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Abstract

Nonribosomal peptide synthetases (NRPSs) produce peptide products with wide-ranging biological
activities. NRPSs are macromolecular machines with modular assembly-line logic, a complex catalytic
cycle, moving parts and multiple active sites. They are organized into repeating sets of domains, called
modules. Each module contains all functionality to introduce a building block into the growing peptide,
many also perform co-synthetic tailoring. Structures of individual domains have provided insights into
their catalytic mechanisms, but with one exception, larger NRPS proteins were refractory to structure
determination. Recently, structure determination succeeded for four multi-domain NRPS proteins: an
alternative formylating initiation and two termination modules as well as a large cross-module
construct. This review highlights how these data, together with novel didomain structures, contribute to
a holistic view of the architecture, domain-domain interactions and conformational changes in NRPS

megaenzymes.



Introduction

Nonribosomal peptide synthetases (NRPSs) are a family of microbial megaenzymes that
produce natural products that are useful to society as therapeutics (antibiotics, antivirals, antitumours,
and immunosuppressants) and green chemicals (agricultural agents, emulsifiers, siderophores, and
research tools) (Figure 1a) [3]. NRPSs typically synthesize their products through amide bond
formation between aminoacyl (or other acyl) monomers. Their architecture is dissimilar to the more
famous peptide maker. Whereas ribosomes use the same active sites for each amino acid added to the
ribosomal peptide, NRPSs typically employ a dedicated set of enzyme domains for each amino acid
added to the nonribosomal peptide. This set of domains is termed a module, and the synthetic strategy
dictates that, normally, the number and specificity of the modules correspond to the length and
sequence of amino acids in the peptide product. NRPSs can consist of a single polypeptide of between
2 and 18 modules, with a mass of ~220 kDa — 2.2 MDa, or be split over multiple proteins that assemble
non-covalently (Figure 1)[4-7].

Within a module, the domains work together to incorporate the incoming amino acid into the
growing peptide (Figure 1b) [5,8]. A basic elongation module contains a condensation (C) domain, an
adenylation (A) domain and a peptidyl carrier protein (PCP) domain. The A domain selects and
adenylates the cognate amino acid, then attaches it by a thioester link to a prosthetic
phosphopantetheinyl (PPE) group on the PCP domain. The PCP domain then transports the amino acid
to the C domain, which catalyzes amide bond formation between this amino acid and the peptide
attached to the PCP domain of the preceding module, elongating the peptide by a single residue. Next,
the PCP domain brings the elongated peptide to the downstream module, where it is passed off and
further elongated in the next condensation reaction. Once a PCP domain has donated its peptide, it can
accept a new amino acid from the A domain and participate in the next cycle of assembly-line
synthesis. Initiation modules lack the C domain, and termination modules usually contain a thioesterase
(Te) domain, which releases the peptide by cyclization or hydrolysis. A canonical organization of a
basic NRPS is A-PCP-(C-A-PCP)n-Te (Figure 1c). Additionally, NRPS modules very often have
tailoring domains, including oxidase, reductase, epimerisation, ketoreductase, aminotransferase and
methyltransferase domains, and the action of these domains is incorporated into the catalytic cycle of
the module [9]. NPRSs can alternatively end in a reductase [10] or terminal C domain [11,12]. This
wide range of tailoring domains, combined with the over five hundred monomers that can be used as
substrates, including D-amino acids, aryl acids, hydroxy acids, and fatty acids, allows nonribosomal

peptides to occupy a diverse area of chemical space [13].



