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Nonribosomal peptide synthetases (NRPSs) are multi-
modular enzymes that produce a wide range of bioactive pep-
tides, such as siderophores, toxins, and antibacterial and
insecticidal agents. NRPSs are dynamic proteins characterized
by extensive interdomain communications as a consequence of
their assembly-line mode of synthesis. Hence, crystal structures
of multidomain fragments of NRPSs have aided in elucidating
crucial interdomain interactions that occur during different
steps of the NRPS catalytic cycle. One crucial yet unexplored
interaction is that between the reductase (R) domain and the
peptide carrier protein (PCP) domain. R domains are members
of the short-chain dehydrogenase/reductase family and func-
tion as termination domains that catalyze the reductive release
of the final peptide product from the terminal PCP domain of
the NRPS. Here, we report the crystal structure of an archaeal
NRPS PCP–R didomain construct. This is the first NRPS R
domain structure to be determined together with the upstream
PCP domain and is also the first structure of an archaeal NRPS
to be reported. The structure reveals that a novel helix–turn–
helix motif, found in NRPS R domains but not in other short-
chain dehydrogenase/reductase family members, plays a major
role in the interface between the PCP and R domains. The
information derived from the described PCP–R interface will
aid in gaining further mechanistic insights into the peptide
termination reaction catalyzed by the R domain and may have
implications in engineering NRPSs to synthesize novel peptide
products.

Nonribosomal peptide synthetases (NRPSs) are multi-
modular enzymes that function as molecular assembly lines to
synthesize a wide range of structurally and functionally diverse
peptides (1). Nonribosomal peptides include a large array of
natural products, including siderophores, toxins, and anti-
bacterial and insecticidal agents (2). A large number of non-
ribosomal peptides have been used as antimicrobial,
antifungal, antitumor, or immunosuppressant drugs (2).
Nonribosomal peptides are produced predominantly by
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bacteria and fungi and are rare in archaea (2, 3); only three
NRPS gene clusters belonging to classes Methanomicrobia and
Methanobacteria were detected in the 128 archaeal genomes
analyzed by Wang and co-workers (3).

A minimal NRPS module consists of an adenylation (A)
domain, a peptide carrier protein (PCP) domain, and a
condensation (C) domain (1). In addition, the final module
possesses a termination domain at its C-terminal end that
catalyzes release of the peptide product. Reductase (R) do-
mains are one of the two main types of termination domains
employed by NRPSs, the other one being thioesterase (TE)
domains. The growing peptide chain is shuttled across the
NRPS while covalently tethered to a 40-phosphopantetheine
(Ppant) arm that is post-translationally added to a conserved
serine residue in the PCP domain. The termination domain
releases the completed peptide product from its covalent
tether to the terminal PCP domain (2, 4). Termination re-
actions catalyzed by TE domains result in offloading the
peptide product by hydrolysis of the thioester bond between
the peptide and Ppant. R domains, on the other hand, catalyze
NAD(P)H-dependent 2e− or 4e− reductive release of the pep-
tides (5) (Fig. S1A). The products released by R domains can be
alcohols (6), linear aldehydes (7), or macrocyclic products that
occur when the reactive aldehyde group is attacked by internal
amines in the peptide chain to give rise to cyclic structures, as
seen in case of pyrazinone products (8) (Fig. S1B).

Crystal structures of stand-alone NRPS A domains (9, 10), C
domains (11), PCP domains (12), and TE domains (13) have
aided in understanding the individual reactions catalyzed by
these domains. Crystal structures of multidomains (14, 15),
modules (16–18), and crossmodules (17, 19) have been crucial
in elucidating the functionally significant domain movements
resulting from several intradomain and interdomain in-
teractions during different steps of the NRPS synthetic cycle.
These structures have highlighted the importance of inter-
domain interfaces in NRPS enzymology. Mutation of
conserved residues in the interfaces has resulted in the loss or
reduction of catalytic activity (14, 18, 20). The A–PCP inter-
face described by Sundlov and co-workers (21, 22) and the
PCP–TE interface described by Liu and co-workers (14)
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Structure of an NRPS PCP–R didomain
revealed a common region of the PCP domain participating in
all interactions with its upstream and downstream partner
domains. Furthermore, understanding NRPS domain in-
teractions has led to advancements in NRPS enzyme engi-
neering to synthesize novel peptides in vitro (23, 24).

R domains are members of the NAD(P)H-dependent short-
chain dehydrogenase/reductase (SDR) superfamily (25, 26).
Members of this superfamily are widespread in all kingdoms of
life, with archaea having the lowest number of characterized
SDRs (25). Although the overall sequence identity of proteins
in this superfamily is low (20–30%), all their tertiary structures
possess the conserved and cofactor-binding Rossmann fold
(26). NRPS R domains are further subclassified as “extended”
SDRs, in contrast to “classical” SDRs, as they possess an
additional C-terminal subdomain of about 100 residues (26).
In the last decade, several R domains have been structurally
and functionally characterized (6, 8, 27). Structural studies on
the R domain (Mtb-R) of a Mycobacterium tuberculosis NRPS
that produces an unknown peptide (Protein Data Bank [PDB]
ID: 4DQV and 4U5Q) have provided insights into the intra-
domain interactions that regulate NADPH binding and the
subsequent two-step (4e−) reduction of the product to an
alcohol via an aldehyde intermediate (27). The terminal R
domain (MxaA-R) of the NRPS module of the myxalamid
biosynthetic pathway (PDB ID: 4U7W) from Stigmatella aur-
antiaca Sga15 is the only “NADPH-bound” NRPS R domain
structure to be reported to date (6). The structure of the R
domain (AusA-R) of a dimodular NRPS (PDB ID: 4F6C) from
the aureusimine biosynthetic cluster in Staphylococcus aureus
strain Mu50 is the only aldehyde-producing NRPS R domain
structure to be reported to date (8). In the same article, Wyatt
and co-workers (8) also reported the structure of a protein
construct (AusA-PCP–R) containing both the upstream PCP
and the R domain (PDB ID: 4F6L). However, electron density
was visible only for the R domain, likely because of the posi-
tional disorder of the PCP domain.

