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Nonribosomal peptide synthetases (NRPSs) are a family of modular, multidomain enzymes that catalyze the
biosynthesis of important peptide natural products, including antibiotics, siderophores, and molecules with
other biological activity. The NRPS architecture involves an assembly line strategy that tethers amino acid
building blocks and the growing peptides to integrated carrier protein domains that migrate between
different catalytic domains for peptide bond formation and other chemical modifications. Examination of
the structures of individual domains and larger multidomain proteins has identified conserved
conformational states within a single module that are adopted by NRPS modules to carry out
a coordinated biosynthetic strategy that is shared by diverse systems. In contrast, interactions between
modules are much more dynamic and do not yet suggest conserved conformational states between
modules. Here we describe the structures of NRPS protein domains and modules and discuss the
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1. Nonribosomal peptide synthetases

1.1. Peptide natural products produced by modular enzymes

Microorganisms produce specialized natural products that
allow them to survive in diverse environments. These molecules
are secreted from the cell and play multiple roles to support the
producer organism, including chemical signaling and nutrient
acquisition, or cause detrimental effects to other competing
species or host cells. These molecules can be divided into
multiple classes based on their chemical nature and biosyn-
thetic strategy." Interest in these natural products has spanned
more than fifty years as many molecules have been employed
directly or as inspiration for the development of new
pharmaceuticals.”

One class of important natural products are peptides derived
from the modular nonribosomal peptide synthetases (NRPSs).
In contrast to ribosomally produced and post-translationally
modified peptide (RiPPs) natural products,® which are trans-
lated through the normal ribosomal machinery and heavily
modified to their final active form, NRPS peptides are produced
enzymatically through a modular assembly line process.* Here,
multiple catalytic domains that carry out sequential steps in the
biosynthesis are joined in large multidomain proteins.>*° This
ribosome-independent approach frees the NRPS clusters from
the constraints imposed by the ribosome and amino acyl-tRNA
synthetases and allows for the incorporation of non-
proteinogenic amino acids, fatty acids, aryl acids, and hydroxy
acids that can be joined via amide and ester linkages. The
diversity of NRPS peptides™ is driven not only by the use of
unconventional building blocks but additionally by the use of
other catalytic domains that can further modify the peptide
with methylations, epimerizations, halogenations, and the
formation of chemical cross-links."”” A common feature of NRPS
derived peptides is the macrocyclization through a peptide
bond between the N-terminus or hydroxy or amine side chains
and the C-terminal carboxylate. Combined, hundreds of
substrates have been observed in different NRPS peptides. As
will be described below, this modular strategy of joining
multiple catalytic domains results in large proteins that exhibit
conserved sequence motifs making them easy to detect through
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genome mining,**¢ facilitating the discovery and classification
of new products. This also highlights the wealth of natural
product biosynthesis yet to be discovered.

1.2. Core domains of NRPS enzymes

A common feature of NRPSs is the modular architecture that
encodes multiple domains on a single polypeptide that function
together in a coordinated fashion to produce the peptide
product. In the most dramatic cases, often seen with fungal
NRPS enzymes, the entire biosynthetic pathway may exist
within a single protein chain. For example, Acremonium,
a fungal symbiont associated with a marine sponge, produces
the hexadecapeptide acremopeptaibols A-F through the activity
of a 19165 residue NRPS that catalyzes dozens of necessary
steps in the formation of the final peptide."”” More commonly,
the complete NRPS biosynthetic cluster will include multiple
multidomain proteins that operate in tandem through a series
of intra- and intermolecular catalytic steps. In some systems,
specific domains called communication (COM) or docking
domains are present on the termini of proteins to facilitate the
intermolecular transfer of the peptide intermediate from one
protein to another.'® These domains have been explored func-
tionally and structurally, and may offer the potential to guide
novel protein interactions through engineering methods.*>>

This multidomain biosynthetic strategy can be compared to
an assembly line in which the growing peptide - covalently
attached to the carrier protein domains - is shuttled between
different catalytic domains. In this approach, the protein is
organized into modules, with each module generally respon-
sible for the incorporation of a single residue. Each module
contains a carrier protein to which the substrates and inter-
mediates are covalently bound during the biosynthesis. The
carrier thus visits neighboring catalytic domains for loading,
chemical modification, and peptide bond formation, ultimately
passing the peptide downstream to the next module for elon-
gation. NRPSs can either operate in a linear fashion in which
each module functions a single time and there is a direct
correspondence between the number of modules and the
number of residues in the final peptide, or can act iteratively in
which modules act multiple times to produce the final product.

Ultimately, the peptide is released through the activity of
a final C-terminal domain that catalyzes hydrolysis, cyclization,
or reductive release.”® The NRPSs are often compared with the
polyketide and fatty acid synthases (PKS and FAS, respectively)
that employ a similar modular biosynthetic strategy.>»** The
obafluorin pathway (Fig. 1),**” a two module NRPS highlights
several common and unusual features, including free-standing
and modular proteins that catalyze conventional and unusual
overall chemical reactions.

1.2.1. Carrier protein domains. A discussion of NRPS
domains begins with the peptidyl carrier proteins (PCPs), which
belong to the family of acyl carrier proteins that are used
throughout all kingdoms of life for fatty acid transport and
metabolism.**?° The carrier domains are small proteins of ~75
residues that contain a conserved serine residue onto which is
placed a phosphopantetheine cofactor that is derived from
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coenzyme A and attached via the activity of a phosphopante-
theinyl transferase (PPTase).**** The resultant cofactor adds to
the PCP domain a flexible thiol cofactor that is ~15-20 A in
length and can reach into the active site of the neighboring
catalytic domains. Carboxylate building blocks are covalently
installed on the pantetheine thiol via a thioester linkage and the
loaded substrates and growing peptide are sequentially deliv-
ered to the appropriate catalytic domains.

1.2.2. Adenylation domains. The 500-550 residue adeny-
lation domains are responsible for recognition, activation, and
attachment of the substrate to the pantetheine cofactor of the
carrier protein domain, and are therefore the primary deter-
minant of peptide sequence.**** The adenylation domain
catalyzes a two-step bi-uni-uni-bi ping pong reaction. Here, two
substrates first bind and react, followed by release of a single
product. In a second step, the third substrate binds and reacts,
resulting in the release of the final two products. Specifically, in
the adenylate-forming step, the enzyme binds to ATP and the
carboxylate substrate. The carboxylate attacks the a-phosphate
of ATP to form an acyl adenylate and pyrophosphate. After
release of pyrophosphate, the adenylation domain binds to the
pantetheine arm of the carrier domain and catalyzes a second,
thioester-forming step in which the amino acid is transferred to
the thiol of the phosphopantetheine arm of the downstream
PCP with accompanying release of AMP.

The adenylation domains are members of a large super-
family of enzymes that include acyl- and aryl-CoA synthetases,
fatty acyl-AMP ligases,*® and beetle luciferases.*”** A number of
conserved sequence motifs have been identified,**** including
the A3 motif (S/T)(S/T)G(S/T)TGxPK for binding the nucleotide
phosphates, the A7 motif (S/T)GD that interacts with the ribose
hydroxyls, and a catalytic A10 motif PxxxxGK that contains
a critical lysine that is used in the adenylation step. Addition-
ally, the adenylation domains contain a conserved A8 hinge
motif Rx(D/K)xxxxxxG that is used for a dramatic conforma-
tional change that occurs between the two partial reactions.
Because of their role as gatekeepers for peptide sequence, NRPS
adenylation domains have been attractive targets for bioengi-
neering to produce novel natural products that has clinical
relevance.*

1.2.3. Condensation domains. NRPS condensation
domains are ~450 residues and catalyze peptide bond forma-
tion between donor and acceptor substrates in NRPS assembly
line enzymology.*»** In a conventional NRPS condensation
domain reaction, the two substrates will be bound to upstream
and downstream PCPs. While the upstream donor PCP may
contain a larger peptide depending on the positioning of the
condensation domain, the downstream or acceptor PCP
contains just a single amino acid. Once two substrates are
positioned, an active site HHxxxDG motif positions the a-amino
group of the acceptor substrate, catalyzing nucleophilic attack
on the carbonyl carbon of the donor thioester to form the
peptide bond. In the process, the upstream peptide is released
from the phosphopantetheine arm and transferred to the
substrate on the acceptor PCP phosphopantetheine arm,
extending the peptide by one amino acid unit.

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Overview of NRPS biosynthesis. The two module NRPS system for obafluorin biosynthesis is shown, highlighting the existence of free-
standing (ObiD and ObiF2) and modular (ObiF1) enzymes. ObiF2 first loads a molecule of 2,3-dihydroxybenzoate onto the pantetheine cofactor
of the carrier protein ObiD. After the ObiF1 adenylation domain loads the nonproteinogenic substrate onto the adjacent carrier domain, the
ObiF1 condensation domain catalyzes amide bond formation. The ObiF1 thioesterase domain then catalyzes B-lactone formation, mediated by
the formation of the acyl enzyme intermediate with a catalytic cysteine, releasing the obafluorin product.

The second histidine of the HHxxxDG motif was initially
thought to perform the proton abstraction by acting as a general
base as in the homologous acetyltransferase superfamily.*"**
However, as several condensation domains retain catalytic
activity upon mutation of the second histidine**** and the
homologous cyclization domains lack it altogether,*® this
histidine residue is now proposed to contribute with other
residues to proper positioning of the a-amino group of the
acceptor substrate.”’

NRPS condensation domains can be classified as *C; and
Pc,. domains, where the substrates for “C; are two r-amino
acids, while PC; domains use a donor p-amino acid with
acceptor r-amino acid.*® Interestingly, the °C; domains appear
to be the evolutionary precursor to specialized condensation
domains that have the ability to catalyze the formation of the -
lactam ring in nocardicin biosynthesis.*” Additionally, some
condensation domains transfer a fatty acid from a fatty acyl-CoA
or acyl-PCP to an acceptor amino acid and are considered lip-
oinitiation domains.’® Several recent reviews highlight the

This journal is © The Royal Society of Chemistry 2023

varied catalytic activites of NRPS domains with homology to the
condensation domain.*>**

1.2.4. Thioesterase domains. The majority of bacterial
NRPS products are released from the pathway through
a hydrolytic cleavage mediated by a thioesterase domain.*
Thioesterase domains are a part of the «/f hydrolase super-
family®® and hydrolyze thioester bonds in a two-step reaction
that enables the off-loading of an intermediate peptide from the
terminal PCP domain of a module. The PCP domain delivers the
peptide to the thioesterase domain, where an acyl-enzyme
intermediate is formed with a catalytic serine (or cysteine) that
is part of a Asp-His-Ser/Cys catalytic triad.** The peptide
product is released through a nucleophilic attack of water. In
contrast, cyclization relies on an active site orientation that
positions the nucleophilic group for cyclizing release of the acyl-
intermediate while preventing water access to the active site.>

Thioesterase domains can be classified as either type I or
type II. Type I domains are normally found on the C-terminus of
the final module, and cleave the intermediate peptide product

Nat. Prod. Rep., 2023, 40, 1550-1582 | 1553
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from the biosynthetic pathway. Unlike type I domains, type II
thioesterase domains are not covalently linked to an NRPS
module.> While type II thioesterases can release intermediate
or final products, they have also been observed to play an
editing role to remove undesired or non-reactive substrates/
moieties that are stalled on the PCP phosphopantetheine

arm.55,56

1.3. Additional specialized catalytic domains

In addition to the core catalytic domains that are responsible
for the activation of building blocks, formation of peptide or
ester linkages, and release of the peptide product from the
assembly line, many NRPS biosynthetic clusters contain
embedded functional domains that carry out additional modi-
fications to the intermediates and products. These domains
may be inserted into the boundaries between the core domains
or are in some cases inserted into surface loops within the
catalytic domains.

1.3.1. Catalytic domains with homology to condensation
domains. Several specialized domains show homology with the
condensation domain have evolved to catalyze diverse reac-
tions.*>*®' Heterocyclization or cyclization domains introduce
a heterocyclic ring in the natural products by first performing
a condensation reaction between donor substrate and acceptor
cysteine, serine, or threonine residues, followed by a cyclo-
dehydration reaction to form thiazoline, oxazoline and meth-
yloxazoline rings respectively.””*®* Epimerization domains
convert the PCP delivered r-amino acid substrate to p-amino
acid.” Dual epimerization/condensation domains first carry out
an epimerization reaction on donor r-amino acid substrate to
the p-isoform, followed by a condensation with an acceptor
substrate. Finally, fungal terminal condensation domains are
present at the C-terminal end of terminating module in place of
thioesterase domain and perform macrocylization by mediating
attack of an internal amino group from the product on the PCP-
peptide linkage to release the peptide.®*** In this scenario, the
condensation domain functions as a chain release domain in
some fungal natural product biosynthesis.

