carrier mimicked
the apo-form of the PCP. The second feature was that the construct contained a C-terminal
myc-His6-tag comprising an additional 16 amino acid residues, employed to allow affinity
purification. Eventually, the C-terminal tag formed an α-helix that acted as a docking element
with the C domain of a second C-A-PCP-TE molecule in the crystal packing; both
modifications may have enabled crystallization of the observed conformer.

The structure of the Srf TE domain in the complete termination module aligned well with the
previously reported structure of the excised Srf TE domain at a RMSD 0.72 Å for the Cα traces,
suggesting little effect of the C-A-PCP domains on the TE fold. The C-A-PCP tridomain
assembly represents the core unit of all NRPS elongation modules so the molecular snapshot
of this crystal structure will be precedent for domain structures and orientations accessible to
elongation modules as well as termination modules.

The structure of the A domain in this termination module reveals two subdomains: the core in
the N-terminal region and a C-terminal catalytic subdomain, with the catalytic loop displaced
some 16 Å from positions in previously solved single A domain structures.103-106 On the basis
of this observation, the authors proposed that A domains must (1) open to bind the cognate
amino acid substrate (in this case leucine, observed in the A domain active site), (2) close down
to hold onto the aminoacyl-AMP intermediate, and then (3) open back up to allow access of
the HS-4′-PP arm of the holo-PCP domain to capture the activated amino acyl group held in
the A domain active site. The C domain in this module is similar in architecture to the two C
domains previously solved by X-ray crystallography, the stand alone VibH and the C domain
described above in the PCP9-C10 didomain of the tyrocidine synthetase. The canyon in the C
domain is proposed to be accessible to a lipohexa-peptidyl chain from a (missing) upstream
PCP and also to the L-leucyl7-S-4′-PP-PCP within the termination module.

Of particular note is the interaction between the C domain, the A domain, and the intervening
32 residue linker which is well ordered with a structurally rigid 10 residue α-helical stretch
that packs along the C-A didomain interface (Figure 5b). Tanovic et al. argue that these
extensive interactions suggest the C-domain-A-domain orientation does not change and that
the C-A didomain forms a structurally rigid platform that remains invariant during the several
steps of the catalytic chain elongation/termination process.136, 179 In contrast, the 15 residue
and 9 residue linkers between the A-PCP and the PCP-TE domains, respectively, make fewer
interactions and are therefore proposed to be flexible, consistent with the domain movements/
rotations required during one or more catalytic steps.

It remains unclear which stage in an NRPS catalytic cycle has been captured by this crystal
structure. The active site His 147 of the C domain and the substrate amino acid leucine
coordinated in the A domain are 63 Å apart, too far to be bridged by a 4′-PP arm which at full
extension would reach 18 Å. The absence of the 4′-PP arm, (recall that the mutant apo-PCP
domain in the crystallized module has the Ser 1003 mutated to Ala) also precludes knowing
where the 4′-PP chain would be located in this module conformer, i.e. whether it would be
pointed toward the C domain, the A domain, or the TE domain, or would be invisible due to
conformational flexibility.
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Given the interaction in the crystal of the α-helical C-terminal myc-His6-tag with the N-
terminus of the C domain of an adjacent C-A-PCP-TE molecule, Tanovic et al. speculate that
this helix may mimic the C-terminus of the upstream module and may presage the docking of
the prior subunit SrfA-B, containing module 6, on this termination module 7 (SrfA-C). This
coordination of a single helix may inform how to assemble seven modules in tandem array to
build the full multimodular three protein assembly line for surfactin biosynthesis. If the
speculation of Tanovic et al. is a valid prediction, the coordination of an adjacent module may
have general impact for other multi-module assembly line architectures of NRP synthetases.