One crucial yet underexplored mechanism during peptide
termination by NRPS R domains is the interaction of the R
domain with the upstream PCP domain. Some insights have
been provided into the interdomain interactions between the
PCP and R domains in the recently reported didomain struc-
tures (CAR–PCP–R) of carboxylic acid reductases (CARs)
from Nocardia iowensis and Segniliparus rugosus (PDB ID:
5MSV, 5MSP, and 5MSR) (20). CARs are made up of an A
domain, a PCP domain, and an R domain, which is analogous
to the architecture of an NRPS termination module. These
enzymes accept carboxylic acids as their substrates and cata-
lyze their NADPH-assisted reduction to aldehydes, which is a
similar activity to the R domain–containing NRPS enzymes.

In this study, we report the crystal structures of the Ppant-
modified and unmodified PCP–R didomain (351-PCP–R) of
the terminal module of the NRPS Mru_0351 from Methano-
brevibacter ruminantium M1, one of the prevalent species of
methanogenic archaea found in ruminants (28). Mru_0351 is
one of the two NRPSs discovered in M. ruminantium (29), the
products of which are still unknown. Therefore, identification
and functional characterization of the peptide product of
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Mru_0351 will further our understanding of methanogen
biology and will have implications in developing novel
methane mitigation strategies. As a step toward understanding
the peptide production mechanism, we have determined the
structure of the Mru_0351 PCP–R didomain that is involved in
release of the mature peptide product. This is the first struc-
ture of an NRPS R domain to be determined in association
with its preceding PCP domain and also the first structure of
an archaeal NRPS to be reported. In contrast to the CAR–
PCP–R structure, the Ppant-modified 351-PCP–R adopts a
previously unobserved conformation, thereby providing
further insights into the PCP–R interdomain interactions.
Furthermore, we have identified a helix–turn–helix (HTH)
motif, found in NRPS R domains but not in other SDR family
members, that mediates the interface between the PCP and R
domains.
Results

The overall structure of 351-PCP–R

The unmodified and Ppant-modified structures of 351-
PCP–R were determined to resolutions of 2.65 and 1.95 Å,
respectively. The atomic coordinates and structure factors
have been deposited in the PDB with codes 6VTZ (unmodi-
fied) and 6VTJ (Ppant modified). Structural alignment of the
unmodified and Ppant-modified structures using secondary
structure matching (30) resulted in an overall RMSD value of
0.45 Å, showing that the modification did not induce any
significant change in the overall protein structure. The 351-
PCP–R domain can be structurally divided into a cofactor-
binding N-terminal subdomain and a substrate-binding
C-terminal subdomain (Fig. 1), as is the case for other previ-
ously determined NRPS R domain structures. No electron
density was visible for the PCP domain (residues V3701–
S3778) in the unmodified structure, likely because of positional
disorder, similar to the disordered PCP domain that has been
reported in the crystal structure of the AusA-PCP–R (8).
However, electron density was visible for the PCP domain in
our Ppant-modified structure, showing that the PCP domain
makes contact both with the C-terminal R subdomain and
with a key loop in the NADPH-binding pocket of the N-ter-
minal subdomain, previously defined as the “gating” loop by
Kinatukara and co-workers (31) (Fig. 1B). The PCP domain
itself is a four-helix bundle, like all previously determined PCP
domain structures (Fig. 1B). Eight residues in the Ppant-
modified structure belonging to the PCP domain–R domain
linker were not modeled because of weak electron density.
Ppant can be seen covalently attached to the conserved serine
residue in the active site of the PCP domain (Fig. 1), but our
model is pruned to atom N41 because of weak electron density
beyond this atom (Fig. S2).

The N-terminal R subdomain harbors the conserved and
cofactor-binding Rossmann fold consisting of a β-sheet made
of seven parallel β-strands (in the order 3-2-1-4-5-6-7) flanked
by α-helices on either side (Fig. 2A). This fold is present in all
members of the SDR superfamily. The Rossmann fold contains
a glycine-rich conserved motif: T–G–A–T–G–F–L–G



Figure 1. Ribbon diagram representations of the 351-PCP–R structures. A, the unmodified 351-PCP–R structures. B, the Ppant-modified 351-PCP–R
structures (N-terminal reductase subdomain—blue, C-terminal R subdomain—cyan, and PCP domain—red). PCP–R, peptide carrier protein–reductase;
Ppant, 40-phosphopantetheine.
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(residues T3828 to G3835 in 351-PCP–R), which is important
in maintaining the structure of the central β-sheet and in
cofactor binding (25). Another characteristic feature of the
SDR superfamily is the presence of the triad of catalytic resi-
dues Y–T/S–K, which are present at positions Y3988, S3991,
and K3992 in 351-PCP–R (Fig. 2A). The N-terminal residues
of the subdomain (L3789–N3824 in 351-PCP–R), which are
immediately downstream of the disordered PCP–R linker,
wrap around the core of the R domain, tracing a path similar to
that seen in AusA-R and AusA-PCP–R (8) but different to that
seen in other R domain structures (6, 20, 27) (Fig. 2B).
Figure 2. Details of the 351 reductase domain structure. A, features of the 3
C-terminal R subdomain—cyan, and PCP domain—red). The β-sheet in the co
shown as blue sticks, and Ppant is shown as red sticks. B, superimposed N-term
synthetase and carboxylic acid reductase structures (351-PCP–R—blue, AusA-R
Mtb-R—green). AusA-R, R domain of a dimodular nonribosomal peptide syntheta
NRPS module of the myxalamid biosynthetic pathway; PCP–R, peptide carrie
Mycobacterium tuberculosis NRPS.
The C-terminal R subdomain comprises six α-helices and
two β-strands and harbors the putative substrate-binding
pocket (6, 8, 27). However, the details of the substrate-
binding site of NRPS R domains remain unknown, as there
are no reported structures determined in complex with their
substrates. The C-terminal subdomain shows more variability
in tertiary structure than the N-terminal subdomain, as seen
from the higher RMSD values in comparisons with other R
domain structures (Table S1). The C-terminal subdomain is
also typically less conserved in sequence than the N-terminal
subdomain, when compared with other R domains (Table S1).
51-PCP–R N-terminal subdomain (N-terminal reductase [R] subdomain—blue,
factor-binding Rossmann fold is shown in magenta, active-site residues are
inal regions (L3789–N3824 in 351-PCP–R) of various nonribosomal peptide