These diverse reactions catalyzed by the homologous
domain correlate with variations in the core HHxxxDG motif.**
Epimerization domains have HHxxxD motif while dual epime-
rization and condensation domains have HH[I/L]xxxxGD motif.
On the other hand, cyclization domains have DxxxxD motif*®
and terminal condensation domains have SHxxxDx motif. Like
the condensation domains, the role of some active site residues
have remained unanswered in cyclization domain, although
mutation of aspartate residues in DxxxxD motif abolished the
activity.®>** Epimerization activity was reduced when the second
histidine and aspartate of the HHxxxD motif were mutated in
GrsA-E1 indicating their role in catalysis.*® Similarly, the second
histidine and glycine of the HHxxxDG motif in the terminal
condensation domain TqaA, supporting a role in catalysis.**

Finally, some NRPS modules for glycopeptide antibiotics
contain so-called X-domains with homology to the condensa-
tion domain that recruit cytochrome P450 oxygenases to
perform side-chain crosslinking on the NRPS-bound peptide.®

1554 | Nat. Prod. Rep., 2023, 40, 1550-1582
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1.3.2. Reductase domains. While thioesterase domains are
traditionally the most common route for terminal peptide
release, some NRPSs use a reductase domain to catalyze NAD(P)
H dependent reduction to release the product as an aldehyde or
through successive reactions into an alcohol.®**® Often, the
aldehyde products react further to macrocyclize with a peptide
amine. The reductase domains belong to the widespread family
of reductases that use NADH and NADPH to reduce a diverse
spectrum of substrates. NRPS systems that terminate with
a reductase domain include dipeptide pyrazinones such as
aureusimine,®®’® the peptide siderophore myxochelin,” or
longer peptides such as the nostocyclopeptides,””* or linear
gramicidin.”™

1.3.3. Methyltransferase domains. A common type of
modification to NRPS peptides is an O-, S-, and N-methylation
reaction that may confer peptide stability or other properties to
the NRPS product.” Some systems, including the sulfazecin
NRPS system,” use a free-standing enzyme to catalyze the
transfer of a methyl group from the common methyl donor S-
adenosylmethionine (SAM) to the product either after product
release. More interestingly, some NRPSs use methyltransferase
domains that are integrated into the multidomain NRPS. Often,
the methyltransferase domains are inserted into the adenyla-
tion domain.” Interrupted adenylation domains exist with
methyltransferase domains in the NRPS proteins for the side-
rophores pyochelin’®” and yersiniabactin,* and fungal cyclo-
peptides including cyclosporin® and the isaridin and destruxin
depsipeptides.®**

The presence of NRPS modifying domains embedded within
a conventional module raise questions about the timing of the
modifications. A methyltransferase domain could act at any of
the multiple stages in the catalytic cycle, including acting upon
the free amino acid substrate, on the adenylate intermediate, or
on the loaded substrate bound as a thioester. Additionally,
methyl transfer could occur to the loaded amino acid prior to or
after peptide bond formation. In the pyochelin NRPS system,
a methyltransferase domain exists in PchF, embedded within
a cysteine-activating adenylation domain that is part of an NRPS
with a Cy-A-(MT)-PCP-TE architecture.**** Thus, methyl transfer
could occur on free cysteine, the cysteine~AMP intermediate,
the cysteine thioester with the PCP domain, the condensed
peptide, the cyclized peptide, or, as the cyclized thiazoline is
converted by the free-standing reductase PchG into a thiazoli-
dine,®* to either of these oxidation states. Studies with the
ethyl esters that model the pantetheine loaded intermediates of
all the potential peptide precursors with full length PchF
provide compelling evidence that the methyltransferase activity
is the penultimate step, occurring after the PchG catalyzed
reduction of the thiazoline to a thiazolidine ring.” Once
methylation has occurred, the only remaining step in pyochelin
biosynthesis is the hydrolytic release catalyzed by the thio-
esterase domain.

1.3.4. Formyltransferase domains. The N-termini of some
NRPS peptides are N-formylated in a reaction that is driven by
an N-terminal formyltransferase domain. The best character-
ized example is the initiation module of the linear gramicidin

This journal is © The Royal Society of Chemistry 2023
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NRPS protein LgrA; however, other examples are known from
bacterial NRPS systems.*®* The small, ~24 kDa, for-
myltransferase domains of LgrA and homologous proteins™ use
N'"°-formyltetrahydrofolate as the formyl donor. As the formyl
modification renders the amine unable to form a peptide bond,
the formyltransferase domains exist on the N-terminus of the
NRPS protein where they modify the first amino acid of the
peptide chain prior to peptide bond formation and formation of
the dipeptide at the second NRPS module.* It appears that the
specificity of the downstream condensation domain selects for
the N-formyl-amino acid, preventing formation of the unmod-
ified peptide.”™

1.4 Related NRPS-like proteins

In addition to conventional NRPSs harboring multiple modules,
there exist standalone single modules of NRPSs that have been
termed NRPS-like proteins. These modules have an N-terminal
adenylation domain, a carrier domain and a C-terminal domain
architecture. While these proteins do not produce a peptide,
their similarity to NRPSs and the insights that may arise warrant
their inclusion herein.

Enzymes responsible for reduction of carboxylic acids to
aldehydes were first reported in the fungus Neurospora crassa
and required Mg®*, NADPH, and ATP for activity.”® Considering
the broad range of carboxylic substrates reduced by these
enzymes, the proteins were termed as carboxylic acid reductases
(CARs). Structural and sequence analysis established CARs as
similar to NRPS.?* Several other proteins including amino acid
reductases LnaA, LnbA, and Nps1 (ref. 92) were reported to have
similarity with CARs and also described as NRPS-like. Similar to
NRPS, the adenylation domain specifically loads the substrate
onto a carrier domain, which transports it to the C-terminal
domain. In CARs and other modules with A-PCP-R architec-
ture, the reductase domain catalyzes release of the product
yielding an aldehyde derivative.”® A unique NRPS-like protein
glycine betaine reductase in fungi has two reductase domains at
C-terminus (A-PCP-R-R) to perform two sequential reductions of
glycine betaine to form choline.**

Additional proteins that function as a stand-alone module
(or present in cluster) have similar architecture with an N-
terminal adenylation domain and a carrier domain but C-
terminal has a condensation domain (A-PCP-C).” Single
modules with an A-PCP-C architecture have been found mostly
in fungal natural product clusters including tryptoquialanine,
alanditrypinone, cottoquinazolie and fumiquinazolines.®®

Several eukaryotic proteins exist with a tridomain architec-
ture consisting of adenylation and PCP domains joined to
a variety of domains at the C-terminus. The fungal Lys2 protein
contains a C-terminal reductase domain that catalyzes the
reductive cleavage of the loaded a-aminoadipic acid to form o-
aminoadipic-d-semialdehyde, an intermediate in lysine
biosynthesis.””*® The Ebony protein of Drosophila melanogaster
contains a C-terminal aryl-alkylamine N-acetyltransferase
domain that is involved in the production of f-alanyl-dopamine
and -histamine.”*'* The transferase domain contains low
sequence homology to other family members and the structural

This journal is © The Royal Society of Chemistry 2023
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classification was only possible through structure determina-
tion." Examination of predicted active site residues of
eukaryotic members of this family has been performed, high-
lighting shared features and aiding in the characterization of
additional structures.***

A final category of NRPS-like proteins include the cationic
homopolyamino acid synthetases (CHPAS) like poly-e-lysine
synthetase.'® These CHPAS have an unusual membrane bound
domain at C-terminus end which is proposed to have three
small condensation domains and synthesize polymers of
cationic amino acids of length up to 35-mer.'**'**

2. The structural biology of
nonribosomal peptide synthetase
domains

The assembly line architecture of NRPSs has excited structural
biologists for 25 years. Not surprisingly, the first studies focused
on individual domains of NRPSs, employing either genetically
truncated proteins or natural single domain enzymes, the so-
called type II NRPSs.'” The earliest structures of the core cata-
Iytic domains included the phenylalanine activating adenyla-
tion domain of the gramicidin S synthetase (PDB 1AMU),"*®
a free-standing condensation domain from vibriobactin
biosynthesis (PDB 1L5A),* a free-standing aryl adenylating
enzyme from the bacillibactin biosynthetic pathway (PDB
1MDB),"” and a truncated thioesterase domain from an NRPS
responsible for the production of surfactin (PDB 1JMK).'*
These studies set the stage in the early 2000s for our under-
standing of the respective chemical mechanisms and, particu-
larly for the adenylation domains, provided views of the active
site binding pockets that dictate substrate specificity and
selectivity.

Over the next decade, structures soon followed of the auxil-
iary domains that further diversify NRPS products. Additionally,
structures of didomain complexes have been solved that illus-
trate that binding interface between catalytic domains and the
carrier protein domains that deliver the substrates. A recent
review explores the interfaces between catalytic and carrier
domains.” We describe here the structures of individual NRPS
domains before moving to structural studies of full NRPS
modules (Section 3). By our count, there are currently over 150
PDB entries of more than 60 different NRPS proteins (Table 1).
These structures lay the foundation for the discussion of
multidomain structures and the conformational dynamics that
govern the NRPS structural cycle in subsequent sections. We
additionally draw the reader's attention to reviews that have
identified strategies that have been used to characterize struc-
turally the challenging, dynamic NRPS proteins, and the
importance of chemical tools to trap these enzymes in mean-
ingful catalytic states.>**

2.1. Carrier protein domains

Critical to the modular assembly line architecture of NRPS
enzymes is the peptidyl carrier protein that is covalently bound
to and transports the substrate and peptide intermediates. The
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Table 1 Experimental Structures of NRPS proteins®

View Article Online

Review

Protein name

PDB accession code and description

Condensation
VibH
CDA

Tepl2
BmdB
TqaA

HMWP2
AmbE
HMWP2

Adenylation
PheA
DhbE

DItA

BasE

SidN
VinN

ApnA

AlmE
CAR

Thri

MbtA
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1L5A, free-standing domain from vibriobactin biosynthesis*’

CDA synthetase®’

4JN3, selenomethionine

4JN5, native

5DU9, covalent substrate analog

4TX2, catalytically inactive, oxygenase-recruiting X-domain from teicoplanin synthetase®”
5T3E, cyclization domain from bacilliamide E synthetase'®*

Fumiquinazoline F terminating condensation domain® note that the PCP-Cy. is included in list multidomain proteins below

5DIJ, native

5EGF, selenomethionine

5DLK, truncation of 10 residues

Lipoinitiation domain of rhizomide synthetase®

7C1H, wild-type

7C1K, R148A mutant

7C1L, R148A mutant plus C8-CoA

7C1P, H140V/R148A

7C1R, H140V/R148A + C8-CoA

7C1S, H140V/R148A + C8CoA + Leu-SNAC

7C1U, H140V/R148A

7JTJ, 7JUA, second cyclization domain of yersiniabactin synthetase'®’
7R9X, dehydrating condensation domain®*’

7RYS, first cyclization domain of yersiniabactin synthetase'®®

1AMU, adenylation domain of GrsA'%®

Aryl adenylating enzyme from bacillibactin biosynthesis'®”
1MD9, AMP and 2,3-dihydroxybenzoic acid

1MDB, AMP and 2,3-dihydroxybenzoic acid

1MDF, unliganded

NRPS-like p-Ala-ligase involved in cell wall biosynthesis
B. cereus®'*3*

3DHV), p-Ala-AMP

3FCC), Mg-ATP

3FCE), ATP

4PZP), unliganded

B subtilis™>*

(3E7W and 3E7X, AMP)

Free-standing domain from acinetobactin biosynthesis
3082, DHB-AMS

3083, 3084, 3U16, 3U17, alternate inhibitors

3ITE, NRPS for a fungal siderophore>*®

Vicenistatin NRPS>*”

3WVN, aspartate

3WV4, unliganded

3WV5, 3-methylaspartate

Promiscuous domain from anabaenopeptin NRPS**®
4D4G, AMPPNP

4D4H, unliganded

4D4I, AMPPNP + arginine

4D56, AMP + tyrosine

4D57, AMP + arginine

40XI, NRPS-like domain involved in glycyl transfer to lipopolysaccharide bound to glycyl-AM
NRPS-like carboxylate reductase.”” Additional multidomain structures below

5MSC, AMP

5MSD, AMP + benzoic acid

5MST, AMP + fumarate

Free-standing NRPS-like domain involved in production of chlorothreonine**°

5N9W, unliganded

5N9X, two chains bound to ATP or Thr-AMP

5KEI, free-standing domain of mycobactin NRPS pathway**"

234,235

P239

This journal is © The Royal Society of Chemistry 2023
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Table 1 (Contd.)

Protein name PDB accession code and description

CahJ

FscH
EntE

GRO01_22995
StsA

NpsA

DItA
PchD

CmnG

Thioesterase
SrfA-C
FenTE

Vim2

NocB
Skyxy

Epimerization

TycA
TycB3

Reductase
Mps2
AusA

MxaA

CAR

Free-standing domain of cahuitamycin NRPS pathway***

5WM2, AMP + salicylate

5WM3, salicyl-AMP

5WM4, 6-methylsalicyl-AMP

5WMS5, 5-methylsalicyl-AMP

5WMB6, benzoyl-AMP

5WM7, AMP

6EA3, fuscachelin domain in complex with MLP

Free-standing domain of enterobactin NRPS pathway.>** Additional didomains below
6IYK, 2-nitrobenzoyl-AMP

6IYL, 3-cyanobenzoyl-AMP

60Z1, NRPS-like domain of carboxylic acid reductase bound to AMP***
Structures of a keto acid activating domain."*° Additional didomain below
6ULX and 6ULY, oxopentanoyl-AMP

Free-standing domain of tilimycin/tilivalline pathway."** Additional didomain below
6VHYV, full-length bound to 3-hydroxybenzoyl-AMS

6VHT and 6VHU, unliganded A e

6VHW, A, bound to 3-hydroxybenzoyl-AMS

6VHX, Ao bound to3-hydroxyanthranilyl-AMS

6VHZ, A or bound to anthranilyl-AMS

7VHV, Staphylococcus aureus DItA bound to ATP**®

Free-standing adenylation domain of pyochelin biosynthesis'®®

7TYB, salicyl-AMS

7TZ4, 4-cyanosalicyl-AMS

Adenylation domain of CmnG from capreomycin biosynthesis>*®

7XBS, unliganded

7XBT, AMP

7XBU, capreomycidine

7XBV, AMPCPP

1JMK, surfactin pathway'%®

2CB9Y, fengycin NRPS pathway'>°

Valinomycin NRPS-catalytic serine replaced with diaminobutyryl nucleophile
6ECB and 6ECC, wildtype

6ECD, bound tetradepsipeptide

6ECE and 6ECF, bound dodecadepsipeptide

60JC, bifunctional domain from nocardicin NRPS bound to a fluorophosphonate inhibitor'>
7CRN and 7DXO, bifunctional domain from skyllamycin NRPS pathway**

151

2XHG, C-terminal epimerization domain from TycA'®°

6TA8, epimerization domain from TycB3 (ref. 161)

4DQV, 4U5Q, reductase domain from an uncharacterized NRPS®”

Reductase domain from aureusimine biosynthesis"®’

4F6C, selenomethionine

4F6L, native

Reductase domain from myxalimid biosynthesis'”®

4U7W, NADH

4W4T, unliganded

5MSO and 5MSU, reductase domain from NRPS-like carboxylate reductase bound to NADP + ligand®*

Multi-domain proteins

TycC
EntB
SrfA-C
EntF

This journal is © The Royal Society of Chemistry 2023

2JGP, PCP-condensation from tyrocidine NRPS"?

2FQ1, didomain isochorismatase-ArCP domain from enterobactin biosynthesis>*’

2VSQ, termination module from surfactin biosynthesis bound to leucine in adenylation domain'”®
PCP-thioesterase domains from enterobactin biosynthesis

2ROQ, NMR structure*®*

3TE], crystal structure'®

Complete termination module (C-A-PCP-TE
5T3D, holo-PCP trapped with vinylsulfonamide

5JA1, holo-PCP trapped with vinylsulfonamide with YbdZ MLP
5JA2, holo-PCP trapped with vinylsulfonamide with nonnative MLP

)143,176
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Table 1 (Contd.)