Starting with Conti’s determination of an A domain in 1997[14], each core NRPS domain has
been structurally characterized [5,15]: The A domain has a large Acore (~450 amino acids) portion with
binding sites for ATP and substrate amino acid, and a small Asub (~100 amino acids) portion that
changes position depending on functional state [14,16-20]. (Acore and Asub are also called the large/N-
terminal and small/C-terminal subdomains [21].) The C domain is a ~450 amino acid V-shaped
pseudodimer of chloramphenicol acetyltransferase folds, with an active site at the middle of a tunnel
connecting binding sites for donor and acceptor PCP domains. The PCP domain is an oblong 4-helix
bundle of ~80 amino acids, homologous to FAS and PKS acyl carrier protein domains, with the PPE
attached to a conserved serine at one end. The Te domain is a ~275 amino acid a/p hydrolase domain
with an active site topped by a variable “lid” region. Studies investigating the catalytic mechanisms of
each individual reaction in the NRPS cycle are reviewed elsewhere [5,15,16,22,23]. Furthermore, some
tailoring domains have been structurally characterized, several didomain structures have been
determined, and a landmark study in 2008 from Marahiel’s lab produced a snapshot of an entire
termination module (reviewed in [5]). However, a most intriguing aspect of NRPS function is how
these domains transiently and productively interact during the catalytic cycle and how domains are
built up into modules and full NRPS megaenzymes [8]. Multiple structures of large constructs of
NRPSs in recognizable functional states are required to understand these megaenzymes. Over the last
~2 years, several studies, including on full modules and module-sized constructs of NRPSs, have
started to reveal the catalytic cycle in the context of the large macromolecular machine. In this review,
we follow a hypothetical nascent peptide from initiation to termination, with special emphasis on

insight gained from these recently-determined structures of large NRPS proteins.

Start it off

Minimal initiation modules contain only A and PCP domains. However, it is not uncommon for
NRPSs to start with more complex initiation modules. Lipopeptides synthetases for peptide like
daptomycin contain starter C domains that use acyl-PCPs as donor substrates; depsipeptide synthetases
for valinomycin and cereulide contain ketoreductase domains; and kolossin A (Figure 1) and linear
gramicidin synthetase contain formylation (F) domains. Recently, we determined a series of crystal
structures of the initiation module of linear gramicidin synthetase (LgrA-D) [24] which visualized the
synthetic cycle for this initiation-tailoring module (Figure 2a) [25,26].

The LgrA initiation module structures are the first visualization of a cis-acting tailoring domain
embedded into the NRPS architecture (Figure 2a). The F domain is recognizable by its homology to

free-standing formyl-transferase (FT) proteins. In LgrA, the C-terminus of the F domain is fused to the



N-terminus of the A domain, with little disruption of the conformation of either domain. Only ~8
residues are not recognizable as clearly belonging to F or A domain, and they form a small helix-turn,
meaning there is no extended linker between F and A domains. Accordingly, a fairly extensive
interface is formed the between F and A domains, burying 831 A? of surface area per domain and
placing the two domains in an extended conformation. This extended conformation is seen in ~6
different crystal packing environments and by small angle X-ray scattering, and places the formylation
and adenylation active sites, locations for successive steps in the catalytic cycle, ~50 A apart from one
another. Fortunately, the structures capture each major conformation.

The initiation cycle starts when the A domain in the “open” conformation (Figure 2a-i) binds
amino acid and ATP, and the Asub rotates 30° to close and catalyze amino acid adenylation (Figure 2a-
i) [16]. This reaction triggers the 140° rotation of the Asu to allow PCP domain binding and transfer of
the amino acid to the PPE arm (Figure 2a-iii) [20,27]. In LgrA crystals of the open and closed states,
the PCP domain was present but disordered, in accordance with it not being involved until the
thiolation sate, which we trapped using an aminoacyl-aminopantetheine mimic of the aminoacyl-PPE.
Previous A and A-PCP structures had visualized these states, but here all states were observed within
the same initiation module [28,29]. For the next step, formylation [30], an impressive conformational
change must occur: the PCP domain rotates 75° and translates 61 A to deliver the aminoacyl-PPE to the
F domain [26]. The Asus domain plays several roles in this transition: First, the linker between PCP and
Asus is not long enough to allow this movement, so the Asu translocates 21 A and rotates 180° to act as
an extension of the linker (or “linker domain” [8]). Second, the Asu helps to orient the PCP domain for
binding to the F domain, which appears required because the PCP-F domain binding surface is very
small (~219 A?). Aided by the Asu, the PCP positions the amino nitrogen of the aminoacyl-PPE into
the F domain active site to accept a formyl group from the formyltetrahydrofolate cofactor. This
formylation event completes the set of reactions that occur in the initiation module, and produces the
substrate for the first reaction in an elongation module, the formyl-aminoacyl-PCP. We and others are
working to visualize that step in dimodular NRPSs, but for now excised didomains can provide insight

into the transition to elongation.