—orange, carboxylic acid reductase PCP–R—magenta, MxaA-R—yellow, and
se (NRPS) from the aureusimine biosynthetic cluster; MxaA-R, R domain of the
r protein–reductase; Ppant, 40-phosphopantetheine; Mtb-R, R domain of a
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Both the unmodified and Ppant-modified 351-PCP–R pro-
teins were crystallized in the absence of the NADPH cofactor.
Despite significant efforts, crystals of 351-PCP–R could not be
obtained by cocrystallization with NADPH. Examination of the
NADPH-binding pocket revealed the presence of small
patches of positive difference density in the Ppant-modified
351-PCP–R structure but not in the unmodified structure
(Fig. 3A). This could be due to partial occupancy from
NADPH or could be unidentified small molecules that have
occupied the pocket during crystallization or protein purifi-
cation, although the density did not match any molecules
known to be present during crystallization or purification.
Previous investigations of the gating loop in Mtb-R structures
have proposed that the gating loop is flexible and able to
occupy the NADPH-binding pocket resulting in an “inactive”
R domain conformation (27, 31, 32) (Fig. 3A). Interestingly, in
both the unmodified and Ppant-modified 351-PCP–R struc-
tures, the gating loop adopts an orientation similar to that of
the NADPH-bound MxaA-R structure (6) (Fig. 3B).

The 351-PCP–R domain interface

The C-terminal R subdomain and the gating loop from
the N-terminal subdomain form an interface with the PCP
domain. The region in the C-terminal R subdomain
participating in this interface is an HTH motif, which in-
cludes residues D4110 to F4139 (Fig. 4A). It has previously
been noted that this motif is unique to NRPS R domains (6),
but its function was unknown. In this study, we have con-
ducted a sequence alignment of a number of extended
SDRs, confirming that this motif is an insertion that is
present in all NRPS R domains but rarely found in other
extended SDRs (Figs. S3 and S4). Thus, we denote this motif
Figure 3. Details of the 351 reductase domain NADPH-binding site. A, Ppan
NADPH-binding site as green mesh. The active-site resides are shown in ball an
shown. The Fo–Fc map is contoured at 2.5 σ. B, comparison of gating loop o
NADPH from MxaA-R and Ppant from 351-PCP–R are shown in stick representa
the myxalamid biosynthetic pathway; PCP–R, peptide carrier protein–reduct
tuberculosis nonribosomal peptide synthetase.
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as the interface–HTH motif. Part of the interface–HTH
motif, M4122 to F4139, is not modeled in the unmodified
351-PCP–R structure because of weak electron density and
is likely disordered, whereas it is present in the Ppant-
modified structure and forms part of the interface with
the PCP domain and Ppant (Fig. 4A). Superposition of the
interface–HTH motifs of all R domain structures reported
to date displays variability in the length and orientation of
the helices (Fig. 4B).

The region of the PCP domain participating in the PCP–R
interface comprises α-helices 2 and 3 and the loop connect-
ing them (Fig. 4A). This region also interacts with the partner
A, C, and terminal TE domains during different steps of the
catalytic cycle in other previously reported NRPS structures
(14–16, 33). Our study therefore adds another interaction to
this list, underscoring both the relevance of this crystallo-
graphic snapshot and the importance of this interface in the
domain movements that guide the NRPS catalytic cycle.

The 351-PCP–R interface is distinct from that seen in the
only other reported PCP–R structure, which is that of the
CAR–PCP–R (20). The PCP domain in the CAR–PCP–R
structure interacts exclusively with the N-terminal R sub-
domain, and no contacts can be seen with the interface–HTH
motif (20) (Fig. 5A). The region of the CAR PCP domain
participating in the interface is made up of parts of α-helix 2,
α-helix 3, and the loops connecting α-helices 2, 3, and 4. This
is in contrast to that of the NRPS PCP–partner domain in-
terfaces, which involve α-helices 2 and 3 and the loop con-
necting them. The position of the conserved serine residue and
Ppant is similar in both structures (Fig. 5B). Ppant is only
modeled to atom N41 in the 351-PCP–R structure, whereas
the complete Ppant molecule is modeled in the CAR–PCP–R
t-modified 351-PCP–R showing patches of positive difference density in the
d stick representation. NADPH superimposed from structure of MxaA-R (6) is
rientations (351-PCP–R—blue, MxaA-R—yellow (6), and Mtb-R—green (27)).
tion. MxaA-R, R domain of the nonribosomal peptide synthetase module of
ase; Ppant, 40-phosphopantetheine; Mtb-R, R domain of a Mycobacterium