Protein name PDB accession code and description

EntE-EntB

PA1221

SlgN1

AB3403

McyG
TqaA
LgrA

DhbF

TioS + TioT
GrsA

CAR

EpoB
FmoA3

HitB + HitD
OxyA
BdObiF1

PItF + PItL
Txol and
Txo02

StsA
NpsA-ThdA
Mru_0351
FscG
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3RG2 and 4176, fusion protein between the EntE adenylation domain and the ArCP of EntB from enterobactin biosynthesis trapped
with vinylsulfonamide inhibitor'>"'?*

Didomain Aden-PCP domain from uncharacterized Pseudomonas NRPS
4DGS8, AMP

4DGY, holo-PCP trapped with vinylsulfonamide inhibitor

Complex of an MLP with an adenylation domain'*®

4GR4, unliganded

4GR5, AMPCPP

Termination module (C-A-PCP-TE) from uncharacterized NRPS from Acinetobacter baumannii'*
47XH, holo-PCP

47X1, holo-PCP + AMP + glycine

4RO0M, didomain adenylation-PCP domain from microcystin NRPS
5EJD, didomain PCP with condensation termination domain®*
Series of multidomain structures from linear gramicidin synthetase®

5ES5, F-A, with Asub in open or adenylate-forming conformations

5ES6, F-Acore

5ES7, F-Acore with AMPCPP, valine, and 5-formyl-THF

5ES8, F-A-PCP trapped in thiolation state with vinylsulfonamide

5ES9, F-A-PCP trapped in formylation state

5]JNF, F-Acore with unusual crystal packing®*®

6ULZ, F-Acore mutants'*®

Dimodular structures from linear gramicidin synthetase**

6MFW and 6MFX, F-A-PCP-C in peptide donation state

6MFY, F-A-PCP-C-A in peptide donation state

6MFZ, F-A-PCP-C-A-PCP in peptide forming state

6MGO, F-A-PCP-C-A in thioester-forming state within the first adenylation domain with vinylsulfonamide inhibitor
5U89, cross-module structure A-PCP-C with MLP domain'”®

5WMM, methyltransferase domain interrupting an adenylation domain, along with MLP
5ISX, PCP and epimerization domains of gramicidin NRPS'®?

Didomain constructs from NRPS-like carboxylate reductase®

5MSP, PCP-Re didomain bound to NAD+

5MSS, A-PCP didomain bound to AMP

5MSV, holo-PCP-Re didomain bound to NAD+

5MSW, A-PCP didomain bound to AMP

5T7Z and 5T81, cyclization and docking domain®®

Tridomain Cy-A-PCP from an NRPS producing a free-radical scavenging peptide
6LTA, unliganded

6LTB, AMPPNP

6LTC, a-methylseryl-AMP

6LTD, cryo-EM structure bound to a-methylseryl-AMP

6MO01, complex of adenylation and carrier domain achieved with pantetheine crosslinker'*®

6M7L, complex of X-domain with OxyA oxidase in glycopeptide biosynthesis>*®

6NS8E, terminating module C-A-PCP-TE-MLP of obafluorin biosynthesis, with MLP interacting upstream bound to B-hydroxy
substrate'?®

606E, complex of adenylation domain with PCP in thioester-forming conformation using vinylsulfonamide inhibitor
Condensation-adenylation proteins from modules 1 and 2 of teixobactin NRPS'””

60YF, Txo1 CA didomain

60ZV, Txo1 C-A didomain bound to AMP

6P1]J, Tx02 C-A didomain

6P3I, Txo1 C-A didomain bound to Mg**

6P4U, Txo1 C-A didomain bound to Mg>" + AMP

6ULW, keto acid activating adenylation domain tridomain with A-KR as well as pseudo Ay, domain

6VHYV, fused didomain adenylation domain and PCP in tilivalline biosynthesis'**

6VTJ, didomain PCP-Re from archaeal NRPS"®®

Didomain PCP-condensation. PCP interacts with neighboring asymmetric unit to model the acceptor PCP position'*”
7KVW, holo-PCP in acceptor state

7KWO0, loaded PCP in acceptor state

7KW?2, holo-PCP in acceptor state, mutant enzyme

7KW3, PCP domain alone

115

3

248

174

180

This journal is © The Royal Society of Chemistry 2023
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Protein name PDB accession code and description

BmdBC
7LY4, cryo-EM structure bound to FMN

Modules of BmdB (Cy-A-T) in complex with the BmdC oxidase dimer®*

7LY5, crystal structure of adenylation domains bound to BmdC oxidase dimer

7LY6, crystal structure of BmdC dimer

7LY7, crystal structure of Cy-A-PCP bound to BmdC dimer with BmdB trapped in thioester-forming state

PchE

Cryo-EM structures of the PchE module (PCP-Cy-A-E-PCP) dimer with epimerization domain inserted into Agyp"®

2

7EMY, PCP-Cy-A-E in thioester-forming state, PCP2 disordered

7EN1, PCP-Cy-A-E-PCP in post condensation state
7EN2, PCP-Cy-A-E-PCP in peptide bond-forming state
Didomain PCP-C complexes'*®

7XO0E, unliganded

7XOF, holo-PCP into donor site of condensation domain

AmbB

7X17, loaded-PCP bound to donor site of condensation domain

“ This table is mirrored and updated at: https://www.acsu.buffalo.edu/~amgulick/NRPSChart.html

small 8 kDa carrier domains contain four a-helices. The first,
second, and fourth helices are of similar lengths, encompassing
3-4 turns of the helix (Fig. 2A). The third helix is shorter,
adopting fewer than two complete turns.”® The N-terminus of
helix a2 contains the serine residue that is post-translationally
modified with a phosphopantetheine cofactor, a conversion
from apo to holo that is catalyzed by a phosphopantetheinyl
transferase (PPTase) that transfers the cofactor from a molecule
of CoA.*” As CoA is commonly found in the cell as the acetyl-CoA
thioester and the limited ability of PPTase enzymes to distin-
guish CoA from a CoA thioester, many NRPS clusters harbor
proof-reading thioesterases that convert the acetyl-pantetheine
to the free thiol.®® The full PCP domain is often 70-80 resi-
dues in length, with the critical serine residue positioned about
half way through the sequence. The loop joining the first two
helices is the longest and most variable. As this loop along with
the N-terminus of helix a2 border the site of pantetheinylation,
these regions influence the interaction with catalytic domains,’
as described in the structures discussed below.

2.2. Adenylation domains

2.2.1. Structure of adenylation domain. Structures of ade-
nylation domains have been extensively studied to elucidate
their substrate selectivity and to rationalize bioengineering
efforts. As first demonstrated in the structure of the phenylal-
anine activating domain of the NRPS that produces macrocyclic
gramicidin S (PDB 1AMU),'** NRPS adenylation domains have
two subdomains (Fig. 2B), a large N-terminal subdomain (Acore)
of ~450 residues and a smaller C-terminal subdomain (Agyup)
that is ~110 residues in length. The active site is positioned
between the two subdomains, with the phenylalanine substrate
buried more deeply in the substrate binding pocket.

The A10 lysine from the Ag,, domain plays an important
catalytic role in binding the ATP and substrate. The require-
ment for this residue for acyl-adenylate formation has been
demonstrated experimentally in homologous protein family
members™®** and NRPS adenylation domains."*>*** In the
gramicidin synthetase adenylation domain structure, this lysine

This journal is © The Royal Society of Chemistry 2023

interacted at the active site with oxygens from the AMP phos-
phate and phenylalanine substrates. Early studies with homol-
ogous acyl-CoA synthetases***”**® showed that binding of CoA,
and presumably of the pantetheine in adenylation domains,
accompanies the rotation of the Ay,;, domain by ~140° to
present a second face to the active site. Extensive biochemical
analysis confirmed the domain alternation hypothesis®® that the
Agup domain adopts these two conformations, an adenylate-
forming conformation and a thioester-forming conformation,
for the two partial reactions. As described below, structures of
NRPS adenylation domains and larger multidomain complexes
confirm these two critical conformations and of the role of the
thioester-forming conformation in binding the PCP and
creating a pantetheine tunnel through which the cofactor
approaches the active site.

2.2.2. Substrate specificity dictated by the adenylation
domain active site. The adenylation domain is also described as
the gatekeeper for the NRPS module due to its primary role in
substrate specificity. Spatially conserved residues form the
substrate binding pocket and can be compared to adenylation
domains of known specificity, providing insight into the activity
of a new adenylation domain. These residues (Fig. 2C) are
referred to as the Stachelhaus code,* although other similar
approaches were contemporaneously identified."® NRPS ade-
nylation domains that activate o-amino acids contain
a conserved aspartic acid residue, positioned at the A4 motif,
that interacts with the amino group, providing a rapid deter-
minant of family members that activate unusual substrates.
Several residues in the loop that immediately follows this
residue are also directed into the active site and mutation of
these
specificity.

2.2.3. Complexes of adenylation domains with PCPs. The
structure of the complex between the adenylation and PCP
domain has been probed to understand the interface used for
the thioester-forming reaction. In many cases, this interaction
has been observed by trapping the protein in a specific
conformation using ligands or covalent inhibitors and crystal-
lizing the protein in that specific state.'®®

residues has been shown to influence substrate

120
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Fig. 2 Adenylation and PCP domains from the tilivalline biosynthetic pathway. (A) The PCP domain of ThdA is shown (PDB 6VHY, chain C)
illustrating four a-helices. The phosphopantetheine cofactor is attached to Ser34 (Ser542 in the NpsA-ThdA fusion protein). (B) The NpsA free-
standing adenylation domain is shown in the adenylate-forming conformation (left, PDB 6VHV) and the thioester-forming conformation (right,
PDB 6VHY) in complex with ThdA (green). The Agp domain is shown in brighter yellow. Bound in the active site of the adenylate-forming
conformation is an adenylate mimic. On the right, the NpsA complex with ThdA highlights the rotation of the Ay, domain to accommodate PCP
binding. The pantetheine cofactor reacts with the vinylsulfonamide mechanism-based inhibitor. The hinge residue located between the Acore
and Ag,p domain is shown as a small sphere. (C) The active site of NpsA highlights nine structurally conserved residues from the A domain that

form the specificity-conferring Stachelhaus code.

The first structurally characterized adenylation-PCP inter-
action was derived from the first module of the enterobactin
NRPS pathway, consisting of the free-standing adenylation
domain EntE and the acyl-carrier protein EntB (PDB 3RG2 and
4176)."*"'** Two techniques facilitated crystallization. First, the
two domains were genetically joined, requiring the design of
a linker informed by homologous multidomain proteins.
Second, the complex was trapped in the thioester-forming
conformation by using an aryl-adenosine vinylsulfonamide
inhibitor'*® that allows a covalent bond to form between the
inhibitor and pantethine group of EntB. In the complex, the
Agup domain of EntE adopted the thioester-forming conforma-
tion. The EntE-EntB structure crystallized as a domain-swapped
dimer as the EntB of one protein interacted with the EntE of

1560 | Nat. Prod. Rep., 2023, 40, 1550-1582

another. The structural interface was supported through
structure-guided mutagenesis that improved the ability of an
EntE homolog to recognize EntB. A similar interaction was
therefore expected to occur in a non-fused system including
Agyp rotation and key hydrophobic and hydrogen bonding
interactions occurring between the adenylation domain and
PCP to facilitate the passing of substrate. Critically, the struc-
ture validated the proposal®® that the Ag,, would adopt the
thioester-forming conformation first observed with acetyl-CoA
synthetase” to load the PCP.

Additional structures, including a natural didomain PA1221
(PDB 4DG9)"** and another chimeric NpsA/ThdA (Fig. 2B, PDB
6VHY)"* displayed similar adenylation-PCP interactions
relying on hydrophobic interaction occurring on helix 2 of the

This journal is © The Royal Society of Chemistry 2023
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PCP domain and the A, of the adenylation domain, as well as
hydrogen bonding interactions and salt bridges occurring on
loop 1 of the PCP domain and the Ag,p.

While the prior structures employed fused adenylation and
PCP domains, the structure of two separate proteins have also
been studied with a chemical biology approach. The type II PCP
and adenylation proteins PItL and PItF were captured with
a vinylsulfonamide inhibitor (PDB 606E),"**> showing an inter-
face that differed slightly from the previously described orien-
tations due to less contribution of helix 2 from the PCP domain.
In another approach to trap the transient interaction of free-
standing adenylation and PCP domains, a bromoacetamide-
modified pantetheine group was installed on HitD, a PCP
from the hitachimycin NRPS.**® This reacted covalently with
a cysteine residue that was engineered into the active site of the
adenylating protein HitB. This structure (PDB 6M01) showed
a similar overall conformation to those seen previously and
highlighted the largely conserved nature of the interactions of
the adenylation and carrier domains.**”

Finally, several carboxylic acid reductase (CAR) enzymes have
been used for structural characterization of adenylation-PCP
complexes.” In one example, a CAR (PDB 5MSS) retained
similar interactions as other didomains, but did not require the
common adenosine vinylsulfonamide inhibitor to trap the
complex into a thiolation state. With minor variations, the
complex and interface between the adenylation and carrier
domains have largely been consistent across complete NRPS
modules, as discussed below.