This pioneering X-ray structure of an NRPS termination module gives the first insights into
the architecture of elongation and termination modules and the first snapshot along a multi
snapshot trajectory of an NRPS assembly line. It is the starting point for further structural
investigations with different reaction intermediates or stable analogs, particularly with the 4′-
PP arm installed on the native PCP domain. From a PCP-centric perspective, the presence of
the 4′-PP cofactor in the holo form of PCP domains in either X-ray- or NMR-based further
analysis of full modules and natively interacting domains will be crucially important for
advancing to the next level of understanding. It is likely that the conformational switching and
distinct orientations of the 4′-PP arm, as determined for isolated PCP domains and in PCP-TE
didomains, may likewise affect the PCP conformations and consequent orientations towards
the C, A or TE domains in an enzymatic active module.

6. Conclusions: next steps and remaining questions for NRPS (and PKS)
assembly lines

The dramatic progress in structure elucidation of NRPS domains, didomain complexes and a
termination module, the analysis of dynamic processes and recognition interfaces of isolated
domain and in complexes over the past few years, now allows speculation on additional
structural and catalytic issues of assembly line function to be raised.

Orientation of carriers in PCP-containing complexes in NMR and X-ray structures
The dramatic progress in structure elucidation of NRPS domains, didomain complexes and a
termination module, the analysis of dynamic processes and recognition interfaces of isolated
domain and in complexes over the past few years, now allows speculation on additional
structural and catalytic issues of assembly line functions.

Orientation of carriers in PCP- and ACP-containing complexes in NMR and X-ray structures
The gallery of NMR and X-ray structures now available of PCP domains in combination with
one or more adjacent domains (ICL-PCP, PCP-C, PCP-TE, C-A-PCP-TE) gives initial insights
into several orientations that carrier protein domains may occupy with respect to precursor-
generating domains, and upstream and downstream catalytic partner domains.130, 134-136

Undoubtedly, future efforts will bring more examples of conformational exchange processes
into focus and might reveal the role of the phosphopantetheine arms and the thiol-bound
growing product chains on specific partner recognition events. The corresponding orientations
and flexibility of ACP domains in FAS, PKS and hybrid PKS-NRPS assemblies will also be
informative on the spectrum of interactions that these 10 - 12 kDa domains are involved in
biosynthetic cycles and the role of surface patches and individual side chains for interactions
with partner proteins.

The ACP-TE didomains of the homo-dimeric fatty acid synthetase from Sus scrofa are so
mobile within the FAS active site cleft that even in the recent 3.2 Å maps of this mammalian
FAS-I these domains are invisible.115, 118 An artificial disulphide bridge between the carrier-
attached 4′-PP cofactor thiol group and a cysteine residue, trapping the ACP in the fungal FAS,
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freezes out the rotational freedom of the carrier domain inside the otherwise dome-like enclosed
fungal fatty acid synthetase and provides hints for the interactions between carrier domain and
catalytic domains in fungal FAS systems.48, 116 A sequential interaction of the carrier-tethered
substrate with catalytic domains is necessary for the successful synthesis of secondary
metabolites in the PKS, FAS and NRPS assemblies. E. J. Brignole et al. could demonstrate
how global protein dynamics of an entire metazoan fatty acid synthase can easily accomplish
selective protein-protein interactions.119 Interestingly, protein density corresponding to the
ACP-TE didomains of the dimeric metazoan FAS was likely observed during these cryogenic
EM studies.

In the well-characterized two module enterobactin synthetase, several questions remain open
at the moment: (1) Assuming the two Ent modules along with the adenylation domain EntE
assemble completely into one multi-protein complex before becoming fully enzymatically
active, as described for PKS assembly lines such as DEBS20, 30, 83, 85, 120-122, 180, 181 or the
fungal and mammalian FAS systems114, 116, can it be assumed that the full assembly state is
operant for all assembly lines, including NRPS systems? The recently discovered,
biochemically and structurally analyzed COM-domains on NRPS assemblies131, 137, 182