Passiton
The (formyl-)aminoacyl-PCP moves from the initiation module to the donor site of the C
domain. This donor site was identified by apo structures of the C domain and biochemically [31,32].

The structure of an excised PCP-C didomain from TycC visualized the two domains required for



donation, but was in a non-productive conformation [33]. However, recently two didomain structures
of PCP and C domain homologues, a terminal cyclizing C (Cr) [11] and an epimerization (E) domain
[34] produced the first glimpses of this donation interaction (Figure 2b). The Ct domain catalyzes
internal cyclization and release of the peptide from peptidyl-PCP and the E domain catalyzes
epimerization of the first amino acid residue of peptidyl-PCP. Both the PCP-C+ structure from TgaA
and the PCP-E structure from GrsA contain PCP domains in the broad and somewhat shallow donor
site, and visualize PPE arms lining the C domain tunnel toward the active sites. However, the two
conformations of the PCP domains are rotated ~30° to one another and make contact with opposite
faces of the donor site depression. The differences between the E and Ct domains and bona fide C
domains are most pronounced in the area of the acceptor PCP binding site, as this is blocked by
domain-specific sequences in E and Ct domains. There are also differences near the donor site relative
to the C domain, so it is not yet clear whether the PCP bound to a canonical C domain would sample
both the observed positions or assume a new orientation, or whether the rest of the upstream and
downstream modules would influence the PCP:C interaction. However, these structures certainly do

represent the broad strokes of PCP delivery to the donor site of a C domain in an elongation module.

Keep it going

The first view of any module was that of the termination module of surfactin synthetase, SrfA-
C, solved in the peptide-accepting state almost a decade ago[35]. With a domain architecture of C-A-
PCP-Te, it represents both a minimal C-A-PCP elongation domain and the most common type of
bacterial termination module. The SrfA-C structure showed very large distances between active sites in
NRPSs indicating that substantial conformations changes would occur in the catalytic cycle (Figure 3a-
1). Another key finding was that the C-terminal lobe of the C domain and the Acore form a “catalytic
platform”, burying a large (765 A?) area of surface. This interaction defines the overall rectangular
shape of an elongation module, was by far the most extensive interdomain contact seen in the module,
and was proposed to be a fixed interface.

Our knowledge of structures of elongation / termination modules was greatly enhanced with the
recent determination of two more C-A-PCP-Te termination modules, of EntF (involved in enterobactin
production) and AB3403 (from an uncharacterized pathway) (Figure 3a) [36,37]. Firstly, there was
important insight about the C:A interface: Despite similar interaction surfaces donated by the C domain
and the Acore In SIFAC, EntF and AB3403, a variation of ~20° is propagated over the C domain, and

combined with differences in conformation of the C domain lobes, analogous atoms in the far side of



the C domains assume positions >30 A apart. This is not solely due to differences between synthetases,
as two separate structures of the EntF module show somewhat shifted interfaces that cause a ~15 A
difference in position of the N terminus of the C domain. Thus, the C:A catalytic platform is more
plastic than first thought. However, even with these movements, the C:A interface is by far the most
constant of any between two canonical domains, and defines an NRPS module structurally.

The SrfA-C, EntF and AB3403 crystallography also provides views of catalytically-relevant
states, allowing us to continue following the synthesis of our hypothetical nascent peptide [36,37]. As
is the case in initiation modules, the elongation module starts its cycle with the A domain binding
amino acid and ATP, and then adenylation. AB3403 shows the adenylation state of this module, with
substrate analogues bound and the Asyb domain in the closed conformation (Figure 3a-ii). The next
stage, thiolation, is captured in the structure of EntF stalled by a mechanism-based aminoacyl-
adenosine-vinylsulfonamide inhibitor [38] (Figure 3a-iii). The aminoacyl-PCP then travels ~45 A,
rotating ~75°, to bind the acceptor site of the C domain (Figure 3a-iv) and elongate the nascent peptide
in the condensation reaction. Both SrfA-C and AB3403 were visualized with PCP domain bound at the
acceptor site of the C domain, but key differences do exist, highlighting the advantages of obtaining
multiple similar structures (compare Figure 3a-i and 3a-ii). Firstly, the PCP domain of SrfA-C is
unmodified, but in AB3403, the PPE arm was seen making specific hydrogen bonds with the side of
the C domain tunnel. Furthermore, the PCP domain of AB3403 is rotated 30° relative to that of SrfA-C.
The PCP domain of SrfA-C is unable to take the position seen in AB3403 because it would overlap
with the Asyb domain and a loop of the C domain. One or the other position could be influenced by
crystal packing, but the acceptor site of the C domain is even more shallow than the donor site, and it is
likely that particular PCP-C domain pairs have their own preferred binding orientations, and that even
within a particular PCP-C pair, multiple orientations should allow productive substrate delivery to the
catalytic center of the C domain. This delivery permits the aminoacyl-PCP to accept the peptidyl group
from the donor, transforming it to a new, elongated peptidyl-PCP. In an elongation module, this
peptidyl-PCP would travel to the next module’s C domain donor site, as described above for the
initiation module. Interestingly, the AB3403 structure shows that the first stages of the next cycle need
not wait for condensation, as the adenylation state is observed simultaneously with the peptide