2.2.4. MbtH-like proteins support activity of some NRPS
adenylation domains. MbtH-like proteins (MLPs) interact with
some NRPS adenylation domains to increase stability or activity.
These small proteins of ~70-residues are usually found as
stand-alone proteins or occasionally appended to the N-
terminus of NRPS adenylation domains. Several unusual
examples have been described. First, an MLP is observed at the
C-terminus of a termination module of the obafluorin NRPS
ObiF1.>*'*® Additionally, in the pathway for the indole alkaloid
lyngbiatoxin, an MbtH domain is observed fused to a cyto-
chrome P450 in LtxB, an unusual arrangement that may
promote protein—protein interactions of the P450 and a partner
adenylation domain.****** The MLP family is named after MbtH,
the first described member that is in the mycobactin pathway of
Mpycobacterium tuberculosis.”** Early studies demonstrated that
deletion of MLP genes can completely or significantly compro-
mise the activity of an NRPS pathway."*>*** In strains that
harbor multiple copies of MLP genes, deletion of all copies was
necessary to compromise NRPS product formation, demon-
strating that MLPs are able to influence NRPS activity in
biosynthetic clusters beyond the one in which they are geneti-
cally encoded.™**%*

Structures of MLP proteins were determined including the
PA2412 protein from the pyoverdine biosynthetic pathway (PDB
2PST) and MbtH (PDB 2KHR), illustrating a small core B-sheet
with a long a-helix that packed against the sheet (Fig. 3A)."3*"¢
The analysis of the high-resolution crystal structure of PA2412
with MLP sequences allowed for the identification of conserved
sequence motifs. In particular, three conserved tryptophan

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 MLP domains interact with adenylation domains. (A) The
structure of PA2412 (PDB 2PST), the MLP from pyoverdine biosyn-
thesis, illustrating the conserved tryptophan residues. (B). The structure
of the SIgN1 adenylation domain (PDB 4GRS5), which contains an MLP
natively fused at its N-terminus. Bound in the active site is a molecule
of AMPCPP; that the Ag,, domain was disordered in the structure. (C)
Close up view of SIgN1 alanine from the A.ore domain inserted into the
tryptophan pocket of the MLP domain.
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residues were identified, two of which formed a shallow pocket
on the face of the protein. This cavity lacked the depth or other
features common to active sites, suggesting that MLPs may
interact with conserved features of NRPS proteins.

Subsequent studies with the capreomycin and viomycin
didomain adenylation-PCP proteins, CmnO and VioO, showed
adenylation activity only in the presence of stoichiometric
amounts of their partner MLP, CmnN and VioN."” Similar
results were seen with the pacidamycin NRPS protein PacL,
containing a C-A-PCP architecture, and the MLP Pac]."** Addi-
tional clues into MLP function were provided by the ability of
MLPs to co-purify with heterologously expressed NRPS
modules.” When the kinetic parameters of several adenylation
domains with and without a co-expressed MLP were compared,
the affinity of adenylation domains for amino acid substrate
were increased by >10-fold in the presence of the MLP partner.
These results suggested that MLPs physically interact with
adenylation domains and enhance their activity. The role of the
conserved tryptophan residues of Pac] were confirmed as
mutation of both tryptophan residues on the MLP domain,
eliminated the stimulation of the adenylation activity of PacL.
Furthermore, this biochemical analysis recapitulated earlier
cell-based studies, showing crosstalk between MLPs and ade-
nylation domains from homologous NRPS pathways.***

Delineation of the structural interaction of an MLP with an
adenylation domain was achieved with the crystal structure of
SIgN1, an MLP-adenylation didomain protein involved in the
biosynthesis of the antibiotic streptolydigin (PDB 4GR5)."** The
SlgN1 structure (Fig. 3B) illustrated how the conserved trypto-
phan pocket on the surface of the MLP cradles an alanine
residue of the SlgN1 adenylation domain (Fig. 3C). The muta-
tion of this alanine to a glutamate abolished activity of the
SIgN1 didomain. Subsequent structures of MLPs in complex
with larger NRPS modules have all demonstrated a similar
interface with an alanine, or sometimes a proline residue,
projecting into the tryptophan pocket. MLPs have been
observed to interact with adenylation domains in either the
adenylate- or thioester-forming conformations, suggesting that
MLP activity is not dependent on the adenylation domain
conformation. While the structure of the MLP-adenylation
domain interface is conserved, the mechanistic details of the
MLP activation remains unclear.

2.2.5. An adenylation-ketoreductase didomain structure
illustrates an unusual pseudo A, domain. In addition to the
common A, and Ag, architecture, an unusual structure was
observed in the first module of the stratospherulide synthetase
StsA. The structure of the tridomain adenylation-ketoreductase-
PCP was explored to offer insight into the mechanism by which
an NRPS can load an a-ketoacid that is stereospecifically
reduced to an a-hydroxyacid.**® The structure, in which the PCP
was disordered and not visualized in the model, showed the
position of the ketoreductase domain offering limited interac-
tions with the adenylation domain. Instead, two regions that
flanked this protein, 30 residues from the N-terminus of
a neighboring chain in the crystal lattice and ~70 residues C-
terminal to the ketoreductase domain formed a pseudo Ag,p
domain that was located near the enzyme active site. This motif
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was conserved in other o-ketoacid activating adenylation
domains although it did not appear to offer any catalytic resi-
dues to the active site.

2.3. Condensation domains

2.3.1. Structure of condensation domain. The first crystal
structure of an NRPS condensation domain structure was the
free-standing condensation domain VibH (PDB 1L5A) from the
biosynthetic cluster for the catechol siderophore vibriobactin.*
VibH is an unusual domain as the acceptor substrate is not
a PCP-bound amino acid but rather a small molecule amine.
The core condensation domain structure is mostly conserved
providing the foundation for homologous domains that cata-
lyze similar reactions.*>'*

The structure (Fig. 4A) revealed that this protein was
a pseudo-dimer that consists of N- and C-terminal lobes that
each contain a B-sheet surrounded by a-helices. The two lobes
are joined by an a-helical linker and interact more closely at one
side, forming an overall V-shaped domain. Between the lobes is
a cleft which houses the active site, containing the conserved
HHxxxDG motif that is present on the central -strand of the N-
terminal lobe. From within the C-terminal lobe, another loop
that has been termed the lid or latch reaches over to the N-
terminal lobe, forming one or two strands at the end of the N-
terminal B-sheet.*>*' Comparisons of the relative orientation
of these two lobes in different condensation domain structures
illustrate that the angle between the lobes can vary, raising the
possibility that the cavity between the two subdomains may
open and close to facilitate interaction with partner PCPs and to
adopt a catalytic conformation. However, in all cases except one,
comparison of multiple structures of a single protein show that
each adopts the same relative orientation. The one example of
a condensation that has been structurally characterized in two
states is RzmA, the lipoinitiating condensation domain from
the rhizomide A NRPS system.>® Here seven structures have
been solved that adopt two different states that differ by 12°
rotation between the lobes, calculated using the DynDom
server.'*?

To catalyze peptide bond formation, the condensation
domain must interact with two loaded PCPs that deliver an
upstream donor peptide and the downstream acceptor amino
acid to the active site (Fig. 4B). The structure of TqaT (PDB
5EJD), the fungal terminating condensation domain has been
determined with the upstream PCP.* This structure illustrates
that the interface with the donor PCP exists primarily on the C-
terminal lobe, delivering the pantetheine along the open end of
the cavity. In contrast, the acceptor PCP, illustrated in the
structures of the AB3403 and ObiF1 (PDBs 4ZXI and 6N8E),"?*'**
is positioned on the opposite face of the condensation domain
with the a2 and «3 helices of the PCP interacting with the N-
terminal helix of the N-lobe. The binding interfaces allow the
delivery of the loaded pantetheines into the active site near the
HHxxxDG motif. As described below, the structure of the
dimodular LgrA protein (PDB 6MFZ) illustrates both carrier
proteins interacting simultaneously at the condensation
domain."**

This journal is © The Royal Society of Chemistry 2023
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Fig.4 Structures of NRPS condensation domains. (A) Two views of CDA synthetase (PDB 5DU9), rotated by approximately 90° around the Y-axis.
The left panel highlights the N- and C-terminal lobes. (B.) Structures of complexes of condensation domains with PCP illustrate the donor (TgaA,
PDB 5EJD) and acceptor (AB3403, PDB 4ZX]) sites. Both structures are shown in the same orientation as the right panel of CDA synthetase. (C)
The active site of a catalytically inert mutant of RzmA (PDB 7C1S) shows a molecule of octanoyl-CoA, representing the donor substrate, and
leucyl S-(N-acetylcystamine) as a surrogate for the acceptor substrate. The catalytic His140 (cyan) superimposed from a wild-type structure was

mutated to a valine to capture the two substrates.

2.3.2. Active site of the condensation domain. Recent
advances in the structural studies of condensation domains
have begun to provide the long-sought details of important
ligands bound in the active site. These structures provide
insight into the binding of the donor and acceptor carrier
proteins, the pantetheine tunnels that approach the catalytic
center from opposite faces of the domain, and the relationship
between the ligands and the conserved catalytic motif.

Information about the active site was first provided through
the use of biochemical probes with the initiating condensation
domain of the calcium-dependent antibiotic (CDA) synthetase,
one of the early condensation domain structures to have been
determined.*”*** Mutation of a residue bordering the active site
to a cysteine, allowed covalent modification with a N-(4-bro-
mobutyl)alanine amide residue to form a covalent adduct to
mimic the acceptor amino acid at the end of the pantetheine.
The reactive a-amine of the alanine mimic interacted with the
catalytic histidine (PDB 5DU9).

A recent elegant study employed the starter condensation
domain of RzmA,*" a 7-module NRPS protein that initiates with
a C4-A-PCP module, where Cg represents a lipoinitation starter
condensation domain. This domain loads a fatty acid from an
acyl-CoA onto a leucine residue loaded by the first module. The
structure was solved without ligands and bound to an octanoyl-
CoA. Additionally, a catalytically compromised enzyme was
examined (Fig. 4C) bound to the octanoyl-CoA donor and

This journal is © The Royal Society of Chemistry 2023

a leucine-SNAC (S-N-acetylcysteamine) acceptor mimic (PDB
7C1S), providing a view of the active site, with a position for the
fatty acyl tail. The leucine amine overlays nicely with the amine
of the tethered CDA synthetase structure. The position of the
fatty acid from the donor side also provides a possible expla-
nation for the glycine residue of the catalytic motif as the lack of
a side chain provides entry of the acyl group into a mostly
hydrophobic cavity in the N-terminal lobe.>

The dimodular structures of LgrA, described in greater detail
below, include a structure in which a loaded PCP is bound at the
donor site of the condensation domain.*** Here, the formylva-
line is bound covalently to an aminopantetheine cofactor
analog and adopts a position in the condensation domain active
site that placed close to a reactive position. The formyl group
interacts with an active site tyrosine side chain and a rotation of
the amide group that mimics the thioester linkage would allow
the carbonyl to adopt a proper position for attack by the
acceptor amine.

A fourth view of a liganded condensation domain was
provided from the PCP-C didomain from AmbB (PDB 7X0F), an
NRPS responsible for the production of the antimetabolite 2-
amino-4-methoxy-3-butenoic acid (AMB). The structure solved
with the apo, holo, and alanine-loaded carrier protein illustrates
the donor side panthethine tunnel and the positioning of the
upstream amino acid near the catalytic histidine.*® Finally,
a PCP-C didomain from the fuscachelin NRPS fortuitously
crystallized with two molecules in the asymmetric unit, with the
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PCP of one protein chain interacting with the acceptor site of
a neighboring molecule."” Several structures were again deter-
mined, including apo and holo carrier proteins. Additionally,
a non-hydrolyzable glycyl thioether mimic was employed (PDB
7KWO) to project into the active site, adopting a position slightly
deeper into the active site cavity than in previous structures.

2.4. Thioesterase domains

2.4.1. Structure of thioesterase domain. Thioesterase
domains belong to a large family that includes lipases, lyases,
hydrolases, proteases, and several other enzymes.*»'*® The first
NRPS thioesterase domain structure was solved from biosyn-
thesis cluster of surfactin (SrfTE, PDB 1JMK),'* while a type-II
thioesterase structure was also solved from the surfactin
biosynthesis cluster (SrfTEIl, PDB 2RON).'* Subsequently,
structures were solved of thioesterase domains from NRPS
proteins that produce fengycin (PDB 2CB9),'** valinomycin
(PDB 6ECB),*** nocardicin (NocTE, PDB 60JC),"*> and sky-
llamycin (PDB 7CRN).**?

These structures revealed that both type-I and type-II NRPS
thioesterase domain structures have an a/f hydrolase fold
consisting of a central seven-stranded B-sheet surrounded by
two to three helices on either side (Fig. 5A). In the NRPS thio-
esterase domains, the first B-strand present in the conventional
/B hydrolase fold family is missing or forms a loop. In addition
to the core «/f hydrolase fold, the thioesterase domains have
a lid region inserted between 6 and 7 strands that folds over
the active site. The lid region is variable in different TE domains
composed of primarily one to four helices.

2.4.2. The complex of thioesterase and PCP. The structures
of the thioesterase domain from EntF in complex with the
upstream carrier protein domain was solved by both NMR"**
and crystallography.”® The structure of the EntF thioesterase
domain shows the PCP interacting with the N-terminal -strand
and a-helix of the thioesterase domain. Additionally, the PCP
makes interactions with the tip of the two helices that form the
active site lid loop (Fig. 5A). The pantetheine cofactor then
reaches into the active site through a cavity formed by the core
of the protein and the lid loops.

2.4.3. Active site of thioesterase domains. The active site in
the thioesterase domain is formed by the catalytic triad of
serine, histidine, and aspartic acid residues, similar to the a/
B hydrolase fold family.**** The nucleophilic serine from the
catalytic triad is present on the loop after p4 strand while the
histidine is on a loop after the 7 strand, while the aspartate can
be positioned in either of two postions. In most NRPS/PKS
thioesterase domains, the aspartate is present on the loop
after B5 strand (position 1); however, for some domains such as
the thioesterase domain from the obafluorin NRPS (PDB
6NSE)'*® and the type II domain from the rifamycin PKS/NPRS
(PDB 3FLB),"* it is located after 6 strand (position 2).

Attempts to capture substrate in the active site have been
disappointing for many thioesterase domains. Two approaches
to overcome this difficulty were designed to capture a covalent
adduct with the catalytic serine. In one approach, a phospho-
nate warhead was designed at C-terminus of tripeptide
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substrate to covalently link phosphonate to the catalytic
serine.”>"” In another complementary approach, the catalytic
serine was replaced by diamino propionate (DAP) using genetic
engineering to allow the substrate to be covalently linked to the
nucleophilic amine of the DAP residue."”™* The ligand-bound
structures revealed that oxyanion hole is provided by the
amide backbone of the neighboring residues on the loop after
B3 strand. Notably, several NRPS thioesterase domains that
have unusual functions, like the thioesterase domains of
ObiF**'** and SulM,”® which perform B-lactone and B-lactam
ring formation respectively, have cysteine at the position of
serine in catalytic triad.