support the idea that natural product synthetases assemble completely prior to the enzymatic
activity. But e.g. the andrimid assembly line45, 183 is in many discrete subunits of single
enzymes or didomainal proteins and for a full assembly prior enzymatic activity, without
obvious COM or docking domains, additional mechanisms must be available for inter-domain
recognition and protein-protein interactions. (2) The vast product diversity of NRPS assembly
lines in general represents an extensive variety of tailoring functions. How is the action of the
wide variety of in trans tailoring enzymes70 including halogenases108, 184, hydroxylases74,
185, oxidases, methyl-transferases69, 186, 187, and glycosyltransferases82, 188-190 coordinated
in the continuing biosynthetic process in either pre-assembled or randomly interacting
assembly lines? (3) The PPTase of the enterobactin assembly line (EntD), responsible for the
post-translational modification of the EntF and EntB carrier domains, is a separately expressed
and membrane associated protein155, 156, 191-193: an immediate post-translational cytosolic
modification with the 4′-PP cofactor of the not-yet entirely folded EntF NRPS module with
properly arranged domains seems unlikely. Considering the wide interface described between
bulky PPTases and apo-carrier domains, sufficient conformational freedom and structural
space is essential for the 4′-PP cofactor modification in every C-A-PCP-(TE) NRPS module.
More detailed structural information on domains, multi-domain proteins and their relative
orientation to adjacent domains is essential for modelling of full assembly lines and for
understanding how PPTases gain access to the PCP domains.

By combining a series of structural snapshots of A domains utilizing the recently solved crystal
structures of the D-alanyl adenylation (A) domain DltA103, 104, Yonus et al. demonstrate a
defined structural dynamic of a small lid-like domain dependent on the loading state of the A
domain. The observation of structural exchange processes on modules of NRPS assembly lines,
encourages speculations about rather small and well coordinated structural exchange processes
implemented in every NRPS domain of an assembly line, as opposed to large displacing
movements of a single domain.

Surface recognition and structural flexibility of carrier protein domains
Equivalent structural snapshots of ACPs enable a similar picture of structural exchange for
ACP domains analogous to those described for TycC3-PCP in section 2: NMR studies show
structural exchange between two conformations94, 95, 99-101, 128, 194 and dynamics involving
helix αII and helix III of holo-ACP domains, with an exchange rate of 200 sec-1.95 X-ray
crystallographic and NMR spectroscopic analyses describe free holo-carrier domains with the
4′-PP cofactor either buried in the core between helix αI and αII94, 95, 128, 146 or with the
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cofactor exposed to the solvent94, 128, 146, 195, while substrate-modified carriers are shown
with a shifted structural exchange equilibrium to one conformational state95, 194, 196 and with
the substrate-S-4′-PP cofactor embedded in the carrier core. The disordering flexibility of
helices αII and III might allow access of the substrate-S-4′-PP cofactor to the protective and
often hydrophobic environment of the carrier protein core, while the H-state might reflect this
opening movement of the three-to-four helix bundle. This observation is consistent with
biochemical evidence of chemically or isomeric labile substrates being stabilized while
tethered as thioesters to their native holo-carriers.40, 197, 198

Because of the assumed high mobility of carrier protein domains in any functional NRPS or
PKS module, the ongoing studies of PCP domains interacting with their cognate catalytic
domains from isolated assembly lines may be of great use in defining surface areas for selective
interaction partners that may be generalizable. Thus, the titrations of the PCPs, e.g. in EntB
and EntF as apo-, holo- and substrates-modified holo-forms, in the enterobactin synthetase
assembly line155 with PPTases, C domains, A domains, and the chain-terminating TE domain
should give baseline information testable subsequently in multiple systems, both by
mutagenesis and structural analysis including NMR spectroscopy, X-ray crystallography and
cryogenic electron microscopy.

