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Working outside the protein-synthesis rules:
insights into non-ribosomal peptide synthesis‡

Mohamed A. Marahiel∗

Non-ribosomally synthesized microbial peptides show remarkable structural diversity and constitute a widespread class
of the most potent antibiotics and other important pharmaceuticals that range from penicillin to the immunosuppressant
cyclosporine. They are assembled independent of the ribosome in a nucleic acids-independent way by a group of multimodular
megaenzymes called non-ribosomal peptide synthetases. These biosynthetic machineries rely not only on the 20 canonical
amino acids, but also use several different building blocks, including D-configured- and β-amino acids, methylated, glycosylated
and phosphorylated residues, heterocyclic elements and even fatty acid building blocks. This structural diversity leads to a
high density of functional groups, which are often essential for the bioactivity. Recent biochemical and structural studies on
several non-ribosomal peptide synthetase assembly lines have substantially contributed to the understanding of the molecular
mechanisms and dynamics of individual catalytic domains underlying substrate recognition and substrate shuffling among the
different active sites as well as peptide bond formation and the regio- and stereoselective product release. Copyright c© 2009
European Peptide Society and John Wiley & Sons, Ltd.
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Background

Non-ribosomally synthesized peptides which are produced by
a broad variety of fungi, bacteria, and lower eukaryotes have
been the source for a multitude of therapeutic agents used in
different medical fields including infection diseases, cancer, and
immunosuppression. In contrast to the ribosomal machinery,
where the mRNA templates are translated to proteins, non-
ribosomal peptides are assembled on multimodular enzymes that
act as a protein-template to generate macrocyclic peptides with
an unusual structural diversity.

Assembly Logic of Non-Ribosomal Peptide
Synthetases (NRPS)

Although structurally diverse non-ribosomally synthesized pep-
tides (Figure 1) share a conserved mode of synthesis that is realized
by the action of the modularly organized NRPS-megaenzymes
[1–5], these multienzymes define by the order of their catalytic
units the sequence and chemical identity of their final peptide
products. In principle, NRPS constitute an array of distinct modular
sections, each of which is responsible for incorporation and if nec-
essary modification of one defined monomer into the final product
[6–8]. As a consequence, in linear NRPS assembly lines, the num-
ber of the catalytic modules and their order exactly matches the
number and order of amino acids incorporated in the backbone
of the corresponding peptide as shown for the NRPS-template
that assembles the branched cyclic dodecapeptide bacitracin [9]
(Figure 2). Modules can be further dissected into catalytic domains,
each responsible for a specific synthetic step during peptide syn-
thesis [10–12]. In each so called elongation module, at least three
essential domains are needed to carry out substrate selection and
activation as well as substrates covalent binding to the cofac-
tor 4′-phosphopantetheine (PPan) and peptide bond formation

(Figure 3). Within each module, the selection of a specific substrate
(amino or carboxy acid) is catalyzed by an adenylation domain
(A-domain, ∼500 amino acids), followed by the generation of
an aminoacyl AMP-mixed anhydride through ATP hydrolysis [13].
This reactive intermediate is further transported onto the thiol
moiety of the PPan prosthetic group that is attached to the pep-
tidyl carrier protein (PCP) domain, which is located downstream
of the A-domain in the same module [14,15]. The PPan prosthetic
arm (about 20 ) is post-translationally attached onto each PCP
domain to the side chain of a highly conserved serine residue.
The holo-PCP (80–100 amino acids) is responsible for the trans-
port of the resulting energy-rich thioester bound substrates and
all elongation intermediates between the catalytic active sites.
Therefore, holo PCP is referred to as the ‘‘swinging arm’’ of each
NRPS module. In the next step of NRP-synthesis, the peptide bond
formation between two bound PCP intermediates, in adjacent
modules, is catalyzed by the condensation domain (C-domain,
∼450 amino acids). The C-domain catalyzes the nucleophilic at-
tack of the downstream PCP-bound acceptor amino acid with its
α-amino group onto the activated upstream PCP-bound donor
substrate [15]. The resulting peptidyl intermediate is then translo-
cated down the assembly line for subsequent condensation and
further modification steps. The upstream PPan-PCP is now ready
for the next reloading reaction. Therefore, an elongation module
consists of three domains in the order C-A-PCP, in most cases on
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a single polypeptide chain. An initiation NRPS-module comprises
only an A-PCP didomain. The principle of such an NRPS-assembly
line nanomachine is shown for the biosynthesis of the branched
cyclic dodecapeptide bacitracin 2 (Figure 2), which is assembled
by 3 NRPS large enzymes that constitute 12 modules with 40
catalytic domains [9].