The lid region in NRPS thioesterase domains has been
proposed to play a role in solvent exclusion from the active
site’® or substrate positioning and specificity."®*'** In several
domains, the lid region was found to be flexible by molecular
dynamics simulations or various conformations in NMR. SrfTE
crystal structures revealed open and closed conformations of lid
region;'*® however, similar conformations were not observed in
other thioesterase domains. The flexibility of lid region was also
proposed to play a role in interactions with the carrier domain
and phosphopantetheine arm, and in substrate channel
formation. The cavity between lid region and the core forms
channel for phosphopantetheine arm and substrate loading
(from B2 strand side).

The active site of some thioesterase domains catalyze unusual
reactions. The thioesterase domain of the nocardicin NRPS
(NocTE) performs an epimerization reaction on hydroxy-phenyl
glycine (HPG) residue prior to hydrolytic cleavage of the nocar-
dicin product.®"®* The structure has been solved bound to
a phosphonate analog that illustrates the binding position of
three amino acids of the nocardicin molecule. In the NocTE active
site (Fig. 5B), the histidine from the catalytic triad is proposed to
deprotonate the 1-HPG and reprotonate from opposite side for
epimerization. This is achieved through movement of the phenyl
ring of the HPG residue while the remainder of the peptide chain
remains relatively static. On the other hand, the thioesterase
domain of skyllamycin biosynthesis performs both epimerization
and macrocyclization."® Apart from similar role of deprotonation
by the histidine in Skyxy-TE, structural and mutational analysis
revealed role of two additional residues that played a role in the
epimerization and cyclization. Finally, the thioesterase domain
from valinomycin NRPS is involved in oligomerization of inter-
mediates by a reverse transfer pathway,"** as proposed for other
oligomerizing TE domains.” The lid region of VIm TE showed
conformation rearrangements, especially the first o-helix, to
direct the dodecadepsipeptide back to the active site to favor the
cyclization of product.

2.5. Epimerization and cyclization domains

NRPS epimerization domains convert r-amino acids to the p-
configuration. The epimerization domain shares a structural
architecture with condensation domains, including the
conserved histidine motif, which is critical for catalytic activity
in both domains, as well as the overall floor loop and bridge

region.'®
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Fig. 5 Structures of NRPS thioesterase domains. (A) The structure of
the EntF complex between the PCP and the thioesterase (PDB, 3TEJ)
shows the PCP binding to the N-terminal face of the catalytic domain,
with the pantetheine reaching into the active site where it interacts
with the Asp—His—Ser catalytic triad. The lid loop region (pink) folds
over the active site, forming part of the channel through which the
pantetheine passes. (B) Active site of the thioesterase domain of NocB
captured an acyl enzyme intermediate analog (PDB 60JD) illustrates
the binding of the peptide in a pocket formed by the lid loop region.
Dashed lines indicate the catalytic triad, as well as an arginine from the
lid region, interacting with the phosphonate moiety.

Two types of epimerization domains have been identified,
canonical and non-cannonical. Canonical epimerization
domains share sequence homology with condensation domains,
especially the important HHxxxD motif. Known epimerization
structures are the C-term epimerization domain of TycA (PDB
2XHG)'® and the C-term epimerization domain of TycB (PDB
6TA8)."* Non-canonical domains resemble N-methylation
domains in which they can be embedded in Ay, domain, as for

This journal is © The Royal Society of Chemistry 2023
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the pyochelin NRPS PchE.'** These domains contain an N-
terminal helical bundle and a C-terminal Rossmann fold.

The two terminal domains of GrsA (PDB 5ISX)'®* provide
a structure of an epimerization domain in complex with its PCP
domain partner. In this structure, the PCP domain is oriented
into the V-shaped cavity of the epimerization domain. An
extended 20 amino acid linker provided the necessary flexibility
to allow the PCP and epimerization domains to adopt a cata-
Iytically relevant conformation. Here the complex illustrates the
binding interface between the donor PCP and the downstream
epimerization domain and also identifies amino acids residues
of the PCP that play a role in the protein interface.

Multiple structures of NRPS cyclization domains have been
determined, including domains from the hybrid PKS/NRPS
epothilone* and bacillamide'™ clusters, and two cyclization
domains from the yersiniabactin pathway.'*>'*® The structures
illustrate the conventional condensation domain fold contain-
ing the N- and C-terminal lobes.*** These structures offer
insights into the catalytic mechanism for the two-step
condensation and cyclodehydration reactions. Residues that
were implicated by biochemical studies are not positioned near
the reacting atoms, suggesting that proper substrate orientation
may promote catalysis of the condensation reaction, as sug-
gested in early studies for condensation domains.'**'** For the
cyclodehydration step, an aspartic acid not belonging to the
conserved DXXXD motif appears to orient and deprotonate the
cysteine side chain to promote cyclization.'**'®* Recent struc-
tures of larger, multidomain NRPS proteins containing cycli-
zation domains, described below, provide views of the active
site and interfaces with carrier domains.

2.6. Reductase domains

The first NRPS reductase domain structure was solved from an
unknown NRPS cluster in M. tuberculosis.” The structure (PDB
4DQV) revealed a Rossmann fold at the N-terminus, similar to
that of the short-chain dehydrogenase/reductase (SDR) super-
family of proteins,'” and a unique C-terminal subdomain (Fig. 6).
The reductase domain has a central B-sheet with seven parallel -
strands that is surrounded by five a-helices on each side. The C-
terminal subdomain is composed of six a-helices and two small
B-strands on top and at the interface between two subdomains.
Structural comparisons with SDR superfamily showed both N-
terminal and C-terminal domain have insertions in NRPS
reductase domains. The N-terminal subdomain contains an
insertion of helix-turn-helix motif between B3 and P4 strands.
Compared to the SDR family, the C-terminal subdomain is ~40
residues larger resulting from two insertions that form a loop and
an a-helix. NRPS reductase domain structures solved from other
bacteria and archea similarly showed these features of Rossmann
fold with unique C-terminal subdomain and insertions.*®**”°

The canonical Thr/Ser-Tyr-Lys catalytic triad of the SDR
superfamily and the NADPH-binding motif TGxxGxxG located
in N-terminal Rossmann fold have been observed in all NRPS
reductase domains.'”® The threonine from the catalytic triad is
present at the end of B5-strand, while tyrosine and lysine are on
an o-helix before the p6-strand.
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Fig. 6 Structure of the NRPS reductase domain. The reductase
domain (orange) from an archaeal NRPS (PDB 6VTJ) shows two
domains, with a Rossmann fold on the right capped by a domain
composed of a-helices. The active site is located at the interface
between the two domains. The binding site of the PCP domain is
shown for the archaeal protein (PDB 6VTJ, dark green) and the cor-
responding position in the superimposed structure of a carboxylic acid
reductase (PDB 5MSV, light green).

Structures of the holo-PCP-R didomains (Fig. 6) indicate
a substrate binding pocket between two subdomains (PDB
5MSV and 6VT]J).*"'% Additionally, docking with substrate and
molecular dynamics followed by mutagenesis studies support
a role for the C-terminal subdomain in substrate binding.®"*"®
SAXS studies showed C-terminal subdomain closing towards
the N-terminal subdomain upon substrate or NADPH binding
in Mtb-R domain."”* Furthermore, two loops from the N-
terminal Rossmann fold referred to as gating and catalytic
loops showed different conformations in NADPH-free and
bound states indicating concerted loop movements linked to C-
terminal subdomain movement.'”> Through interactions with
C-terminal subdomain and linker regions, these loops were
proposed to control NADPH binding and offloading of product.

Surprisingly, two PCP-reductase didomain structures
revealed different interfaces for PCP interaction with reductase
domain. The CAR structure (PDB 5MSV) showed that PCP
interacts mainly with N-terminal subdomain, while the archaeal
PCP-R didomain structure (PDB 6VT]J) showed the interaction is
with a helix-turn-helix motif on the C-terminal. Although, the
archaeal PCP-R didomain showed a higher buried surface area
of ~1250 A* compared to ~950 A” for CAR-PCP-R interface, the
orientation of PCP conserved Ser residue and phosphopante-
theine were similar and presumed to be catalytically competent.

2.7. Methyltransferase domains

The cyclic depsipeptide thiocoraline is composed of two N-
terminal 3-hydroxyquinaldic acid-capped tetrapeptides that are
joined through thioester linkages between the N-terminal cysteine

1566 | Nat. Prod. Rep., 2023, 40, 1550-1582

Fig. 7 The TioS adenylation domain with an interrupted methyl-
transferase domain. The structure (PDB 5SWMM) of TioS complexed
with the TioT MLP (violet) shows that, bound to a valinyl-AMP inter-
mediate, the adenylation domain adopts the thioester-forming
conformation. The methyltransferase domain (dark pink strands)
bound to S-adenosylhomocysteine only makes interactions with the
Asup domain.

residue and the carboxylate at the C-terminus of the other peptide,
as well as a disulfide between the internal Cys residues in the third
position.'” The tetrapeptide is built through the activity of two
dimodular NRPS enzymes, TioR and TioS that each incorporate
two residues. TioS contains two modules that incorporate cysteine
residues, each containing a methyltransferase domain inserted
into the adenylation A, domain. The methyltransferase domain
of the second module catalyzes both N- and S-methylation of the
loaded cysteine residue. The interrupted adenylation domain of
the second module of TioS with the inserted methyltransferase
domain has been structurally characterized (PDB 5WMM), illus-
trating a two-domain, dumbbell-shaped architecture (Fig. 7)."”*
Here the A and the methyltransferase domains are separated
by the Ay, domain. The 380-residue methyltransferase domain
contains an N-terminal Rossmann fold, similar to other SAM-
dependent methyltransferase enzymes. The domain contains an
extended C-terminal region of ~110 residues harboring four B-
strands and several surrounding helices that expand the Ross-
mann domain. Notably, the active site of the methyltransferase
domain is opened toward the catalytic face of the adenylation
domain providing facile access of the loaded substrate.

3. Structural studies of nonribosomal
peptide synthetase modules

In Section 2, we described the catalytic domains, as well as the
complexes formed between catalytic domains with carrier
proteins. We focus here on structures containing two or more

This journal is © The Royal Society of Chemistry 2023
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catalytic domains that provide insight into the multidomain
architecture of the NRPS assembly lines.

3.1. Structures of NRPS termination modules

3.1.1. Structure of the SrfA-C termination module. By 2007,
structures of individual NRPS domains had been determined.
However, no multidomain proteins or complete modules had
been characterized, limiting our understanding of the organi-
zation of domains into modules or of the dynamic features that
would allow for peptide biosynthesis. This changed in 2008 with
the publication of a structure of SrfA-C, the four domain
termination module from surfactin biosynthesis.””> Encom-
passing ~1300 residues and a C-A-PCP-TE domain organiza-
tion, the SrfA-C protein structure (PDB 2VSQ) highlighted
a significant interface between the condensation domain and
the Acore Ssubdomain. Encompassing ~850-residues, the two
domains shared an interface that buried over 1000 A of solvent
accessible surface. The authors proposed that the C-Acore
domains formed a stable platform that were closely arranged
and with which the PCP domain could interact. This arrange-
ment also would allow the Ag,, domain, by then established as
a dynamic subdomain in varying crystal structures of
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adenylation and homologous proteins®® to adopt the two critical
catalytic adenylation and thioester-forming conformations. A
long linker between condensation and adenylation domains
interacted with each; however, the short linkers between PCP
and adenylation domain or PCP and thioesterase domain did
not interact with the domains, suggesting more flexibility
between PCP, adenylation, and thioesterase domains.

The SrfA-C structure (Fig. 8A) provided views of the other
domains as well."”® The apo-PCP domain was located near the
condensation domain, identifying a putative position for the
binding the acceptor (downstream) PCP binding site. The
thioesterase domain was positioned with the active site directed
towards the condensation and adenylation domain active sites,
although not in a position that could accommodate binding of
the PCP without reorganization of the domains. Modeling the
phosphopantetheine onto the PCP showed that it could reach
the active site of the condensation domain. The authors noted,
however, that significant conformational rearrangements
would be necessary to deliver the pantetheine to the adenylation
and thioesterase domains for substrate loading or release.

3.1.2. Structures of holo-NRPS termination modules in
distinct catalytic states. In 2016, two additional structures of
NRPS termination modules were structurally characterized,

Fig.8 NRPS termination modules. Four structures of NRPS proteins with the C-A-T-TE architecture including (A) SrfA-C (PDB 2VSQ), (B) AB3403
(PDB 4zXl), (C) EntF (PDB 5JA1), and (D) BdObiF1 (PDB 6N8E). All structures illustrate the condensation (blue), adenylation (yellow), PCP (green)
and thioesterase (red) domains. EntF and BdObiF also contain MLP proteins. The E. coli MLP YbdZ is bound to EntF, while the BdObiF1 contains
a terminal MLP that is C-terminal to the thioesterase domain. Pantetheine and additional ligands are shown with green atoms. Note that in this
orientation, the thioesterase domain of ObiF is behind the condensation domain.

This journal is © The Royal Society of Chemistry 2023
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providing additional modules that could be compared to the
structures of SrfA-C and that began to describe the complete
structural cycle.*® Two NRPS proteins with C-A-PCP-TE archi-
tecture were described, AB3403 from an uncharacterized NRPS
pathway in Acinetobacter baumannii (PDB 4ZXH and 4ZXI) and
EntF from the E. coli enterobactin pathway (PDB 5T3D).
Although one has been well-characterized and the other has no
defined product, both pathways have a free-standing adenyla-
tion domain that loads an independent carrier domain, which
then donates the upstream substrate to the condensation
domain.

These two proteins, AB3403 and EntF were both solved with
the PCP in the holo state, illustrating the pantetheine in the
active site of the condensation (AB3403) and adenylation (EntF)
domains. The AB3403 (Fig. 8B) structure was similar to SrfA-C,
positioning the PCP in a position near the acceptor site of the
condensation domain. More compelling, EntF was crystallized
in the thioester-forming state (Fig. 8C). Combined the struc-
tures provided views of the loading and peptide bond forming
states within the module.

The didomain platform consisting of the condensation and
Acore domains were similar to those of SrfA-C. This supported
the prediction'”® that, other than minor rotations between the
two domains, they likely formed a organized foundation about
which the dynamic domains could move. The pantetheine of
holo-AB3403 reached into the active site of the condensation
domain, positioning the thiol of the pantetheine near the
conserved histidine of the HHxxxDG motif. In one AB3403
structure, the adenylation domain contained AMP and glycine,
the latter as a representative substrate present in the active site.
The adenylation domain aligned very well with the structure of
gramicidin S synthetase'® in the adenylate-forming conforma-
tion. The AB3403 structure thus demonstrated that the adeny-
lation and condensation domains can simultaneously adopt
their catalytic conformations for adenylate and peptide bond
formation, respectively.