Intra- and inter-module architectural connections
The recent structural insights into the architecture of the homo-dimeric, multi-domain iterative
mammalian FAS-I indicate some similarities to PKS modules, such as those in the
erythromycin synthase assembly line.114, 115 Coupled with the structure of the NRPS
termination module, implementing the structural basis for standard NRPS elongation modules,
these architectures form the basis set for subsequent predictions for how modules can be strung
together to form the multimodular type I PKS and NRPS assembly lines. They also should
reveal how the subunits can be mixed and matched in hybrid NRPS-PKS assembly lines to
produce such therapeutic molecules as rapamycin, bleomycin, and epothilones.199-203 Two
additional features are of note: the first is how PKS and NRPS optional subunits can be
genetically shuffled in and out of any module to control the tailoring of a growing chain in any
modules; the second is how different subunits in multi-subunit assembly lines find only the
correct partners for chain elongation.121, 122, 131, 182, 204

In this connection the mammalian FAS structure indicates that the KS-AT di-domain is the
central platform for fatty acid and polyketide chain elongation chemistry. The modifying
domains for the PKS and FAS chain elongation, keto reduction (KR), dehydration (DH) and
enoyl reduction (ER) are on a separate loop so their presence (as active or inactive forms) or
absence does not interrupt the C-C bond forming decarboxylative Claisen chain elongation
chemistry. The location of the ACP domain is not fully understood other than it must be highly
mobile and be able to visit both the central platform domains and the optional tailoring domains
within the time regime before chain transfer to the next downstream module.

This architectural principle of a core KS-AT platform may be carried over in the NRPS module
architecture with the C-A didomain as the analogous central platform.136 The PCP domains
visualized to date in the PCP-C, PCP-TE, and C-A-PCP-TE structures must be mobile to visit
the other catalytic domains. There is no comparable high resolution data on where optional in
cis tailoring domains are placed in NRPS modules but sequence data suggests
methyltransferases (MT) and other optional domains can be inserted at a particular loop region
of A domains which would be notionally similar to the KR-DH-ER loops of FAS and PKS
modules.
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Architectural interfaces between NRPS and PKS modules
In NRP-PKS hybrid molecules the NRPS and PKS modules of the biosynthetic enzymatic
assembly lines can be organized both in cis within hybrid subunits and in trans as separate
subunits. In each setting there is a chain transfer recognition issue at two levels: (1) at the small
molecule or substrate recognition level for an NRPS-PKS interface a KS domain must accept
an upstream peptidyl chain on a PCP rather than an ACP domain while at a PKS-NRPS interface
it is the C domain that must condense a ketide chain growing on an upstream ACP domain. (2)
at the protein-protein recognition level presumably the ACP vs. PCP distinctions must be
ignored/accommodated by the heterologous C/KS domain. Thus, structural study of hybrid
module interactions may reveal the PCP/ACP-partner protein recognition codes that can be
overridden by Nature as it evolves/constructs a new PK-NRP hybrid as in the biogenesis of
the antibiotic andrimid and in the coronatine assembly line.45, 198