Product release from the NRPS-template is catalyzed by the
thioesterase domain (TE-domain, ∼280 amino acids), attached to
the NRPS C-terminal module [16,17]. TE catalyzes the transfer of
the full-length peptide chain attached to the ultimate PCP to its
active site serine, generating a peptidyl-acyl-enzyme intermediate
(acyl-O-TE). Depending on the nature of the final product, TEs
catalyze either release of the linear peptides (hydrolysis) or
macrocyclization, using an intramolecular nucleophile to generate
either cyclic lactams like tyrocidine 1 and cyclosporine 5 or the
cyclic lactone as surfactin 6. TE can also release the product
by peptide hydrolysis as for the heptapeptide vancomycin 4,
or even release cyclic branched peptides by using a side chain
nucleophile as shown for bacitracin 2 and surfactin 6. Some TE
domains act iteratively as in the case of the tri-lacton siderophor
bacillibactin 3 [18,19].

Integration of Tailoring Domains into NRPS
Modules

In addition to the essential domains C, A, PCP, and TE, many
auxiliary domains [20,21] are directly integrated at different
locations within an NRPS elongation module (Figure 4). These
in cis acting (within the modules integrated) tailoring units
include epimerization (E) domains that are located downstream

of PCP and catalyze the generation of D-configured amino
acids from the corresponding L-isomers when attached to the
cofactor PPan. N-methyltransferase domains (Mt), on the other
hand, use the cofactor SAM to control the methylation state
of the peptide products. For example, seven out of the eleven
residues in cyclosporine 6 are N-methylated. Mt-domains are
usually integrated at the C-terminal region of the A-domains
and act on PCP-S-PPan bound amino acids. Another type of
methyltransferases is responsible for C-methylation (C-Mt). These
catalyze the modification of Cα-atoms of cysteine residues that
are then converted to the corresponding α-methyl-thiazoline by
the action of cyclization (Cy) domains that sometimes substitute
the C-domains. C-Mt-domains are usually located downstream of
the PCP-domains (Figure 4). In some NRPS modules that select
cysteine, serine, or threonine residues, integrated Cy domains
catalyze in addition to peptide bond formation a heterocyclic
ring formation to the corresponding thiazoline or oxazoline rings.
The mechanism of action of these Cy-domains (Figure 4) that led
to peptide bond and ring formation is not fully understood. In
close association with some Cy-domains, oxidation (Ox) domains
(integrated within the C-terminal region of A-domains) catalyze
the FMN-dependent formation of thiazoles and oxazoles, whereas
reduction (R) domains catalyze the NADPH-dependent formation
of thiazolidine and oxazolidine rings (Figure 4). Other modification
in NRPS was found to be associated with some initiation
reactions, in which the first amino acid gets formylated. For such
N-terminally formylated NRPS peptides, like linear gramicidin, a
special formyltransferase (F) domain is attached to the initiation
module (Figure 4). As in the bacterial ribosomal protein synthesis,
the F-domain uses N10-formyl-tetrahydrofolate (N10-THF) as the
formyl group donor. Figure 4 summarizes some known reactions
catalyzed by optional modification domains integrated within
NRPS modules.