The thioesterase domain of AB3403 was positioned so that it
cradled the back face (opposite the pantetheinylation site) of
the PCP. In this position, the thioesterase domain made no
interactions with the adenylation or condensation domains.

The structure of EntF**>'¢ illustrated the position of the PCP
bound to the adenylation domain. The structure was obtained
with the serine adenosine vinylsulfonamide mechanism-based
inhibitor.’**** In EntF, the Ay, domain was positioned in the
thioester-forming conformation. The orientation of the PCP
domain of EntF, particularly the o2 helix was similar to the PCP
structures observed previously. The position of the thioesterase
domain was highly dynamic, in one crystal form being suffi-
ciently disordered in the crystal lattice to prevent inclusion in
the model. Single particle reconstructions by negative stain
cryo-electron microscopy supported this, as the core domains,
attributed to the condensation and adenylation domains were
relatively well conserved, while the presumed thioesterase
domain adopted multiple positions."** In a second crystal form
(PDB 5JA1 and 5JA2),"”° the thioesterase adopted a strikingly
different conformation, interacting with the face of the adeny-
lation domain that placed it opposite the condensation domain.
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This almost linear arrangement placed the catalytic nucleophile
of the thioesterase domain ~90 A from the homologous posi-
tion in AB3403.

EntF also served as a system to gain insights into NRPS MLP
domains. EntF was solved in the absence'** and presence'’® of
two MLPs, its natural partner YbdZ from E. coli and PA2412, an
MLP from the pyoverdine biosynthetic cluster of P. aeruginosa.
The structures confirmed the prior interface seen in SlgN1."**
Importantly, no significant structural changes were noticed in
the EntF adenylation domain in the presence or absence of the
MLP, suggesting that the interaction did not have a structural
impact that could be detected crystallographically.

3.1.3. Structure of BdObiF1. A third structurally charac-
terized termination module was the ODbiF1 protein (PDB
6N8E)'*® from Burkholderia diffusa, which contains a C-A-PCP-
TE architecture, with the addition of an MLP domain appen-
ded onto the C-terminus following the thioesterase domain.>®
This five domain structure (Fig. 8D) was most similar to AB3403,
with a holo-PCP domain positioned in the acceptor site of the
condensation domain and the adenylation domain adopting
the adenylate-forming conformation. Bound in the adenylation
domain was the p-hydroxy-p-nitrohomophenylalanine (nhPhe),
which is used in the formation of the B-lactone antibiotic
obafluorin.

Obafluorin is produced from two building blocks, a 2,3-
dihydroxybenzoic acid and the nhPhe unit. Upon formation of
the amide between the two, the thioesterase domain catalyzes
formation of the P-lactone ring from the hydroxyl of the
homophenylalanine derivative (Fig. 1).>** The Burkholdaria
diffusa obafluorin system encompasses ObiF2 for a free-
standing aryl adenylating enzyme, the carrier protein ObiD,
and ObiF1, which contains the C-A-PCP-TE-MLP architecture.

What is perhaps most interesting about the ObiF structure
from Burkholderia was the presence of the MLP domain. Most
MLPs exist as free-standing proteins, although some,
including the SIgN1 protein that was structurally character-
ized, exist as N-terminal fusions with the partner adenylation
domain.*®® The unusual ObiF1 protein from B. diffusa contains
the MLP appended to the end of the module. Here, a linker
joining the thioesterase domain to the MLP passes over a cleft
formed between the condensation and adenylation domains,
allowing the MLP to form the conserved interface with the
adenylation domain, similar to those seen in prior MLP-
adenylation structures.*® This was tested biochemically with
truncated and mutated enzymes to confirm that this interac-
tion supported function of the ObiF NRPS. The observation
that integrated MLPs may interact with non-neighboring ade-
nylation domains increases the potential binding partners for
MLPs seen previously and suggests that predictions about MLP
dependent interactions need to be experimentally tested and
validated.

3.2. The didomain structures of teixobactin synthetase
support the core condensation-adenylation domain platform

Complimenting the prior structures of termination modules,
a series of structures from the teixobactin biosynthetic proteins
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provide additional views of the platform formed by the
condensation and A, domains.”” Teixobactin is a cyclic
peptide antibiotic composed of 11 residues, including the non-
proteinogenic enduracididine residue and a macrocycle
between the C-terminal carboxylate and a threonine residue at
the eighth position."”® The 11 modules are spread over two
proteins, Txol and Txo2. The structures of the C-A didomain of
the first module of Txo2 and the C-A.y;. didomain of the third
module of Txo1 were solved.”” In the structure from Txo2, the
Agup domain of the adenylation domain adopted the adenylate
forming conformation. In both structures of the didomain
fragments from Txol and Txo2, the interface between the ade-
nylation and condensation domains were conserved with those
seen previously in the termination modules. Thus, in diverse
proteins from multiple sources, the conservation of this inter-
face supported the original prediction'”® of a core module
structure, built from this platform that would be accessed by the
mobile carrier domain.

3.3. Structures of DhbF suggests limited interactions
between NRPS modules

While these termination modules illustrate the conformational
dynamics within a single NRPS module, studies to explore the
conformational flexibility between modules can provide greater
insights into the multimodular nature of NRPSs and the
structural features that guide the passage of the peptide down
the assembly line. Structures of DhbF, a dimodular protein that
incorporates the final two amino acids of the peptide side-
rophore bacillibactin, provided the first insight into the inter-
action between an NRPS module and the downstream
condensation domain. DhbF contains two modules for glycine
and threonine as well as a C-terminal thioesterase domain to
adopt a C-A-PCP-C-A-PCP-TE architecture. A tridomain crystal
structure was solved with a protein construct containing the
adenylation and PCP of the first module and the condensation
domain of the second module.'” This structure (PDB 5U89),
solved with an MLP bound to the adenylation domain thus
spanned the modular boundaries. Additionally, negative stain
EM envelopes of the complete didomain protein were also
provided. The crystal structure of the A-PCP-C protein was
solved with a glycyl vinylsulfonamide inhibitor, showing the
PCP pantetheine bound to the adenylation domain. While the
trapped pantetheine adopted the trajectory observed with prior
thioester-forming conformations within the adenylation
domain, the Ay, did not form the thioester-forming confor-
mation, instead showing an open position not previously
observed. The PCP similarly did not adopt the same orientation
seen in the prior A-PCP complexes. Most importantly, the
downstream condensation domain interacts only with the PCP,
making no contacts to the adenylation domain from the
previous module. The dynamic nature of the cross-module
protein was supported by single particle reconstructions of
the full length DhbF dimodular protein (lacking the C-terminal
thioesterase domain), which illustrated multiple overall
configurations that lacked a consistent interface between the
first and second modules.
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3.4. Dynamic structures of the dimodular NRPS involved in
linear gramicidin synthesis

To date, the clearest views of the structures of a dimodular
NRPS derive from the study of LrgA from the linear gramicidin
synthetase pathway (we note parenthetically that linear grami-
cidin is distinct from the macrocyclic gramicidin S discussed
above, Section 2.2.1). The linear gramicidin NRPS system spans
four proteins, with the initial two modules encoded on LrgA,
a dimodule protein with an initiation module consisting of
a formyltransferase domain (F), adenylation domain, and thi-
olation domain, and an elongation domain harboring
a condensation, adenylation, PCP and an inactive epimerization
domain (E*), resulting in a complete F-A-PCP-C-A-PCP-E*
architecture.”* In the reaction catalyzed by LgrA, valine and
glycine are the native substrates and the intermediate Val-Gly
dipeptide product is then passed to the N-terminal condensa-
tion domain of LgrB, and onward until the linear gramicidin is
released by the terminal reductase domain of LgrD.

An initial study® reported the structure of the first module of
LgrA. Five structures were solved and showed that the for-
mylation and adenylation domains formed a didomain struc-
ture reminiscent of the condensation-adenylation platform in
prior structures. The interface between the formyltransferase
and adenylation domains, however, was smaller than observed
in the more extensive C-A didomain platforms and the orien-
tation of the formyltransferase domain was rotated slightly
compared to the conventional condensation domain position.
The structures supported a dynamic organization, showing
structures of the adenylation domain adopting the adenylate-
forming conformation (PDB 5ES5), and an F-A-PCP tridomain
in both the thiolation (PDB 5ES8) and formylation (PDB 5ES9)
conformations. The thiolation state employed a valine amino-
pantetheine analog, depicting the active site of the adenylation
domain. These structures captured the large movement
required by the PCP and Ag,, domain to transition from one
catalytic state to the next. The delivery of the PCP to the
upstream formylation domain required a more open state of the
Agyp domain than seen in the adenylation state, involving
a rotation of ~180°.

In a second study employing the complete dimodule LgrA
protein (lacking the inactive C-terminal epimerization-like
domain) four new structures were determined, providing
views of the PCP as it migrated through different catalytic
states.* An initial structure shows the adenylation domain of
a four module F-A-PCP-C protein in the adenylate-forming
conformation (PDB 6MFW). Unlike the termination modules,
the PCP is not positioned in the upstream domain, the for-
mylation domain in this case, but instead is positioned bound
to the donor site of the downstream condensation domain. A
second structure (Fig. 9A) depicts the first adenylation domain
of the F-A-PCP-C-A protein in the thiolation conformation (PDB
6MGO0). With two independent molecules in the asymmetric
unit, the two domains of the downstream module adopt widely
different conformations, suggesting limited interactions
between the consecutive NRPS modules.
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Chain 2

Fig. 9 Structures of the LgrA dimodule. (A) The structure of the first
five domains, F-A-T-C-A, of LgrA (PDB 6MGO0). The N-terminal 193
residues form the formyltransferase domain (cyan). The holo-PCP is
bound to the first adenylation domain in the thioester-forming
conformation. The condensation and adenylation domains from the
second module form limited interactions the first module. The crys-
tallographic asymmetric unit contained two chains; chain B is super-
imposed on chain A via the F-A didomain, highlighting the highly
dynamic nature of the dimodular architecture. (B) A second structure
of LgrA that additionally contained the C-terminal PCP domain (PDB
6MFZ). Here both PCP domains interact with the condensation
domain of module 2 in a conformation suitable for peptide bond
formation. The phosphate groups of the pantetheine cofactors orient
the two PCP domains. Note that the formyltransferase domain is
positioned behind the condensation domain in this view.

Finally, a six-domain structure depicts the entire F-A-PCP-C-
A-PCP dimodular enzyme in a peptide bond-forming confor-
mation with both carrier protein domains interacting func-
tionally with the condensation domain (PDB 6MFZ). Here
(Fig. 9B), the first adenylation domain adopts the adenylate-
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forming conformation, allowing the first PCP domain to
adopt the donor site of the downstream condensation domain.
The second module C-A-PCP aligns reasonably well with the
structures of SrfA-C or AB3403, with the adenylation domain in
the adenylate-forming conformation and the PCP projecting
into the acceptor site of the condensation domain. Combined,
these remarkable structures illustrate the static nature of the C-
Acore and F-A.qre, while the PCP and Ay, domain are dynamic
allowing the dimodular protein to adopt the necessary confor-
mational states to deliver the PCP domains to the neighboring
catalytic domains of each catalytic state.'**

3.5. Structures of FmoA3 and BmdBC with cyclization
domains

The FmoA3 protein involved in biosynthesis of chloroindole
capped peptides JBIR-34 and JBIR-35 was the first NRPS module
structure determined that contained a cyclization domain.**®
Three crystal structures of the module with a Cy-A-PCP archi-
tecture were obtained using the PCP domain pantetheine serine
mutant lacking additional ligands (PDB 6LTA), and complexed
with AMPPNP (PDB 6LTB) or a-methyl-i-seryl-AMP (PDB 6LTC).
In the structures bound to AMPPNP (Fig. 10A), the apo-PCP is
positioned near the acceptor position of the cyclization domain,
although not in the previously observed catalytic states and the
Agup domain was disordered and not part of the final model. The
crystal structures form head-to-tail dimers, supported by the
cryo-EM structure (EMD-30440) and size exclusion chromatog-
raphy. These structures thus demonstrated that the C-A plat-
form could also be involved in intermodular interactions with
another protein molecule. This interface is formed by residues
from the C-lobe of condensation domain, as well as the C-A
linker, highlighting how the NRPS module platform can serve
for interactions with other mobile (sub)domains, and poten-
tially for dimer stabilization.

A subsequent structure of the BmdB module 2 (BmdBM2)
with a similar Cy-A-PCP architecture showed a different mode of
NRPS module dimerization that required a free-standing,
dimeric oxidase domain, BmdC." Two structures of the
complex of module 2 of BmdB with BmdC from the bacillamide
NRPS system were determined, including a cysteine-
vinylsulfonamide adenylate inhibited X-ray crystallography
structure also bound to the flavin cofactor in the oxidase domain
(PDB 7LY7) and a cryo-EM (PDB 7LY4) structure bound only to
the flavin. While the A, domain was disordered, the PCP adopts
a position similar to the thioester-forming state seen with EntF.
The BmdC oxidase structure showed a conventional dimer
formation seen in other flavin reductase domain proteins.'®* The
BmdB-BmdC complex structure showed a BmdC dimer at the
center and two chains of BmdB module 2 interacting with each
BmdC subunit, forming an elongated dimeric structure. BmdC
interacts with BmdB through the A, subdomain (Fig. 10B). As
some homologous NRPSs contain an oxidase domain embedded
within the Ay, subdomain, this was recapitulated functionally
with the insertion of the oxidase domain of BmdC into BmdB,
resulting in a functional protein that was competent for
production of the oxidized bacillamide product.'®

This journal is © The Royal Society of Chemistry 2023
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Fig. 10 Dimeric NRPS structures. (A) The three domain NRPS FmoA3
crystallized as a dimeric structure (PDB 6LTB), which was confirmed by
size exclusion chromatography and cryo electron microscopy. The
dimer interface involved the condensation and Ao domains, as well
as an a-helix (gold) in the linker spanning the two domains. The Ag.p
domain was disordered and the apo-PCP was positioned near the
condensation domain, although in neither the acceptor nor donor site.
(B) The complex of the BmdC oxidase and the BmdB tridomain protein
forms an extended dimer (PDB 7LY7). The BmdC oxidase forms
a dimer; each chain interacts with the A, domain of the BmdB NRPS.
The holo-PCP interacts with the inhibitor in the adenylation domain.
The Agyp, domain is disordered.