acceptance state [36]. Accordingly, Figure 3a-ii and iv are the same structure.

Finish him!



This elongation cycle (or an expanded cycle with a tailoring step) occurs in every canonical

elongation module along the NRPS assembly line, until the termination module. Here, after one more

elongation cycle, the PCP domain delivers the elongated peptide to the chain-terminating domain. In

fungal termination modules, that is often a C+ domain, and the PCP-Cr structure is as discussed above,

but for bacterial NRPSs, it is most commonly a Te domain and second most commonly a terminal
reductase (R) domain. SrfA-C, EntF and AB3403 all have domains C-A-PCP-Te, yet their structures
show markedly different Te domain positions. (Compare the Te domain in Figure 3a-i, ii and iii.) In

SrfA-C, the Te domain floats near the acceptor side of the C domain and makes almost no contact with

Text Box: In between domains

Unlike many other macromolecular machines with
moving parts, NRPSs do not have a power stroke: No
NTP hydrolysis drives PCP domain movement.
Rather, it is likely the PCP domain moves largely
randomly through tethered Brownian motion. The
interdomain linkers are of variable length across
NRPSs, but combined with other domain movements,
provide enough freedom for the PCP domain to travel
the long distances between active sites. Though the
PCP domain likely samples binding to all its partners,
the acyl moiety on the PPE arm should increase
affinity for the appropriate partner. The presence of
the various partner domains and the acyl moiety could
aid progression to some extent [1,2], but it is the
unidirectionality of the condensation reaction that
dictates the direction of synthesis. The lack of power
stroke, high degree of flexibility and largely
undirected tethered Brownian motion result in a rate of
NRPS synthesis of peptides ~3 orders of magnitude
slower than that of the ribosome. Nonetheless, NRPSs
appears to be fast enough, and the products important
enough, for the host microbes to keep their massive

genes in their genome.

the other domains (Figure 3a-i). The Te
active site is facing away from the rest of the
module and is partially blocked by the C
domain, so both the Te domain and the PCP
domain have to move for productive binding.
Te domain movement seems simplistic
however, as in AB3403, the Te domain is
displaced by >50 A and only contacts the
“back face” of the PCP domain (another
contact that would need to break for
termination) (Figure 3a-ii). Furthermore, in
EntF the Te domain is >80 A away from
either of these positions, making modest
contacts with the A domain (Figure 3a-iii).
Electron microscopy also shows this domain
to be very mobile [36,39]. Thus, the Te
domain is loosely tethered to the termination
module via the mobile PCP domain.

None of the structures of the
termination modules report on the release
step in NRPS synthesis, but once again,
didomain structures provide insight. The
excised EntF didomain PCP-Te was
determined by NMR without PPE
modification [40] and by X-ray



crystallography with an alpha-chloro-aminoacyl-PPE designed to crosslink to the Te domain active site
serine [41]. The PCP binds the edge of a crevice formed by the main core of the Te domain and the
mobile lid segment, and the PPE extends into the catalytic center. The domain-domain interface buries
745 A of surface area, which is more than PCP binding to other domains. The configuration allows the
Te domain active site serine to attack and accept the nascent peptide in the thioesterase first half-
reaction. The second half-reaction can be oligomerization, for which a presumably similar PCP-Te
interaction occurs, or hydrolysis or cyclization, for which the PCP domain presumably departs.