Post-Assembly Tailoring

In addition to the modifications that occur during NRPS-assembly
by the integrated tailoring domains, other modifications can also
take place by independent enzymes that temporally associate with
the NRPS template. For example, the vancomycin 4 heptapeptide
is cross-linked by oxidative cyclization of the phenolic side chain
by the action of an independent cytochrome P450-type haem
proteins [22,23]. Such a cross-linking causes a fixed peptide
architecture that is important for activity. Also independent
glycosyltransferase enzymes decorate vancomycin 4 mature
aglycon scaffold during its NRPS by sugar residues essential for
bioactivity [24,25]. These are only few examples from a large
number of possible post-assembly tailoring reactions during the
NRPS synthesis. For further reading see Walsh et al. [26,27].

Structural Insights into the NRPS Machinery

Crystal- and NMR-structural studies on several essential NRPS do-
mains that were dissected from intact modules and heterologously
expressed as active components provided profound insights into
the catalytic mechanisms and dynamics of these multidomain
enzymes. The discovery of a distinct fold for each of the essential
A, PCP, C, and TE domains that constitute initiation, elongation,
and termination modules, underlined the individual character of
each catalytic unit. However, this provided little structural insights
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Figure 1. Examples of non-ribosomally synthesized bioactive macrocyclic peptides that comprise unusual structures (D-configured and N-methylated
amino acids, heterocyclic rings, fatty acids, sugars and non-proteinogenic amino acids) and exhibit antibiotic activity (1, 2, 4), act as siderophore (3),
biosurfactant (6), or exhibit immunosuppressive activity (5).

Figure 2. A prototype NRPS assembly line. (A) Biosynthetic gene cluster encoding the bacitracin synthetases (BacA, BacB, and BacC). (B) The three NRPS
comprise 12 modules and a total of 40 catalytic domains that assemble the cyclic branched dodecapeptide (C). During elongation all biosynthetic
intermediates remain attached as aminoacyl- or peptidyl-S-PPan to the carrier domain PCP until the final product is released from the terminal module
by macrocyclization. (D) Color code definition for NRPS domains.

J. Pept. Sci. 2009; 15: 799–807 Copyright c© 2009 European Peptide Society and John Wiley & Sons, Ltd. www.interscience.com/journal/psc
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Figure 3. Reactions catalyzed by the three essential NRPS domains A, PCP and C. The cofactor 4′-phosphopantetheine (PP) attached to the carrier domain
PCP is shown as a wavy line.

Figure 4. Reactions catalyzed by some NRPS modification domains that act in cis during the assembly line on amino acid substrates tethered to the
carrier domain PCP. Yellow boxes show the sites of modification and cofactor donor groups. Integration sites of the modifying domains within the NRPS
modules and the type of modification are indicated on the left side.

onto how these domains are connected and coordinated inside
the intact functional modules [28,29]. In the following, a short
description of these essential catalytic folds will be provided and
aligned in the context of the recently solved structure of an entire
termination module.

The Adenylation (A) Domain

Although A-domains and aminoacyl-tRNA-synthetases catalyze
similar reactions (ATP-dependent amino acid activation and

subsequent transfer to a suitable carrier molecule), they show
structurally no evolutionary relationship to each other. However, A-
domains show a significant structural similarity to several members
of the adenylate-forming-superfamily. These include in addition
to NRPS A-domains [30,31] the firefly luciferase [32], acetyl CoA
synthetase [33], and yeast 4-chlorobenzoate: CoA ligase [34].
Despite the low sequence identity, essentially all show a similar
fold. A large N-terminal subdomain and a small flexible C-terminal
subdomain (∼100 amino acids), with a hydrophobic active site in
between. During the catalytic cycle (substrate and ATP binding
followed by acyl-AMP formation) the small C-terminal subdomain

www.interscience.com/journal/psc Copyright c© 2009 European Peptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2009; 15: 799–807
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Figure 5. A proposed reaction cycle of an adenylation (A) domain showing the conformational movement of the small C-terminal subdomain (gray)
upon ATP and substrate amino acid binding. During this initial reaction of the A-domain, aminoacyl-AMP formation and pyrophosphate release, the
C-terminal subdomain rotates by some 140◦ from an open into a close conformation. In the second half reaction, through a specific PCP/A interaction,
the activated substrate is then transferred to the reactive thiol group of the cofactor bound to the carrier domain PCP (green).