3.6. Structures of the pyochelin NRPS protein, PchE

Pyochelin is a peptide siderophore produced by Pseudomonas
aeruginosa that is composed of a salicyl cap followed by thia-
zoline and thiazole rings each derived from cyclization of
cysteine residues.”®® Like the enterobactin siderophore
pathway, pyochelin biosynthesis begins with a free-standing
adenylation domain, PchD, that loads the salicylate onto an
N-terminal carrier domain of PchE.”®'®* The PchE architecture
is PCP-Cy-A-(E)-A-PCP domains, with an epimerization domain
with homology to methyltransferase domains inserted into the
Agup domain that converts the stereochemistry of the thiazoline
ring.***

Cryo-EM of PchE classified particles into three states in the
catalytic cycle.’® In the first state (PDB 7EN1 and 7EN2) the
downstream PCP is bound to the acceptor position of the
cyclization domain with the adenylation domain adopting the
adenylate-forming conformation. These core domains of this
conformation therefore approximate the models seen in
AB3403, SrfA-C, and ObiF1. In a second conformation (PDB
7EN2), the upstream PCP binds at the donor site of the cycli-
zation domain providing the conformation of the cyclization

This journal is © The Royal Society of Chemistry 2023
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PchE

Fig. 11 The structure of PchE in the peptide bond forming confor-
mation. PchE, an NRPS from pyochelin biosynthesis, contains a PCP-
Cy-A-(Ep)-PCP organization, with an epimerization domain inserted
into the As p, domain. The structure (PDB 7EN2) lacks the pantetheine
cofactors but highlights the structure of both PCP domains bound to
the cyclization domain.

domain bound with both partner PCPs (Fig. 11). In another
model, the downstream PCP shows the loaded pantetheine in
a post-condensation state, illustrating a bound salicylthiazoline
thioester.

In the other major conformation (PDB 7EMY), the core
PchE domains adopt a conformation similar to that seen in
the thioester-forming conformation of EntF. In this model,
the upstream PCP is loaded with the salicyl group providing
a view of the loaded pantetheine binding in the cyclization
active site. The downstream PCP domain, however, was not
observed in the structure. The structure of the cyclization
domain shows the conventional fold seen in the condensation
domain family of proteins. The structure interfaces that bind
the donor or acceptor PCP domains are relatively static,
showing only minor orientation changes of several residues at
the interface.

In all of the conformations, the epimerization domain,
which is inserted into the Ag,, domain, appears to follow the
Aqup trajectory, adopting different positions in the overall
modular structure. The interface between the Ay, and epime-
rization domain remains constant, suggesting they rotate as
a rigid body.

Importantly, the structures also provided views of ligands
bound to the pantetheine in the structures giving insight into
the active site residues that provide catalytic and binding
activity. The structures thus identify a binding pocket for the
salicyl moiety of the donor PCP and the salicylthiazoline group
of the acceptor in the post-condensation state. Residues that are
identified interacting with the ligands were mutated to
alanines, confirming predicted roles. The overall structure of
the active site was described as a “Y-shaped substrate-binding
tunnel”, with both panteteine moieties approaching from
opposite sides of the active site and the base of the pocket
providing room for the peptide ligands.
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4. Structures of modular
nonribosomal peptide synthetases
provide insight into a highly dynamic
structural cycle

These structures provide a foundation for understanding the
conformational changes necessary for the NRPS structural
cycle, the coordinated series of events that load and deliver the
biosynthetic intermediates to the neighboring catalytic
domains. The views provided by multiple structural techniques
and multiple NRPSs from different sources illustrate conserved
structural features within one module and dynamic interactions
across modular boundaries.

4.1. The core platform of multidomain NRPS proteins

The condensation-adenylation domains are a consistent
feature, providing, as first postulated with SrfA-C,””* a core
platform around which the other domains can migrate to adopt
the necessary catalytic states. The C-A interface is conserved in
the homologous Cy-A proteins and, interestingly, the non-
homologous formyltransferase domains also adopt a similar
position relative to the adenylation domain.

In addition to the NRPS termination modules, the conden-
sation-adenylation didomain structures from internal module
of Txo1 (ref. 177) and the complete dimodule structures from
LgrA showed that second module with C-A-PCP architecture'**
and also have similar C-A platforms. The platform thus appears
stable within internal elongation modules of multi-module
proteins as well. Moreover, the platform was also found fairly
rigid at different conformations of the dimodule in substrate
donation, thiolation or condensation states of LgrA,'** as well as
the Cy-A-PCP enzymes, FmoA3 and BmdBC, and the ArPCP-Cy-
A-(E)-PCP architecture in PchE showed similar C-A platform at
different states of catalytic cycle.’**'**'®' Combined, these
studies demonstrate the conserved condensation-A.,.. confor-
mation, allowing other mobile domains to rearrange for the
catalytic cycle of an NRPS module.

4.2. Preferred states of NRPS C-A-PCP modules

Including the PCP domain to consider the structure of the C-A-
PCP tridomain conformation, the NRPS module appears to have
two conformations that are commonly observed and may
represent favored, stable, states (Fig. 12). The first places the
Agyp domain in the adenylate-forming conformation and places
the PCP in the acceptor site of the condensation domain.
Indeed, this adenylate-forming conformation is most frequently
observed in adenylation domains in isolation supporting the
relative stability of this conformation.®® This preferred NRPS
conformation may thus be driven by the adenylation domain.
This state (State 1) was first observed with the termination
modules SrfA-C, AB3403, and ObiF1. More recently, this state is
seen in additional multidomain proteins that contain addi-
tional domains, including the PchE,*** the second module of the
LgrA dimodular protein,** and perhaps by the structure of
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FmoA3,"®" although here the PCP adopts only a similar
conformation.

The second common conformation for an NRPS module is
State 2. Here, domain alternation of the Ay, positions the
adenylation domain into the reactive thioester-forming
conformation, allowing the A o and Agyp to form the binding
interface to bind the PCP and direct the pantetheine into the
active site for substrate loading. First observed with EntF, this
state has been observed multiple times, including the first F-A-
PCP module of LgrA,* where the condensation domain is
replaced with a formyltransferase domain, and the Cy-A-PCP
BmdB,*** although the Ay,, domain was disordered in the
structure.

The Ag,p rotation that is responsible for the adenylation
domain to adopt the two catalytic conformations of the adeny-
lation domain®® is the primary conformational change of the
central core of the module. As the PCP is positioned down-
stream of the Ay, domain, the movement of this subdomain
repositions the PCP facilitating its migration between the
condensation and adenylation domains. The PCP and the Agyp
domain do not move as a rigid body, but rather the movement
of the Ag,p domain creates a binding interface for the carrier,
directing the pantetheine into the active site to attack the ade-
nylate intermediate. In contrast, the embedded epimerization
domain in PchE does move with Ag,, as a rigid body as observed
in multiple conformations.'®* While only a single example, this
does suggest that the core catalytic conformations are
compatible with interrupted adenylation domains.

It is reasonable to conclude that State 1 and State 2 are
favored positions of an NRPS module. Importantly, in State 1,
both the condensation and adenylation domains adopt
catalytically-competent states, with the loaded pantetheine
directed into the condensation domain for peptide bond
formation and the adenylation domain in the adenylate-
forming conformation.

The two catalytic states of the adenylation domain,
controlled by the domain alternation strategy of the Agup
domain, transition the PCP domain between the core adenyla-
tion and condensation domains. In State 1, the amino acid
reacts with ATP in the adenylation domain forming the adeny-
late intermediate. Release of pyrophosphate accompanies
rotation of the Ay, into the adenylation domain to adopt State 2
for loading of the activated amino acid onto the pantetheine.
The loaded carrier then returns to State 1, placing the PCP close
to the acceptor site of the upstream condensation domain. Here
it can insert the aminoacyl pantetheine into the condensation
domain. Upon delivery of the peptide or amino acid on the
upstream PCP domain, peptide bond formation can occur,
transferring the incoming amino acid or peptide to the amine of
the downstream amino acid, and extending the peptide by one
unit. These two features, the ability to catalyze simultaneously
two reactions in State 1 and the Ay, domain rotation between
the two preferred conformational states that naturally deliver
the downstream PCP to the adenylation and condensation
domains, increases the efficiency of the NRPS structural

cycle 10,143
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State 1
Adenylate-forming
Peptide bond forming

SrfA-C (2VSQ)
AB3403 (4ZXI)
LgrA-Mod1 (5ES9)
LgrA-Mod2 (6MFZ2)
FmoA3 (6LTB)
ObiF1 (6N8E)
PchE (7EN2)

6MFY

State 3
Release of PCP to
downstream domain

LgrA-Mod1 (6MFZ)
LgrA-Mod1 (6MFW)
LgrA (BMFY)
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State 2
Thioester forming

EntF (5JA1)
LgrA (5ES8)
BmdB (7LY7)
PchE (7EMY)

Fig. 12 Structural cycle of the NRPS module. To transit through the catalytic cycle, an NRPS module must allow the PCP to visit the adenylation
domain for substrate loading, the condensation domain for peptide extension, and then release the PCP to the downstream domain. Multiple
proteins have been structurally characterized in State 1, in which the adenylation domain adopts the adenylate forming conformation, while the
PCP is positioned in the acceptor site of the condensation domain. Similarly, many multidomain modular proteins have been crystallized in State
2, in which the Ag , domain has rotated into the thioester-forming conformation, enabling the PCP to deliver the pantetheine cofactor to the
adenylation domain active site for loading. Return of the now loaded PCP to the condensation domain allows peptide extension. Finally, the PCP
is released in State 3 to the downstream module, or thioesterase domain.

This feature of the NRPS module is further supported by
a series of elegant studies that have used biophysical
approaches to explore the dynamics and equilibrium of the core
domains. In these studies,’™*” small molecule fluorescent
probes and fluorescent protein domains were employed to
monitor via fluorescence energy transfer experiments the rela-
tive orientations of NRPS domains in solution. Studies with
a adenylation PCP didomain support the formation of the two
catalytic conformations supporting the domain alternation
hypothesis,*® noting that addition of excess PPi drives the Agyp,

This journal is © The Royal Society of Chemistry 2023

towards the adenylate-forming conformation.' Additionally,
these studies invoke a new, intermediate conformation that is
used for threading the pantetheine group into the adenylation
domain for the thioester-forming reaction.'® Interestingly, the
authors note that one structure of DhbF (PDB 5U89)'”° adopts
a plausible partially closed structure. Finally, this FRET-based
approach has recently been employed to investigate a full
condensation-adenylation-PCP module, illustrating a prefer-
ence of the loaded PCP to adopt a conformation in the
condensation domain, awaiting delivery of the upstream
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peptide.*®*® Inclusion of a downstream condensation domain in
a C-A-PCP-C, or indeed the inclusion of a full downstream
module, while technically challenging, will undoubtedly offer
more insight into the equilibrium of the loaded PCP between
three potential catalytic domains.

4.3. Interactions between NRPS modules appear less well-
structured

While States 1 and 2 allow amino acid activation and loading, as
well as peptide bond formation, a third state involves interac-
tions between the PCP and the downstream module. The
features that govern the delivery of a PCP domain to the
downstream module are less well-defined. We first consider
delivery of the PCP to the thioesterase domain. While this
domain is often considered to be a component of the final
module, the specialized termination module,'®*® for structural
considerations, the thioesterase domain could be considered an
extra downstream module, albeit one that contains only single
domain. Indeed, some early reviews'’ insightfully considered
the thioesterase domain as its own module.

NRPS termination is thus the simplest case to consider for
release of the extended peptide and delivery of the PCP to the
next module. As observed in the structures of different
termination modules, the thioesterase domain is not tightly
bound to the core platform of the termination module, sug-
gesting that there is not a consistent conformational change
that drives the PCP delivery to the thioesterase for product
release. The mobility and lack of the thioesterase domain in
different structures of termination modules as well as the
need to release fully the PCP from the condensation domain,
suggests that in the termination modules, the PCP completely
disengages from the platform formed by the condensation
and A domains, freeing the PCP and thioesterase to
interact productively.

Perhaps more interesting than the interaction with the
downstream thioesterase domain is the delivery of the PCP to
a downstream module. While there are quite a few structures of
PCP-C didomains that illustrate the position of the donor PCP
binding to the N-lobe of the condensation domain, these
structures do not really offer insights into the intermodular
interactions. For that, it is necessary to examine the structures
harboring domains that span the modular structural bound-
aries, specifically containing, at minimum, a A-PCP-C archi-
tecture. Here the structures that provide views of such
a construct are those of DhbF and LgrA.****”® With both systems,
the downstream module, represented by the condensation
domain in DhbF or the downstream C-A-PCP of the larger LgrA
proteins (Fig. 12), does not interact with the adenylation
domain of the upstream module at all. This suggests that, while
tethered through the PCP and the associated linkers, the
modules do not interact functionally in any organized manner
and adopt multiple positions.**'” State 3 is therefore not likely
to be a uniform “state” at all, and the conformations of multiple
modules will highlight dynamic conformations. In fact, single
particle EM of EntF*** or DhbF'® also support this, with
multiple conformational states observed in both systems.
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5. Conclusions and future directions

Combined, the structural studies of NRPSs point to an orderly
structural cycle within a module, contrasting with more
dynamic conformations of multimodular proteins. As we look
toward the future, we briefly discuss recent advances in the
broader field of structural biology and how they will impact the
study of NRPSs. We then conclude with a discussion of some
remaining questions in the field of NRPS structural biology, and
the role that structural biology of NRPS proteins has played and
will continue to play in the discovery of novel natural products.

5.1. Impact of cryo-EM on NRPS structural biology

Structural biology is in the middle of a technical revolution in
which cryo electron microscopy (cryo-EM) now rivals X-ray
crystallography in its ability to reveal atomic level details
about protein structures.”** This dramatic improvement in
resolution has come about because of improvements in tech-
nology, including detectors and processing algorithms, and
improvements in availability, further enabled by the creation of
resources that provide opportunities to the structural biology
community for training and access.">"%

As described earlier, several NRPSs have been probed with
cryo-EM and negative stain EM, including the low resolution
class averages of EntF'** and DhbF,"” and more recently the
atomic resolution structures of FmoA3 (ref. 180) and PchE.**
Where the former supported the dynamic conformational states
that exist across modules, the structures of FmoA3 and PchE
herald a potential new era for the investigation of large multi-
domain NRPSs that are recalcitrant to crystallization.