A recent structure of the PCP-R didomain from the NRPS-like carboxylic acid reductase
provides insight into release in terminally reducing NRPSs [10]. The PCP is again attached to the rest
of the protein by flexible linkers. The PCP:R interface buries a modest 473 A? of surface area. The PPE
runs along the interface between the main body of the domain, the substrate-binding subdomain, and
NADPH, and may help organize the active site for reduction. Despite the absence of peptide and the
disorder of the nicotinamide moiety, the observed PCP:R interaction appears representative of the
conformation NRPSs with terminal R domains use to reduce the peptidyl-PCP and release peptide as an
aldehyde product.

Bring it all together

The above-described structures, in context of excellent existing functional studies, provide a
wealth of insight into each step of the NRPS cycle. They are less informative about how modules form
intact NRPS megaenzymes. High resolution structures of multimodular NRPSs are an outstanding goal
in the field, and multiple such structures are required to answer questions of NRPS architecture, but a
view of higher order structure is beginning to form.

We recently solved the structure of a cross-domain construct of bacillibactin synthetase protein
DhbF (Figure 4a) [39]. The A1-PCP1-C2 construct contained the A and PCP domains from the first
module and the C domain from the second module. In this structure, the vinylsulfonamide inhibitor is
present in the A domain active site and attached to the PCP domain, but the Asyb and PCP domain are
somewhat shifted from a true thiolation conformation, likely due to crystal contacts. This structure and
the second structure of the EntF module (Figure 3a-iii) both contain MbtH-like proteins (MLPs)
complexed to the Acore in the same position as in a fused A-MLP protein [42]. MLPs are necessary
partners to some A domains, promoting activity in a manner that does not alter the average structure of
the A domain [37].

A structure with the last large domain from module 1 and the first large domain from module 2

should allow visualization of intermodule interactions not formed by the PCP domain (which is



unlikely to contribute to consistent higher-order structure because of its mobility). However, the
structure showed no contact between the A1 and C2 domains. Instead, the only non-covalent
interaction between module 1 and 2 was the back face of the PCP domain contacting the donor site of
the C domain. A similar interaction was observed in TycC PCP-C didomain structure and is echoed by
the back face of the PCP domain interacting with the Te domain in AB4304. The lack of intermodular
A:C contacts is in stark contrast to the extensive C:A contacts within a module and implies that DhbF
may not assume a single module—-module conformation. This was confirmed by negative stain EM of
dimodular C1-A1-PCP1-C2-A2-PCP2-Te2 and C1-A1-PCP1-C2-A2-PCP2 DhbF (Figure 4b). Despite
stalling with vinylsulfonamide inhibitors, DhbF was in multiple conformations. Five separate
envelopes were reconstructed from this data and each envelope could be fitted with two models of C-
A-PCP modules, as expected. However, there were large differences in the relative orientations of the
two modules and no consistent module—module interface was observed, strongly suggesting that for
DhbF at least, no regular, repeating supermodular architecture is present. This seems to also be the case
for cyclosporin synthetase, a 12-module NRPS, micrographs of which show it to adopt either a “ball of
balls” or uneven “balls on a string” morphology [43]. It remains to be seen whether lack of higher-
order architecture is a general theme for NRPSs, or whether elegant and attractive regular architecture,
which can be modelled based on single conformational states, can occur in some NRPSs (Figure
4c)[44]. High-quality structures of NRPSs of two or more modules, towards which we and others are

working, will start to answer these questions.

Onward

Recent work has illuminated many aspects of NRPSs structure. The next several years will
likely be equally insightful. It will be interesting to see whether the coming structures of multimodular
NRPSs will be determined by crystallography or cryo-EM. Cryo-EM is now the technique of choice for
large macromolecules but the moderate size of NRPS domains and especially the massive array of
domain-domain and module-module conformations which are absolutely required for NRPS function
(many of which remain even after targeted crosslinking), make NRPSs extremely challenging targets.
A sample with a near continuum of conformations is problematic, even for the “new EM” [45], but will
eventually be conquered. Chemical biology tools were key to obtaining structures, and new chemical
biology tools will likely be needed access novel structures [15,46-48].