Subunit docking codes
One of the recent advances in defining protein-protein recognition elements between subunits
is deciphering the code for docking domain interactions at the C-terminus of one subunit (often
an ACP or PCP) and the N-terminus of the next subunit (often a C or KS domain).121, 122,
131, 137, 201, 205 However, there are many noncanonical subunit interfaces where different
domains are found at the breakpoints and suggest additional layers of protein recognition codes.
Recent NMR insights into the in trans structures of PKS N- and C-terminal docking domains
in the erythromycin assembly line121, 206, 207 and of NRPS-NRPS N-terminal docking or
communication domain in the tubulysin assembly line122 provide insight into how subunits
are selectively paired to ensure desired chain growth and elongation across the four possible
pairs of homologous NRPS-NRPS, PKS-PKS, and heterologous NRPS-PKS, and PKS-NRPS
subunit/domain interfaces. The future ability to engineer this inter-subunit and domain-domain
comunication will be a key feature of combinatorial biosynthesis strategies.
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Figure 1. Domain composition of some modular NRPS assembly lines
The multimodular assembly lines of the macrocyclic antibiotics Tyrocidine A, Surfactin A and
Gramicidin S and the synthetases of the siderophores vibriobactin and enterobactin are shown
in a graphical presentation beside the chemical structure of each assembly line. The assembly
lines are represented in respective modules and domains for the synthesis of one full length
natural product. The iteratively working Gramicidin assembly line is shown in two copies of
its assembly line (black/gray). The chemical structure of Gramicidin S reflects this The
definitions of domains: A = Adenylation, C = Condensation, T = Thiolation- or peptidyl carrier
protein (PCP) are given in a figure legend. The filled domains within these assembly lines have
their structures determined by X-ray crystallography or NMR spectroscopy.
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Figure 2. NMR-based structural information for the TycC PCP3 domain
(a) the three conformational states observed for TycC3-PCP in NMR spectra of non-modified
apo-PCP (A and A/H-states) and 4′-PP cofactor modified holo-PCP (A/H and H-states); The
structures of all three states are shown with numbered helices; (*) marks the position of the
active site serine for the post-translational modification. The chemical exchange between two
conformers resulted in sets of two signals per amino acid residue in 15N-HSQC spectra.
Examples of these double peaks are shown for apo-PCP (A-state) and holo-PCP (A/H-state).
Substrate modification of the free HS-4′-PP cofactor arrests the structural dynamic and
superposition of slow exchange-typical double peaks from apo- and holo-PCP and single peaks
for acetyl-S-4′-PP-holo-PCP are shown (15N-HSQC of F69 and V67 for the H-state). HS marks
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the position of the 4′-PP thiol function in the A/H- and H-states and demonstrates its
displacement on the surface of holo-TycC3-PCP. (b) The exchange ratio of apo-PCP is shifted
toward the A-state in interaction with Sfp, while the editing TEII selects misacylated holo-PCP
arrested in the H-state. The line-shapes analysis demonstrates the selection of the minor
conformation. The diagram (below) shows the allosteric exchange model, dependent on the
modification with the 4′-PP cofactor. (c, d) Comparison of the structural complexes of apo-
TycC3-PCP : Sfp and ACP : AcpS. The interface of the protein complexes is shown by a mesh
surface; illustrations demonstrate the assembly of the proteins in the complexes and the
enzymatic function of the PPTases.
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Figure 3. NMR-based structures of an in cis PCP-TE pair from the EntF NRPS module of the
enterobactin synthetase and an in trans complex of TycC3-PCP and the editing SrfTEII
(a) Structure of the EntF PCP-TE didomain; (*) indicates position of the active site serine of
the PCP. (b) Opening the interface by a rotation along the dashed line allows identification of
residues involved in domain-domain recognition. The active site residues of the TE (S180,
D207, and H313) are indicated. (c) The TycC3-PCP : SrfTEII complex demonstrates a more
compact interface compared to the EntF PCP-TE didomain (a). The inset interface of PCP and
TEII shows the position of the modelled 4′-PP thiol relative to the active site residues of the
TEII. Illustrations demonstrate the orientation of the domains and the enzymatic functions of
the EntF PCP-TE didomain and the PCP : TEII complex.
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Figure 4. X-ray structure of the Tyc PCP9-C10 didomain of the tyrocidine assembly line
The PCP domain [(*) indicates the active site serine] faces the opposite direction to the active
site histidine (H224) of the Tyc C10 domain. Illustrations indicate the orientation of domains
and the enzymatic function of the PCP-C didomain.
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Figure 5. X-ray structure of the full length termination module of the surfactin synthetase (SrfA-
C)
(a) The structure of the C-A-PCP-TE module shows the peptidyl carrier domain oriented
towards the C domain. The positions of the active site residues of the C domain (His 147), of
PCP (*), and of the TE domain (Ser 1120, Asp 1147, His 1247) are indicated. A substrate
leucine is bound inside the A domain (#). The interaction surfaces of the peptidyl carrier domain
with surrounding domains are shown by mesh surfaces. Illustrations indicate the orientation
of domains of the termination module and the enzymatic function of SrfA-C. (b) Rotating the
structure reveals a large stable interface between the C and A domains (joint surface). This
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rigid interface defines the module C-A-PCP as a stable unit in NRPS assembly lines. The
positions of the adjacent domains are indicated.
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