The dynamic nature of multidomain and multimodule NRPS
proteins remains a challenge to structural characterization. As
technical improvements in the field of cryo-EM continue, the
tool may provide the ability to classify and characterize indi-
vidual conformational states toward an ultimate goal of visu-
alizing the trajectories between different catalytic
conformations adopted by NRPSs as the carrier protein delivers
its cargo to the active sites of neighboring domains.

In this regard, the structure of PchE'> was examined with
cryoDRGN™* to model the heterogeneity that exists in a pop-
ulation of particles observed by cryo-EM. This approach uses
a neural network to model both individual states and contin-
uous trajectories in an unbiased manner. Analysis of the
dimeric PchE enzyme with cryoDRGN provided views of six
discrete steps in the structural catalytic cycle as the two carrier
proteins from the N- and C-termini of the PCP-Cy-A-(E)-PCP
protein migrated through their respective catalytic conforma-

tions for loading, peptide bond formation, and
epimerization."®
5.2. Impact of artificial intelligence methods in NRPS

structural studies

In addition to cryo-EM, a second significant advance in the field
of structural biology recently is the use of artificial intelligence
tools on the prediction of protein structures from sequence. The
foundation built by ~200 000 experimental protein structures

This journal is © The Royal Society of Chemistry 2023
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and the decades long effort of the Community Assessment of
Structure Prediction (CASP) community*’” resulted in the use
machine learning and artificial intelligence for the high reli-
ability prediction of structures. The achievements by the
AlphaFold**® and RoseTTAFold"” teams allow for the prediction
of models with high accuracy for many targets.

NRPS enzymes provide exciting opportunities as well as
challenges to employ these tools for additional discovery. At its
most basic, the creation of predictions of domain structures
may facilitate the design of protein constructs of individual
domains for functional and structural studies, providing guid-
ance in the design of domain boundaries and truncation sites.
More exciting, the predictions of structures of domains that
catalyze unconventional chemical steps (for that particular
NRPS domain) should provide plausible hypotheses for testing
in validation of the features responsible for these distinct
activities.

Multidomain catalytic machines like the NRPSs and PKSs
may also provide an opportunity to further develop these tools
for the proper prediction of the organization of multidomain
proteins. With a wealth of data on the structures of individual
domains and increasing awareness of the organization of
distinct catalytic states, these modular enzymes are attractive
targets for optimizing approaches to predict larger organiza-
tional principles that enable predictions of multidomain
structures. On the other hand, unlike stable multidomain
proteins that may adopt a single, lowest energy state, the
dynamic systems of natural product biosynthesis require
multiple transient interactions between protein domains, so
tools that seek a single, energetically favorable conformation
may be challenged to identify multiple conformations.

5.3. The impact of NRPS structural biology on natural
product discovery

Efforts to discover and characterize new NRPSs, or exploit
existing NRPS pathways, may enable the isolation of novel
bioactive compounds. In the first approach, the diverse
biosynthetic gene clusters identified from sequencing indi-
vidual species and metagenomic samples that have yet to be
characterized can be used to computationally or experimentally
identify novel active compounds.’*'*'*** In the second
approach, well-characterized NRPS clusters can be engineered
to create novel molecules in a directed or random
strategy.*>**% Both of these approaches benefit from prior
structural studies on NRPS proteins and warrant continued
studies to understand more fully the relationship between
protein sequence, structure, and function, including both
substrate specificity and catalytic activity.

Finding novel natural product biosynthetic gene clusters is
relatively straightforward, given the large size and sequence
conservation of gene encoding NRPS enzymes as well as tools
such as AntiSMASH'**** that allow mining DNA sequences for
the presence of different classes of natural product biosynthetic
clusters. AntiSMASH, and its related derivatives, provides not
only information about the existence of the cluster and the
genes contained therein, it also provides homology searches
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and can, in instances where a well-characterized pathway exists,
identify potential products. While clearly identifying NRPS
clusters within a genome, truly novel pathways with limited
homology to known biosynthetic gene clusters pose a larger
challenge. A clear understanding of the unique features of
a predicted sequence and the implication for protein structure
and function would facilitate predictions about the product that
results from a predicted biosynthetic cluster.

Notably, while the accurate determination of a product from
a novel gene cluster is most desired, it has been shown that it is
not an absolute requirement to find active molecules. Predic-
tions from biosynthetic gene clusters harbored in the human
microbiome were used to inform chemical synthesis of poten-
tial products.*® A collection of 157 synthetic-bioinformatic
natural products (syn-BNP) were chemically synthesized,
guided by reasonable predictions derived from the NRPS
architecture and predicted substrate specificity. This approach
identified nine molecules with antibacterial activity that had
not previously been identified. The molecules were chemically
diverse; combined, they contain macrocycles of 18-39 atoms,
and 14 of 20 proteinogenic amino acids as well as several
nonstandard residues. More recently, this approach identified
a topoisomerase inhibitor containing a p-aminobenzoic acid
building block.”*® Related approaches have also shown prom-
ising results to predict accurately the final chemical model
using the gene sequence, including neighboring accessory
proteins, and the insights from domain structures.’® As the
sequence, structure, function relationship gets clearer, the
predictions will presumably also improve and the rate of finding
accurate products with novel activities may also increase.

In addition to supporting natural product discovery through
genome mining and predictions, structures of NRPSs have also
provided insights used to engineer novel enzymes and path-
ways. In particular, structural studies have guided the design of
boundaries between, and sometimes within, domains to enable
altering specificity while maintaining proper domain interfaces.
Recent studies have emphasized the important role played by
the condensation domain in enabling proper function of an
engineered module. The introduction of exchange units (XU)
that encompass the A-PCP-C tridomain have allowed for the
generation of novel catalysts.”*” However, this initial approach
was somewhat limited by the specificity of the condensation
domain, which must match the residue introduced by the
subsequent condensation domain. This limitation has in some
instances been addressed by considering the subdomain
architecture of the condensation domain, identifying different
junctions to allow small exchange units (XUC) that consist of
the C,_,-A-PCP-Cp_, region, where C, , and Cp_, represent the
acceptor and donor subdomains of the condensation domain,
respectively.”®® Heterologous expression of the engineered
clusters enabled high production titres of the novel peptide
products in several distinct proof-of-concept experiments. In
a related approach, maintenance of the compatibility of the
Cp,,, region of the condensation domain with the downstream
adenylation domain allowed efficient substitution of an ade-
nylation domain in both pyoverdine and tyrocidine NRPS

systems.”” Combined, these studies and others***' are
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providing insights into the structural features that guide prog-
ress through the NRPS pathway and the complementary roles
that individual domains play to provide specificity for the
incorporation of novel building blocks into a peptide interme-
diate. A complete understanding of these features will identify
changes that can be made to active site pockets to enable the
production of novel peptide products.

5.4. Structural characterization of unusual NRPS proteins

Finally, while the conventional NRPS systems have proven to be
rich targets for structural study, novel biosynthetic gene clusters
continue to provide unusual systems that remain to be under-
stood. Investigation of the structures of these novel targets
serves to inform the discovery of novel compounds through
both bioinformatic mining and and engineering efforts.

5.4.1. NRPS systems with tandem domains. Unusual
domain and module organizations can take many forms,
including tandem, repeated domains. The teixobactin pathway
terminates with tandem thioesterase domains at the C-
terminus of Txo2."” Examination of biochemical activity of
recombinant TE-TE didomain with a methyl ester of the linear
peptide showed that single mutants that replaced the catalytic
serine of either TE domain were able to catalyze cyclization of
the peptide, while a double mutant lacking both serines was
not.”* This demonstrated that the two thioesterase domains
appear to be functionally redundant, at least in the reconstitu-
tion experiment.

In contrast, in lysobactin biosynthesis, the LybB NRPS also
harbors C-terminal tandem thioesterase domains. The first
domain is sufficient to catalyze cyclization of the peptide while
the second thioesterase preferentially catalyzes hydrolysis of the
linear peptide.”** Additionally, the second thioesterase domain
catalyzed more efficient release of misprimed acetyl-
pantetheine groups, suggesting that this domain functioned
more like a Type II proof-reading thioesterase domain.

In some cases, when tandem domains are present, one of the
catalytic domains is nonfunctional, exhibiting truncations or
smaller substitutions to critical catalytic residues. The PyrG
protein that encodes the fourth module for the biosynthesis of
pyridomycin, a hybrid NRPS-PKS antibiotic, for example
contains tandem adenylation domains.*** The first adenylation
domain lacks the critical residues in the phosphate-binding A3
motif and the conserved catalytic lysine. The individual
domains were expressed alone and in tandem, confirming the
role of the second adenylation domain in activating the
isoleucine substrate.

Other examples of tandem NRPS domains include auric-
ulamide biosynthesis, where the first module of AurA contains
tandem adenylation domains, where the first domain appears
dispensible,** the tandem cyclization domains of the angui-
bactin® and vibriobactin*® NRPSs, and the iterative fungal NRPS
responsible for beauvericin production contains tandem PCP
domains in the terminal module.**?

5.4.2. NRPS modules that lack core domains. In addition to
the extra domains present in some NRPS modules, some
systems lack core catalytic domains resulting in unusual
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intermodular interactions. The biosynthetic NRPS for the
cyclodepsipeptide WS9326A*'**'7 contains a module that is
missing an adenylation domain. Biochemical analysis demon-
strated that the functional carrier domain of the module is
iteratively loaded by two sets of A-PCP didomain enzymes that
act in concert with thioesterase-like shuttling enzymes to
transfer different amino acids to the carrier domain of the
module lacking the adenylation domain. Once loaded in trans
the condensation domain transfers the upstream peptide to the
newly loaded amino acid. This shuttling activity of Type II
thioesterase domains has been suggested in other NRPS
systems as well.>*#>?

The thalassospiramide peptides, a family of hybrid NRPS-
PKS depsipeptides, contain multiple modules that lack adeny-
lation domains.?® In one proposed system, the carrier domain
of the fifth module is loaded by the adenylation domain of
module 2. Additionally, this unusual pathway employs module
skipping and a “pass-back” strategy in which the peptide at
module 4 is attacked by the loaded substrate at module 2,
resulting in products containing multiple copies of the modi-
fied peptide produced iteratively by the NRPS and PKS modules
2-4. Combined, this pathway is highly promiscuous, resulting
in the production of a panel of over two dozen lipopeptides in
both the native and heterologous producing organisms.

5.4.3. NRPS domains that catalyze unusual reactions. In
addition to unusual module architectures that challenge efforts
to make predictions about biosynthetic gene cluster products,
some NRPS domains harbor conventional motifs, yet catalyze
unexpected chemistry. The nocardicin biosynthetic pathway is
notable for the presence of two domains that exhibit unusual
activity.” A condensation domain catalyzes peptide bond
formation of a serine and the non-proteinogenic amino acid p-
hydroxyphenylglycine and subsequently converts the peptide
bond into a B-lactam ring.****** The reaction is proposed to
proceed through a dehydration of the serine to dehydroalanine,
areaction similar to that of a family of dehydrating condensation
domains in albopeptide biosynthesis.** The terminal thio-
esterase domain of the nocardicin NRPS NocB then catalyzes
release of the peptide, but only after first catalyzing the epime-
rization of the terminal residue of the peptide.*>*** The nocar-
dicin condensation domain is not the only strategy for an NRPS
to produce a B-lactam ring. The thioesterase domain of sulfaze-
cin biosynthesis catalyzes production of a f-lactam?®*** while the
functionally similar B-lactone formation can be produced by the
thioesterase domain of the obafluorin NRPS ObiF or ObiF1.>®

An unusual condensation domain was recently examined in
the NRPS system that is responsible for the production of the
antimetabolite methoxyvinylglycine.?”” Here the condensation
domain catalyzes the a,f-dehydration of a PCP-bound 8-
hydroxy-y-methoxyglutamate derivative, leading to decarboxyl-
ation and the formation of r-2-amino-4-methoxy-trans-3-bute-
noic acid. The structure of this condensation domain informed
mutagenesis experiments to explore the roles of canonical
amino acids and other residues present in the active site.

In the production of the ansamycin antibiotics, the three
domain A-PCP-TE protein AstC activates a p-alanine residue that
is loaded onto the carrier domain.””® Rather than catalyzing
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hydrolysis or cyclization, the TE domain then catalyzes the
transfer of this residue to the hydroxyl of a macrolactam poly-
ketide precursor that has been produced by an associated PKS
protein.

Instances of unusual architecture and activity are seen in the
icosalide biosynthetic pathway of several Burkholderia
species.” In addition to the lipoinitiating starter condensation
domain that installs a fatty acid, the icosalide system contains
tandem condensation domains at the third module, in which
a second starter condensation domain of the third module N-
acylates the loaded serine residue at the downstream carrier
domain. The installed B-hydroxy fatty acid then serves as the
nucleophile for the first condensation domain of this module to
capture the lipopeptide from module 2.

Ultimately, the structural foundation that enables the
unusual architecture and activities of the modular NRPSs in
many cases remains to be explored. Structural studies sup-
ported by biochemical analysis can illustrate how variations in
catalytic residues facilitate the novel chemistry that is carried
out. In addition to variation in specific catalytic activity, struc-
tural studies can also inform our understanding of the inter-
actions of NRPS domains with non-neighboring carrier
domains when needed. While it might be expected that inter-
actions are driven through complementary protein interfaces,
questions remain as to what allows for the correct balance of
promiscuity and selectivity. For example, the ability of an ade-
nylation domain to load multiple carrier proteins as seen in
capreomycin and viomycin biosynthesis,*° requires the ability
to recognize the appropriate carrier partners while retaining
sufficient discrimination to prevent undesirable loading of
alternate carrier domains.

5.5. Conclusions

The fascinating NRPS enzymes and the modular catalytic
strategy that results in the production of novel peptide natural
products has intrigued the chemical biology and enzymology
communities for decades. However, genome mining suggests
that we have only scratched the surface of the full breadth of
NRPS products that exist in nature. Continued discovery of
these clusters will undoubtedly raise additional questions that
can be answered by the careful structural and functional
exploration of proteins that do not fall into conventional rules
governed by previously characterized systems. This remains an
exciting time in the field of natural product biosynthesis and
the combination of new computational and experimental tools
heralds a new era of natural product discovery.
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