can adopt different orientations relative to the large N-terminal
subdomain [35]. This motion ranges from 140◦ rotation in the
open state during substrate loading to a closed state that
promotes the adenylation reactions (Figure 5). Also, extensive
biochemical studies on NRPS A-domains combined with structural
and phylogenetic studies revealed the so-called ‘‘specificity-
conferring code’’ of the A-domain [36]. This code constitutes 10
amino acid residues, all located in the region of the hydrophobic
active site and can be easily identified and extracted out of
the sequence of any A-domain and used for in silico studies to
make a good prediction on the possible substrate without prior
biochemical studies. This prediction was also successfully used in
several cases for a rational switch of substrate-specificity of several
A-domains [37,38].

The Carrier Domain PCP

The small (80–100 amino acids) carrier protein PCP is the
site of cofactor binding. Its highly conserved serine residue
is post-translationally modified by the 20 ‘‘swinging arm’’
4′-phosphopantetheine (PPan) derived from CoA by the action
of a specific PPan-transferase [39,40]. All selected substrate and
synthetic intermediates of the NRPS machinery are covalently
attached to the holo-carrier-proteins as acyl-S-PCPs (Figure 2).
How this PCP molecule in time and space specifically interacts
within the different NRPS catalytic units during assembly is
unknown, but its newly discovered conformational switches may

provide a clue [41]. PCP as other members of the carrier protein

superfamily including acyl carrier proteins of fatty acid and

polyketide synthases show in solution (NMR) a simple four helix

bundle structure. A large loop region (10–15 amino acids) located

between helix 1 and helix 2 contains the conserved serine residue

to which the PPan-cofactor is attached. Recent high resolution

NMR studies on apo-, holo-, and acyl-PCP revealed distinct

chemical shifts, suggesting that PCP forms three different and

slowly interconverting conformations, depending on its chemical

modification states (Figure 6). Three distinct conformational states

for PCP were identified: The A (apo), H (holo), and A/H conformers.

The A-form and A/H form as well as the H- and A/H forms are slowly

interconverting conformations (Figure 6). These conformational

switches can either be frozen in the A-form by the exchange of

the active site serine into alanine or in the H-form by acylation of

holo-PCP. Further studies on PPan-cofactor locations in the frozen

A/H and H-form indicate a relocation of the PPan-arm on the sur-

face of PCP by some 100◦ which corresponds to a motion of 16 .

This was the first indication that conformational transitions in PCP

affect cofactor location and may be also the specific interaction of

PCP with different domains within NRPS modules. NMR-titration

studies of fully N15-labelled apo- and holo-PCPs with two in trans

acting proteins, TE II and PPan-transferase Sfp provided support for

the idea that the PCP conformation state affects its partner-protein

recognition [42,43].

J. Pept. Sci. 2009; 15: 799–807 Copyright c© 2009 European Peptide Society and John Wiley & Sons, Ltd. www.interscience.com/journal/psc



8
0

4

MARAHIEL

Figure 6. NMR structures of the PCP conformers (A, A/H, and H states). The
A/H conformation has the most compact structure, but can also rotate into
A or H state. Acylation of the cofactor 4′-phosphopantetheine attached to
the serine residue (located within the yellow loop region connecting the
helices αI and αII) fixes acyl-holo-PCP in the H state, whereas mutation
of this serine residue in apo-PCP into alanine freezes holo-PCP in the A
state. These conformations affect PCP partner protein recognition and the
location of the acylated cofactor PPan during catalysis (see Ref. 41).