Figure 4. The peptide carrier protein–reductase interface is mediated by an interface of helix–turn–helix motif. A, structural alignment of unmodified
(gray) and Ppant-modified 351-PCP–R (blue, cyan, and red). The interface–HTH motif is highlighted. B, structural alignment of the interface–HTH motif of all
nonribosomal peptide synthetase reductase domain structures (351-PCP–R—cyan, AusA-R—orange (8), MxaA-R—yellow (6), Mtb-R—green (27), and car-
boxylic acid reductase–PCP–R—magenta (20)). AusA-R, R domain of a dimodular nonribosomal peptide synthetase from the aureusimine biosynthetic
cluster; HTH, helix–turn–helix; Mtb-R, R domain of a Mycobacterium tuberculosis nonribosomal peptide synthetase; MxaA-R, R domain of the nonribosomal
peptide synthetase module of the myxalamid biosynthetic pathway; PCP–R, peptide carrier protein–reductase; Ppant, 40-phosphopantetheine.
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structure, in which it extends to the active site with its thiol
group positioned in close proximity with NADPH and the
catalytic triad. The similar position of Ppant in both structures
implies that the thiol group of the 351-PCP–R Ppant would
also be positioned similarly in the active site.

The 351-PCP–R interface is characterized by a series of
hydrogen bonds and hydrophobic interactions between
Figure 5. The Ppant-modified 351-PCP-R structure reveals a previously
compared with the PCP domain of CAR–PCP–R (20) following structural alignme
magenta). The 351-PCP–R domain is shown in surface representation (blue an
position of Ppant in Ppant-modified 351-PCP–R and CAR–PCP–R following st
reductase–peptide carrier protein–reductase; Ppant, 40-phosphopantetheine.
residues of the PCP and R domains. Residues involved in
hydrophobic interactions include F3736, L3743, I3749, I3750,
L3753, Y3761, and F3765 from the PCP domain; Y4118,
M4122, I4126, and I4130 from the interface–HTH motif; and
Y3920 from the gating loop (Fig. 6). Most of these hydro-
phobic residues are conserved in all PCP and R domains,
thereby corroborating the significance of this interface in the
unobserved conformation. A, the position of PCP domain of 351-PCP–R
nt of the reductase domains (351-PCP–R—blue, cyan, and red; CAR–PCP–R—
d cyan). NADPH from CAR–PCP–R (magenta) is shown. B, comparison of the
ructural alignment of the reductase domains. CAR–PCP–R, carboxylic acid
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Figure 6. The 351-peptide carrier protein–reductase domain interface. Interacting residues in the peptide carrier protein domain (red), reductase
C-terminal subdomain (cyan), and gating loop (blue) are shown in stick representation. Hydrogen bonds are shown as black dotted lines.

Structure of an NRPS PCP–R didomain
context of the peptide termination reaction. In addition to
hydrophobic interactions, the side chain of D4133 from the
interface–HTH motif is hydrogen bonded to the side chain of
R3760 and the main chain amide groups of Y3761 and D3762
from the PCP domain, whereas the main chain carbonyl
group of A3922 in the gating loop forms a hydrogen bond
with the side chain of K3768 in the PCP domain. Structural
water molecules present in the interface mediate further
hydrogen bonds between PCP and the interface–HTH of the
R domain (Fig. S5).

The conserved active-site serine residue (S3742) is present
at the beginning of α-helix 2 in the PCP domain. Ppant extends
from this residue into the active site of the R domain, forming
extensive interactions. The geminal dimethyl group of Ppant
Figure 7. The interactions between the Ppant group and 351-peptide carrie
peptide carrier protein domain (red), reductase C-terminal subdomain (cyan), a
lines. B, Ppant interface diagram calculated by LigPlot+ (55). Residues involve
resented in green and red, respectively. Hydrogen bonds between atoms ar
geminal dimethyl group of Ppant.
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sits in the hydrophobic pocket created by Y3920, L3743, and
Y3761 (Fig. 7) in the 351-PCP–R structure and the structurally
equivalent residues V901, P1130, and L1131 in the CAR–
PCP–R structure. Ppant forms hydrogen-bonding interactions
with the main chain amide of H3919 in the gating loop and
T4032 and A4034 in the C-terminal subdomain (Fig. 7).
Similar main chain hydrogen-bonding interactions between
Ppant and equivalent residues in the R domain are seen in the
CAR–PCP–R structure (20). Mutation to proline of residues
involved in main chain hydrogen bonding with Ppant in CAR
resulted in loss of catalytic activity (20). In the 351-PCP–R
structure, the side chain of K3918 is hydrogen bonded to the
phosphate group of Ppant. In CAR–PCP–R, the equivalent
residue is an asparagine (N899), which is also hydrogen
r protein–reductase protein. A, the interactions between Ppant group and
nd gating loop residues (blue). Hydrogen bonds are shown as black dotted
d in hydrogen bonding and hydrophobic interactions with Ppant are rep-
e shown as black dotted lines. Ppant, 40-phosphopantetheine; Ppant GEM,
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bonded to the phosphate group of Ppant. In both structures,
the interactions of Ppant with the R domain are limited beyond
the N41 atom, thereby explaining the weak electron density in
the 351-PCP–R structure. In contrast, the presence of NADPH
in the active site of CAR–PCP–R structure possibly limits the
flexibility of the Ppant.

Discussion

R domains are one of the two main types of domains
employed by NRPSs for peptide termination and release, the
other one being terminal TE domains (5). TE domains, as the
name suggests, cleave the thioester bond between Ppant and
the peptide, whereas R domains use dinucleotide cofactors
(NADH/NADPH) to reductively cleave the peptide tethered to
the terminal PCP domain, consequently releasing aldehyde or
alcohol products (5). Interactions that the PCP domain makes
with its partner domains are particularly crucial for the
assembly-line catalysis of NRPSs because PCP domains are
tethered to the substrate amino acids and growing peptides
and shuttle them between the upstream A domains and the
downstream C domains (in peptide extending modules) or
downstream termination domains (in peptide termination
modules). Although the interactions of the PCP domain with
A, C, and TE domains have been structurally characterized
(14–16, 33), its interactions with the R domain are unexplored
in NRPSs. The peptide termination reaction involving the PCP
and TE domains differs from that of the R domain because the
latter uses NAD(P)H cofactor and in some cases involves two
rounds of reduction, which require cofactor recycling. This
difference may result in domain movements that are distinct
from those involved in the TE reaction. In this study, we
describe the PCP–R didomain structure of an NRPS from
M. ruminantium, which shows novel interdomain interactions
between these “product release” domains.