Structures can also greatly inform non-canonical NRPS systems, including those that perform
optional module skipping and iteration. All these static snapshots will be brought to life with

experiments that report on movement more directly, including fluorescence approaches [49], NMR



experiments [1,50,51] and molecular dynamics simulations[52]. Altogether, the work reviewed here
and ongoing research provides an increasingly excellent view of these megaenzymes, which are among

nature’s most elegant and fascinating macromolecular machines.
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Figure 1. Nonribosomal peptides and peptide synthetases

A. Some examples of nonribosomal peptides: gramicidin A (topical antibiotic), cyclosporin A
(immunosuppressant), enterobactin (siderophore), yersinibactin (siderophore), bacillamide D (anti-
algael), daptomycin (antibiotic, trade name Cubicin). B. A schematic diagram of the elongation cycle
of a canonical NRPS elongation module. C. A generic synthetase. In this review, we follow the
synthesis of a hypothetical formylated dipeptide that would be synthesized by the F-A-PCP-C-A-PCP-
Te NRPS depicted (where n=1; note that most NRPSs do not contain an F domain, the tailoring domain
which formylates the N-terminal amino acid). The domains included in some important crystal
structures discussed in this review are indicated below the schematic. D. Some examples of NRPSs.
(ArCP — Aryl carrier protein domain; Cy — heterocyclization domain; E/C — bifunctional epimerization

/ condensation domain.)
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Figure 2. The first stages of nonribosomal peptide synthesis

A. The catalytic cycle of the initiation module of LgrA, in schematic form and as illustrated by crystal
structures (i — iv) [25,26]. The F and Acore regions are quite static, while the Asyb and PCP domain
appear in dramatically different positions in the various catalytic states. Disordered portions are shown
in grey. The module selects and adenylates valine (i,ii), covalently tethers it to the PCP domain by via a
thioester bond (iii), and formylates it (iv). B. The PCP domain transports the formyl-valine (or in the
general case, peptide) to the next module and delivers it to the C domain acceptor site. This delivery is
represented by didomain structures of PCP domain and C domain homologues, E domain (i) [34] and
Crdomain (ii) [11].
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Figure 3. The elongation and termination of nonribosomal peptide synthesis

A. The catalytic cycle of the elongation and termination modules in schematic form and as illustrated
by crystal structures of SrfA-C, EntF and AB3404 (i — iv) [35-37]. The module selects and adenylates
an amino acid, here depicted as threonine, the EntF substrate (i,ii). (The SrfA-C A domain (i) isin a
pseudo-open state and the AB3403 is in a canonical closed state). The A domain covalently tethers the
amino acid to the PCP domain via a thioester (iii). This aminoacyl-PCP accepts (iv) the peptidyl group
from the upstream PCP, elongating the peptide. B. The PCP domain transports the formyl-valine-
threonine (or in the general case, peptide) to the termination domain, represented by didomain
structures of PCP domain and Te domain (i) [41] or R domain [10].
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Figure 4. Higher order architecture of nonribosomal peptide synthetases

A. Crystal structure of an A1-PCP1-C2 cross-module construct of DhbF shows no contact between the
large domains of adjacent molecules. B. Three different low-resolution envelopes of dimodular DhbF
calculated from the same negative stain EM data set [39]. C. Three models of a hypothetical tetra-
modular NRPS, assembled from X-ray (i, ii) and EM (iii) studies. Both the helical model (i) (recreated
from Marahiel [44]) based on serially overlapping TycC PCP-C (PDB 2JGP) [33]and SrfA-C C-A-
PCP-Te (PDB 2VSQ) [35] structures, and the shallow curved model (ii) based on serially overlapping
EntF C-A-PCP [36,37] (PDB 5JA1) and DhbF A1-PCP1-C2 [39] (PDB 5U89), show regular
architecture, but rely on relative conformations known not to be fixed. The model created from serially
overlapping dimodules fit to low-resolution negative stain envelopes (iii) [39] is irregular, and is

intended to represent one of a near-continuum of irregular structures.



Highlights

1. Nonribosomal peptide synthetase (NRPSs) are modular biosynthetic factories

2. Most functional states of NRPS modules have now been visualized at high resolution
3. Massive conformational changes occur within a module at different stages of catalysis

4. X-ray and EM studies hint at a lack of regular higher order multimodular architecture.
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