The Condensation (C) Domain

The condensation (C) domains are the control entities of NRPS
elongation (C-A-PCP) modules as they catalyze the peptide bond
formation between two adjacent PCP molecules loaded with their
respective amino acids [44]. An aminoacyl-S-PCP activated amino
acid is bound to the acceptor site of the C-domain, whereas its
donor site accommodates the incoming peptidyl-S-PCP substrate.
Studies with mischarged PCP carrier molecules in in vitro peptide
condensation assays revealed for the C-domain a high substrate
specificity at the acceptor (nucleophile) site and somehow relaxed

specificity at its donor (electrophile) site [45]. These biochemical
studies were supported by recent structural studies [46]. The
overall architecture of the C-domain revealed a V-shaped form with
a canyon-like structure in which the two PCP-bound substrates
can be positioned from both sides (acceptor and donor sites)
in close proximity to the active site histidine located in the
conserved HHxxxDG core motif (Figure 7). A model supported
by mutational studies suggests that the second histidine of
this motif which is located at the floor of the canyon may
act as the catalytic base to promote peptide bond formation.
However, recent pK value analysis of this active site residue
suggests that the peptide bond formation may depend mainly on
electrostatic interactions rather than a general acid/base catalysis.
The V-shape C-domain structure shows two similar N- and C-
terminal subdomain folds that both belong to the well known
chloramphenicol acetyltransferase (CAT) fold. In the C-domain
structure the two CAT-folds build the canyon-like active site with
the HHxxxDG-motif located on the middle of its floor. In the PCP-
C-didomain structure (Figure 7), the PCP domain is attached to
the donor site of the C-domain and has an A/H conformation.
The flexible linker region between PCP and C is 18 residues in
length and show little interaction with both folds. The relative
arrangements of PCP and C in this structure place their active sites
some 50 apart, suggesting a conformational transition prior to
peptide bond transfer.

The Thioesterase (TE) Domain

Termination of peptide synthesis on an NRPS assembly line is
commonly accomplished by a thioesterase (TE ∼280 residues) do-
main. In contrast to the essential A, C, and PCP domains, which are
present in each module, TE domains are only found in termination
modules. They catalyze product release by a two step reaction
mechanism: Transfer of the full length peptide chain attached to
the terminal PCP to a highly conserved serine residue in the active
site of TE by the formation of an acyl-O-TE intermediate that is
subsequently cleaved by a regio- and stereoselective intramolec-
ular macrocyclization using a peptide internal nucleophile [47,48].
Some TE-domains catalyze product release either by the genera-
tion of cyclic or branched-cyclic products (lactones and lactams),
whereas others catalyze product release just by hydrolysis (e.g. van-
comycin 4). Other alternative release mechanisms can be achieved
by reduction of the peptidyl-S-PCP final product to generate linear
aldehyde or alcohol [49]. In such assembly line a C-terminal NADPH-
dependent reductase (R) domain is attached to the terminal
module. However, macrocyclization by TE seems to be the predom-
inant mechanism for product release and regeneration of the NRPS.

Excised TE-domains are now commonly used catalysts for a
cell-free synthesis of cyclic peptides when provided by thioester
substrate mimics such as peptidyl-SNAC (N-acetylcysteamine) or
peptidyl-thiophenol [19].

Several structures of dissected TE-domains have been solved,
showing that all have the common fold of α/β-hydrolases [50,51],
such as esterases and lipases, and all harbor in the active center
a catalytic triad of serine, histidine, and aspartate (Figure 8). The
serine within this triad is the site of tetrahedral intermediate
formation that is stabilized by an oxyanion hole on the way
to the acyl-O-TE intermediate. This intermediate breaks down
by the nucleophilic attack of a peptide internal nucleophile.
How the active site is sufficiently sealed from water to catalyze
cyclization rather than hydrolysis is unknown. However, a lid

www.interscience.com/journal/psc Copyright c© 2009 European Peptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2009; 15: 799–807
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Figure 7. Structure of the PCP-C didomain from the surfactin synthetase. PCP in the A/H state (green) is connected through an 18 residues flexible linker
region (blue) to the V-shaped C-domain (gray) at its donor site. The active site histidine located at the floor of the C-domain canyon and the active site
serine of PCP (cofactor binding site) are some 50 apart (see Ref. 46).