Conformation of the gating loop

The gating loop in the N-terminal subdomain has been
shown to be mobile in SDR family members and may block
NADPH binding by occupying its binding pocket in some
conformations, as seen in the Mtb-R structure (27, 31). It has
been speculated that the gating loop may be stabilized by in-
teractions with the PCP domain in conformations compatible
with NADPH binding (31). Our study supports this hypothesis
since the Ppant-modified 351-PCP–R and CAR–PCP–R
structures reveal interactions between the gating loop, the PCP
domain, and Ppant (Fig. 7A). It is also clear from these
structures that the gating loop plays a role in fixing the
otherwise flexible Ppant arm in a catalytically competent
conformation in the active site. However, the gating loop in the
unmodified 351-PCP–R domain structure also mimics an
NADPH-bound conformation similar to that seen in the
MxaA-R structure, in spite of it lacking the Ppant group and
being crystallized without NADPH (Fig. 3A). The gating loop
in the AusA-R structure, although partially disordered, also
does not seem to block the NADPH-binding site (8). There is
no evidence of the gating loop interacting with crystallographic
symmetry–related molecules that might have resulted in the
apparent NADPH-bound conformation seen in the 351-PCP–
R and AusA-R structures. Hence, we suggest that even though
the gating loop is mobile and more flexible in the absence of
the PCP domain, Ppant, and NADPH, the NADPH-bound
conformation is fairly stable and may be the predominant one.

Substrate recognition and binding in R domains

The mature peptide awaiting release is predicted to bind in
the C-terminal “substrate-binding” subdomain of the R
domain. While substrate binding in the C-terminal domain has
been shown in some SDRs (2,4-dienoyl-CoA reductase [PDB
ID: 1W6U] and CDP-D-glucose 4,6-dehydratase [PDB ID:
1WVG]) (34, 35), the substrate-binding site in NRPS R do-
mains remains uncertain as there are no reported structures
determined in complex with their substrates. Docking and
molecular dynamics–based investigations to identify the pu-
tative substrate-binding pocket in NRPS R domains have
predicted slightly different binding sites. The Ppant–peptide
thioester in the Mtb-R structure was docked in the C-termi-
nal subdomain based on comparison with the substrate-bound
structure of 2,4-dienoyl-CoA reductase (27). The substrate was
docked adjacent to a hydrophobic groove in the C-terminal
subdomain, indicating that the substrate likely binds in this
hydrophobic groove (27) (Fig. S6A). The analysis of substrate
binding to the MxaA-R structure by in silico docking and
molecular dynamics–predicted substrate binding occurs in a
similar region of the protein as that predicted for Mtb-R but
identified a different set of residues as interacting with the
substrate (6) (Fig. S6B). This result was supported by
biochemical evidence that showed mutation of the predicted
substrate-interacting residues resulted in considerable reduc-
tion of catalytic activity compared with the wildtype enzyme
(6). These differing results and the absence of a substrate-
bound R domain structure leave the location of the
substrate-binding pocket to further investigation. It is likely
that the NRPS substrates, owing to their larger size and greater
chemical and structural variability, orient themselves differ-
ently compared with the substrates of other SDRs and hence
interact with different residues of the C-terminal subdomain.

A unique HTH motif forms the interface with the upstream
PCP domain

We have identified that the unique HTH motif of the R
domain (D4110 to F4139) forms the interface partner with the
PCP domain. Our sequence alignments and structural com-
parisons of NRPS R domains with other extended SDRs
confirmed that the interface–HTHmotif is present in all NRPS
R domains but is generally absent in extended SDRs (Figs. S3
and S4). SDRs themselves are subclassified into “classical”
SDRs that are �250 amino acids long and “extended” SDRs
that are identified by the presence of an additional �100 amino
acid residues in their C-terminal subdomains (25, 36).
Although NRPS R domains have been classified as extended
SDRs, the presence of the unique interface–HTH motif further
differentiates NRPS R domains from other members of the
J. Biol. Chem. (2021) 296 100432 7
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extended SDR subclass, therefore suggesting that a new sub-
class nomenclature is required for NRPS R domains.

The interface–HTH motif shows strong electron density
and interacts with the PCP domain in the Ppant-modified 351-
PCP–R structure, whereas it shows weak electron density, and
consequently part of it is not modeled in the unmodified
structure. Examination of the electron density for the struc-
tures of AusA-PCP–R (which has a disordered PCP domain)
and AusA-R (determined using a protein construct that lacked
a PCP domain) (8) revealed that the electron density is weak in
the interface–HTHmotif region although the region could still
be modeled (Fig. S7). Interestingly, this region is ordered and
shows strong electron density in structures of MxaA-R (6) and
Mtb-R (27), which were both determined using protein con-
structs that lacked PCP domains. An examination of the
crystal packing in MxaA-R (Fig. S8) and Mtb-R (Fig. S9)
structures revealed that the interface–HTH motifs are
involved in close contacts with the ordered subdomains of
symmetry-related molecules. In contrast, the interface–HTH
motif shows no such contacts in the AusA-R (Fig. S10) and
AusA-PCP–R structures (Fig. S11). In the unmodified 351-
PCP–R structure, the partially disordered interface–HTH re-
gion is in contact with its partially disordered counterpart in
the symmetry-related molecule. This suggests that the
interface–HTH contacts with other disordered regions are not
as stabilizing as the contacts with more ordered and rigid re-
gions. Furthermore, molecular dynamics analysis of the MxaA-
R domain suggested relatively high flexibility in the interface–
HTH motif (6). Taken together, these observations strongly
suggest that the interface–HTH motif is relatively mobile and
becomes ordered or fixed when in contact with another or-
dered protein region, such as the upstream PCP domain in an
intact NRPS enzyme, as reflected in the Ppant-modified 351-
PCP–R structure. Protein regions that undergo disorder to
order transitions upon binding are relatively common in na-
ture (37). The functional significance of the partial disorder of
the interface–HTH motif is uncertain. Interestingly, in addi-
tion to its function in forming an interface with the PCP
domain, molecular dynamics and docking studies have indi-
cated that the interface–HTHmotif also plays a role in binding
the chemically and structurally diverse substrates of NRPSs (6,
27). One functional advantage of disordered regions in pro-
teins is known to be binding promiscuity (38–41), and it is
possible that the partial disorder of the interface–HTH motif
allows it to bind both the PCP domain and the peptide
substrates.

How do NRPS R domains regulate the extent of reduction?

Investigations of the CAR–PCP–R structure (20) described
a key aspartate residue present in the loop connecting N- and
C-terminal R subdomains, which was previously defined as the
“linker loop” by Kinatukara and co-workers (31). It was pro-
posed that the orientation of this residue, and consequent
orientation of the linker loop backbone, is dependent on the
presence of the Ppant–peptide thioester in the active site.
Once the product (a carboxylic acid in CAR) is reduced to an
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aldehyde, the resulting reduced affinity of the aldehyde prod-
uct would reorient the aspartate residue and the amino acid
backbone in the linker loop. This was proposed to lead to the
nicotinamide moiety of NADPH becoming disordered, and
thus the R domain entering an inactive state. In this inactive
state, no further reduction of the aldehyde product to alcohol
would occur, thereby ensuring the strict 2e− reduction seen in
CARs. Interestingly, this aspartate residue is replaced by a
conserved glycine residue in all the known NRPS R domain
structures, including the NRPS R domains that release alde-
hydes as their final products (8). Hence, it is still unclear how
NRPS R domains regulate the extent of reduction of the
peptide product. It is possible that the orientation of the
product and its interactions with residues in the substrate-
binding pocket influences the extent of reduction. Another
possibility may be that alcohol-producing R domains may
allow the dissociation of the aldehyde product after the first
reduction and/or subsequent reassociation while aldehyde-
producing domains do not. Structural evidence of the NRPS
product orientation in the substrate-binding site and charac-
terization of the substrate-binding pocket in general is there-
fore essential to understand the mechanisms that distinguish
NRPS R domains based on the extent of reduction.

The novel conformation of 351-PCP–R reveals previously
unexplored interdomain interactions

Examination of the NADPH-binding pocket in the Ppant-
modified 351-PCP–R and CAR–PCP–R structures indicates
that NADPH can likely access its binding pocket in spite of the
presence of the PCP domain and Ppant (Fig. S12), suggesting
that NADPH binding can occur following binding of the PCP
domain. This speculation is supported by the NMR in-
vestigations of reaction mechanism of Mtb-R by Haque and
co-workers (32) that suggested NRPS R domains follow a
random bi–bi reaction mechanism unlike the sequential bi–bi
reaction mechanism followed by SDRs. A random bi–bi
mechanism implies that there is no strict order followed for
binding of NADPH and the Ppant–peptide thioester. Based on
the 351-PCP–R conformation and the interactions of Ppant
with the gating loop, we propose a reaction mechanism for
catalysis by NRPS R domains: the PCP domain tethered with
the mature peptide forms an interface with the C-terminal R
subdomain followed by NAD(P)H binding or vice versa; the
Ppant–peptide thioester is anchored in the active site in a
catalytically competent position by interactions with the gating
loop and the C-terminal subdomain; the Ppant–peptide thio-
ester is reduced, resulting in an aldehyde intermediate; in
alcohol-producing domains, the oxidized NAD(P)H is replaced
by its reduced counterpart, allowing a second round of
reduction; NADP+ and product exit the active-site pocket. It is
unlikely that dissociation of the free aldehyde intermediate is
necessary for cofactor exchange in the case of a 4e− reduction,
as the putative substrate-binding pocket is situated in the C-
terminal subdomain; hence, not interfering with NADPH
recycling. However, as the location of the peptide substrate-
binding site is uncertain, structures of R domains complexed



Table 1
Gene-specific and generic primers used for PCR amplification of the
PCP–R region of mru_0351

Name Sequence

PCR1
Gene-specific forward primer 50-GGCAGCGGCGCG GTGGAACT-

GAATTATGTTGCA-30
Gene-specific reverse primer 50-GAAAGCTGGGTG TTATTCAAAA-

TAATCGAATTT-30
PCR2
Generic forward primer 50-GGGGACAAGTTTGTA-

CAAAAAAGCAGGCTTC-
GAAAACCTGTATTTTCA
GGGCAGCGGCGCG-30

Generic reverse primer 50-GGGGACCACTTTGTACAA
GAAAGCTGGGTG-30

The underlined residues indicate the common sequence in generic and gene-specific
primers.
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with Ppant–substrate thioester are essential to confirm this
hypothesis.