Figure 8. Structure of the dissected Srf-TE domain from the terminal
module of the surfactin synthetase SrfA-C. Overall, TE shows a conserved
α/β fold with a lid region (light brown) that covers the α/β core (gold) with
active site catalytic triad (Ser, His, and Asp). The lid region is flexible and
can adapt an open or a closed (shown) conformation, that may prevent
water from entering the active site (see Ref. 50,51).

region consisting of a long helix protruding over the globular
domain may adopt either an open conformation for substrate
entry or a close conformation for excluding water from the active
site. Nevertheless, the issue of substrate binding and efficient
water exclusion can only be solved by elucidation of a suitable
substrate/TE complex structure.

Insights into the Structure of an Entire
Termination Module

The four domains comprising the SrfA-C termination module
(C-A-PCP-TE; 1274 residues) of the surfactin synthetase catalyze
the activation and incorporation of the terminal amino acid leucine
and also the release of the final product as a cyclic lipopeptide
lactone. A variant of SrfA-C in which the active site serine of PCP was
mutated to alanine provided diffracting crystals. Such a mutation
in PCP was shown by NMR studies to freeze PCP-conformational
switches in the apo(A)-configuration that may contribute to the
reduction of domains motion during crystallization. The structure
of the SrfA-C variant was solved at 2.6 resolution and covered
the entire module with its four catalytic domains and the linker
regions in between [52]. The folds of the individual domains in SrfA-
C module were found to be exactly the same as those solved before
for the individually dissected A, C, PCP, and TE domains (Figure 9).
However the SrfA-C structure provided unique information on
domain–domain interactions within an NRPS module as well as
on the nature of the linker regions and on how the essential
catalytic domains are oriented and connected in space. Overall,
the structural core of the module is a compact rectangular catalytic
platform mainly built by the intimate association of the C-domain
and the large N-terminal part of the A-domain. The two domains
are ‘‘glued’’ together by extensive interactions at their interfaces
and by the intervening linker region (32 residues) sandwiched in
between. Both active sites of the A- and C-domains are arrayed
on the same side of the platform. The C-terminal lid-region of
the A-domain (∼100 residues of the C-terminal part) and the PCP
domains are tethered to each other on top of the platform and
connected to the large N-terminal region of A by a flexible linker
of 15 residues. In this arrangement, PCP and A-lid region can easily
move relative to the static C–A-platform. A directed movement
of the PCP-domain with its tethered 20 PPan-arm during the

J. Pept. Sci. 2009; 15: 799–807 Copyright c© 2009 European Peptide Society and John Wiley & Sons, Ltd. www.interscience.com/journal/psc
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Figure 9. Overall structure of the termination module SrfA- (C-A-PCP-TE, 1274 residues) of the surfactin synthetase. The active site His of the C-domain
(gray), the A-domain (red) substrate Leu and the Ser residue (cofactor binding site) of PCP (green) and that of TE (gold) are all shown in space-filling
representation. The distances between them are shown in Angstroms and all linker regions between the four domains are indicated in blue (see Ref. 52).

catalytic cycle is clearly required, in order to reach the distant
active sites of A, C, and TE, respectively. For example, the active
sites of A and C are located some 60 apart and those of C and
TE more than 40 . These distances cannot be bridged by the 20
PPan-arm alone without a substantial movement of the entire
carrier domain PCP. The PCP domain in SrfA-C structure has a
compact A/H configuration [53] that is stalled into the acceptor
site of the C-domain. Its cofactor-binding site is located only 16
away from the active site histidine of the C-domain, indicating
a productive interaction between the two domains. In contrast
to the compact C–A-PCP domains association, the terminal TE-
domain builds an independent fold connected through a short
(9 residues) linker to PCP and shows essentially an independent
α/β-fold, exactly identical to that of the dissected TE-domains.

What are the lessons that can be learned out of SrfA-C structural
studies concerning reprogramming of NRPS-templates? Certainly
the static platform generated by the C–A strong association
in each NRPS elongation module suggests that they should be
exchanged as a functional pair. This strategy also considers the
high substrate specificity at the acceptor site at the C-domain.
Also in each module or domain swapping experiment, the PCP
interactions with C and A should be optimized.
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