The Ppant-modified 351-PCP–R structure interacts with the
C-terminal R subdomain, in contrast to the CAR–PCP–R
structure (20), where the PCP domain interacts with the N-
terminal R subdomain. The 351-PCP–R interface is charac-
terized by the participation of the interface–HTH motif. The
interface–HTH motif is present in CAR–PCP–R but does not
participate in the PCP–R interface. In the unmodified 351-
PCP–R structure, the PCP domain is positionally disordered,
whereas in the Ppant-modified structure, it is locked in the
observed conformation as a consequence of Ppant modifica-
tion. The Ppant-modified 351-PCP–R structure, although it
does not possess a covalently tethered peptide, represents the
native NRPS PCP–R didomain more closely than the un-
modified structure, further reinforcing the relevance of this
didomain conformation. Conserved residues from both do-
mains participate in the interface, which encompasses a total
buried surface area of �1250 Å2. Analysis of the 351-PCP–R
interface using the Proteins, Interfaces, Structures and As-
semblies server hosted at the Protein Data Bank in Europe
gave a complex formation significance score of 0.585, implying
that the interface plays an essential role in complex formation
(42). The CAR–PCP–R, on the other hand, has a smaller total
buried area at the interface (�950 Å2) compared with that of
351-PCP–R, indicating a relatively weaker interface. In addi-
tion, only a small part of the “classic” PCP region involved in
NRPS PCP–partner domain interfaces is seen to be partici-
pating in the CAR–PCP–R interface. Furthermore, computa-
tional docking of the MxaA-R domain with the PCP domain
revealed a similar interface where α-helix 3 of the PCP domain
is predicted to form interactions with the interface–HTH
motif as seen in the Ppant-modified 351-PCP–R structure
(6). Taken together, these results are compelling evidence that
the conformation observed in Ppant-modified 351-PCP–R is
likely to be the catalytic interface involved in the NRPS peptide
termination reaction.

The significance of the two differing orientations observed
for the PCP–R interaction is uncertain. It is likely that both
orientations are biologically relevant given that the Ppant is
oriented in the active site in a catalytically competent orien-
tation in both 351-PCP–R and CAR–PCP–R. Furthermore, the
PCP domain adopts the same orientation in all CAR–PCP–R
didomain structures independent of the crystal packing (20),
indicating that the orientation observed is unlikely to be an
artifact of crystallization. Biochemical assays based on muta-
tion of interface residues in the CAR–PCP–R structure have
been limited to the Ppant–R domain interactions and did not
investigate the effect of mutating interface residues of PCP–R
interface on CAR catalysis (20). It is therefore unclear whether
the conformation observed in CAR–PCP–R is unique to CARs
or whether it is a conformation shared with NRPSs, possibly
representing a transient state or an intermediate state. Since
the product of Mru_0351 is unknown, it is currently not
possible to carry out biochemical assays based on mutation of
the interface residues to further validate the biological signif-
icance of the interface.

In conclusion, this study presents the first archaeal NRPS
domain structure to be reported and the first NRPS R domain
structure to be determined together with the upstream PCP
domain, thereby elucidating the previously unknown NRPS
PCP–R interactions. We have identified the function of the
unique interface–HTH motif as the interface partner with the
upstream PCP domain. Further structural and biochemical
investigations of NRPS R domains with cognate substrates are
essential to characterize the substrate-binding pocket. The key
residues of the PCP–R interface identified in the 351-PCP–R
structure together with knowledge of the substrate-binding
pocket may have broad implications in understanding the
mechanisms underlying R domain reactions and in engineer-
ing NRPS R domains for in vitro synthesis of novel peptide
products.

Experimental procedures

PCR amplification and cloning of the PCP–R didomain gene

The PCP–R region (encoding residues 3701–4187) of the
mru_0351 gene was cloned using the proprietary Gateway
Cloning Technology from Invitrogen. The genes encoding the
R and PCP–R regions were amplified by a nested PCR
approach. The first PCR reaction was performed using gene-
specific primers and introduced a tobacco etch virus (TEV)
protease cleavage site at the 50 end of the construct (Table 1).
The second PCR reaction was performed using generic
primers and introduced attB1 and attB2 recombination se-
quences at both ends of the constructs (Table 1). The ampli-
fied gene comprising the attB sequences on their 50 and 30 ends
was inserted into the pDONR221 donor entry vector. Subse-
quently, the gene was transferred to the destination expression
vector pET-53-DEST, which possesses an N-terminal poly-
histidine tag to facilitate purification of the recombinant
protein.

Protein production and purification

Electrocompetent Escherichia coli BL21 Star(DE3) cells
were transformed with the pET-53-DEST gateway destination
expression vector containing the gene encoding the PCP–R
region. Overexpression was carried out using an auto-
induction strategy in high-density shaking cell cultures (43).
J. Biol. Chem. (2021) 296 100432 9
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Cultures grown in ZYP-5052 medium were incubated for 4 h
at 37 �C with shaking at 180 rpm followed by incubation at 18
�C for 20 h with shaking at 180 rpm. After a total of 24 h of
incubation, the cells were harvested by centrifugation at 5300g
for 30 min at 4 �C and stored at −20 �C.

Cell pellets were thawed and suspended in lysis buffer
(10 ml lysis buffer per gram of cell pellet) containing 50 mM
sodium phosphate buffer at pH 7.5, 500 mM NaCl, 10 mM
imidazole, and 5 mM β-mercaptoethanol. Lysozyme (1 mg/
ml final concentration), DNase (10 μg/ml final concentra-
tion), and a tablet of EDTA-free protein inhibitor cocktail
(cOmplete from Roche Diagnostics) were added to the cell
suspension and incubated for 30 min at 4 �C. The cells were
lysed using a continuous cell disruptor (M-110P Micro-
fluidizer from Constant Systems Ltd) at pressure of 18.5 kPa.
The lysate was centrifuged at 20,000g for 30 min at 4 �C. The
supernatant was loaded onto a 5 ml nickel–nitrilotriacetic
acid agarose column pre-equilibrated with lysis buffer. The
column was washed with five column volumes of lysis buffer.
Protein bound to the column was eluted with a continuous
gradient of imidazole from 100 to 500 mM. His-351-PCP–R
eluted between 150 and 250 mM imidazole. In the next step,
fractions containing His-351-PCP–R were pooled together
and dialyzed in dialysis membrane tubing (CelluSep from
Interchim) against the lysis buffer overnight at 4 �C to
remove imidazole. Recombinant TEV protease was added
during dialysis to cleave the polyhistidine tag with 5 mM β-
mercaptoethanol added during dialysis to ensure reducing
conditions required for activity of TEV protease. After
overnight dialysis, the protein was loaded on to the nickel–
nitrilotriacetic acid agarose column pre-equilibrated with
lysis buffer. His-TEV protease as well as any remaining His-
351-PCP–R were bound to the resin, whereas tag-free 351-
PCP–R was retained in the flowthrough. The flowthrough
was concentrated to a volume of 250 μl using Amicon ultra-
15 centrifugal filter units with molecular weight cutoff of
30 kDa. Concentrated 351-PCP–R was loaded onto a HiLoad
16/600 Superdex 75 pg column from Cytiva pre-equilibrated
with 25 mM Hepes buffer (pH 7.5) and 150 mM NaCl. The
351-PCP–R protein eluted as a single peak. Fractions con-
taining the purified 351-PCP–R were pooled together and
concentrated to 30 mg/ml.

Ppant modification

The modification of 351-PCP–R with Ppant (on the
conserved serine residue S3742 of the PCP domain) was carried
out enzymatically using recombinant Sfp, a phosphopantetheine
transferase from Bacillus subtilis. Sfp was produced by recom-
binant expression in E. coli. The 351-PCP–R protein (0.5 mM)
was incubated with 1 mM coenzyme A, 1 mM of Sfp, and
10 mM MgCl2 for 90 min at 30 �C. This step was carried out
before size-exclusion chromatography to facilitate separation of
Sfp from 351-PCP–R. Tandem mass spectrometry was used to
determine the presence and efficiency of Ppant modification.
Mass spectrometric analysis showed that over 99% of the pro-
tein was modified by Ppant (data not shown).
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Crystallization and X-ray diffraction

The 351-PCP–R protein (30 mg/ml in 25 mM sodium Hepes
buffer at pH 7.5 and 150 mM NaCl) was crystallized using the
sitting-drop vapor-diffusion method. Initial screening was per-
formed using commercially available crystallization screens from
Molecular Dimensions: JCSG-plus, Morpheus, and PACT pre-
mier with drop size of 0.4 μl (0.2 μl protein + 0.2 μl reservoir
solution) equilibrated against reservoir volume of 50 μl at 20 �C.
The unmodified 351-PCP–R formed small needle-shaped crys-
tals in Morpheus screen well H5 (0.1 M Mops/Na–Hepes buffer
at pH 7.5, 20% PEG monomethylether 550, and 10% PEG 20 K
as precipitants in the presence of 0.02 M each of L-Na glutamate,
DL-alanine, glycine, DL-lysine hydrochloride, and DL-serine as
additives) after about 7 days of incubation. Fine screening was
performed around this condition by varying the concentration of
precipitants and increasing the drop size to 2 μl (1 μl protein +
1 μl reservoir solution) while keeping all the other parameters
constant. Fine screening was able to produce bigger needle-
shaped crystals under precipitant concentrations of 15% PEG
monomethylether 550 and 14% PEG 20 K. The crystals were
flash cooled in liquid nitrogen for data collection. The modified
351-PCP–R formed stacked hexagonal-shaped plate-like crystals
overnight in JCSG-plus screen condition F8 (2.1 M DL-malic acid
disodium salt at pH 7.0). Fine screening around this condition
by varying the pH and concentration of salt and increasing the
drop size to 2 μl (1 μl protein + 1 μl reservoir solution) resulted
in the formation of unstacked hexagonal plate-like crystals in
1.7 M malic acid disodium salt at pH 6.0. The crystals were
soaked in the reservoir solution with 20% glycerol as cryopro-
tectant for less than a minute before flash cooling in liquid ni-
trogen. Data were collected at the Australian Synchrotron, MX2
beamline.

Data processing, phasing, and refinement

X-ray detector software (XDS) was used for indexing, inte-
gration, and scaling of the diffraction data (44). Aimless from
CCP4 suite was used for merging the data (45). The crystal
structure of the aureusimine biosynthetic cluster R domain
from S. aureus strain Mu50 (PDB ID: 4F6C; sequence identity
28% to Mru_0351 R domain) (8) was used as a template for
molecular replacement for both unmodified and Ppant-
modified 351-PCP–R. Phaser from the phenix package was
used for molecular replacement, and phenix.refine was used
for refinement (46). Efforts at conducting molecular replace-
ment using existing PCP domain structures as search models
were unsuccessful. In the case of the unmodified 351-PCP–R,
the PCP domain could not be modeled as the corresponding
density was weak or nonexistent, which is likely because of the
domain being positionally disordered. In the case of the Ppant-
modified 351-PCP–R, the initial model resulting from mo-
lecular replacement of the R domain was used as a template to
autobuild the model using Arp/Warp (47, 48). The PCP
domain was built in contact with the R domain with density for
Ppant visible in the active-site region of the R domain. The
electronic Ligand Builder and Optimization Workbench was
used to generate restraints for Ppant (49). Both the unmodified
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and Ppant-modified 351-PCP–R models were further refined
via iterative cycles of automated refinement using phenix.re-
fine and manual rebuilding using Coot (46, 50). The structural
figures were generated using PyMOL (The PyMOL Molecular
Graphics System, Version 2.3.4 Schrödinger, LLC) or Coot
(50). The data collection, refinement, and final model statistics
for modified and unmodified 351-PCP–R are shown in
Table S2.
Data availability

The unmodified and Ppant-modified structures of 351-
PCP–R have been deposited in the PDB with codes 6VTZ
and 6VTJ, respectively.
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