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ABSTRACT: Nosiheptide, a potent bicyclic member of the fami-
ly of thiopeptide antibiotics, possesses a distinctive L-Trp-derived
indolyl moiety. The way in which this moiety is incorporated into
a ribosomally synthesized and post-translationally modified thio-
peptide remains poorly understood. Here, we report that NosK, an
o/B-hydrolase fold protein, mediates the transfer of indolyl from
NoslJ, a discrete thiolation protein, to a linear pentathiazolyl pep-
tide intermediate rather than its genetically-encoded untreated
precursor. This intermediate results from enzymatic processing of
the peptide precursor, in which five of the six L-Cys residues are
transformed into thiazoles but Cys4 selectively remains unmodi-
fied for indolyl substitution via a thioester exchange. Determining
the timing of indolyl incorporation, which expands the chemical
space of a thiopeptide framework, facilitates mechanistic access to
the unusual logic of post-translational modifications in the biosyn-
thesis of nosiheptide-type thiopeptide members that share a simi-
lar compact side-ring system.

Thiopeptide antibiotics are a growing class of sulfur-rich, ribo-
somally synthesized and post-translationally modified peptide
natural products.' These antibiotics possess a wide variety of bio-
logical properties, e.g., anti-infection, antitumor and immunosup-
pressive characteristics,” and have therefore long been the targets
of intensive synthetic and biosynthetic attempts to improve their
biological activities and overcome associated physiochemical
drawbacks for clinical use.> Each thiopeptide arises from post-
translational modifications (PTMs) of a peptide precursor that
contains an N-terminal leader peptide (LP) and a C-terminal core
peptide (CP) (Figure 1). CP is rich in L-Cys and L-Ser/Thr resi-
dues and is the sequence subjected to myriad PTMs during the
formation of a macrocyclic framework that features a six-
membered heterocyclic domain central to multiple azoles and
dehydroamino acids.*
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Figure 1. Biogenesis and structure of bicyclic thiopeptide NOS. The genes
coding for the ribosomally synthesized precursor peptide (black), indolyl in-
corporation (red) and thiazole formation (yellow) are highlighted in the nos
cluster. The route for forming MIA (blue) and associated indolyl moiety (in a
dashed rectangle) within the side-ring system of NOS is indicated.

While the establishment of a shared thiopeptide framework re-
quires common PTMs,’ the specialization of this framework for
over 100 different thiopeptide members largely depends on a
number of specific PTMs. The biosynthesis of nosiheptide (NOS),
an archetypal member of the family of thiopeptide antibiotics, is
no exception to this principle.* NOS is bicyclic and possesses an
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Figure 2. Preparation of indolyl donor. (A) Route for thiolation protein-based
MIA activation. (B) In vivo production profiles of S. actuosus strains for ana-
lyzing the necessity of nosJ by HPLC (UV at 330 nm). i, wild-type; ii, AnosJ
by in-frame deletion; iii, in frans expression of nosJ in AnosJ mutant; and iv,
site-specific mutation for changing S to A within the conserved motif of NosJ.
(C) In vitro assays of NosJ in various forms by HPLC-HR-MS. i, apo-form
(Caled. 10531.1758; Found 10531.1807; Er. 0.5 ppm); ii, holo-form (Calcd.
10871.2613; Found 10871.2648; Er. 0.3 ppm); and iii; NosJ-S-MIA (acyl-form,
Calcd. 11028.3142; Found 11028.3360; Er. 2.0 ppm).

indolyl moiety that is appended to the characteristic thiopeptide
core through (thio)ester linkages to form a compact side-ring sys-
tem (Figure 1). This unusual moiety is biologically relevant, and
its selective fluorination led to an improvement in the anti-
infection activity of the molecule.”

In NOS biosynthesis, the indolyl moiety is derived from an L-
Trp residue independent of the peptide precursor (NosM, 1).7 This
residue undergoes a complex radical-mediated rearrangement to
process its carbon side chain and produce 3-methyl-2-indolic acid
(MIA) as a key intermediate (Figure 1). Subsequent steps in the
formation of the side-ring system remains poorly understood,
particularly the process by which MIA is processed and incorpo-
rated with the ribosomally synthesized peptide precursor-derived
portion.

MIA is essentially a non-proteinogenic amino acid. Given that
non-proteinogenic amino acids can be used by non-ribosomal
peptide synthetases (NRPSs) in peptidyl assembly,® MIA could be
processed similarly to monomers in NRPS catalysis, which typi-
cally involves an adenylation protein/domain for monomer activa-
tion and a thiolation protein/domain for channeling via a phos-
phopantetheinyl (Ppant) group coming from coenzyme A (CoA)
(Figure 2A). In accordance with this hypothesis, we reanalyzed
the biosynthetic gene cluster of NOS (Figure 1),” in which the
three closely clustered genes, nosl, nosJ and nosK, attracted our
attention. It has been proposed that nos/ and nosK encode an
ATP-dependent acyl-CoA synthetase and an a/B-hydrolase fold
protein, respectively. In contrast, nosJ was previously unassigned
and codes for a 79-aa protein containing the thiolation pro-
tein/domain-characteristic motif DSLETV (Figure S1), in which
the L-Ser residue could be phosphopantetheinylated. The inactiva-
tion of nosJ in the NOS-producing Streptomyces actuosus strain
completely abolished NOS production, which was partially re-
stored by in trans supplementation of nosJ, demonstrating the
necessity of this gene for NOS biosynthesis (Figure 2B). In par-
ticular, the site-specific mutation of L-Ser to L-Ala within the
conserved motif DSLETV led to a NOS-nonproducing phenotype
identical that observed in the Anos/ mutant strain (Figure 2B),

supporting the hypothesis that the deduced protein NosJ functions
as a discrete thiolation protein.

To perform activity assays in vitro, we overexpressed and puri-
fied the three proteins Nosl, NosJ and NosK from Escherichia
coli BL21(DE3) (Figure S2). The resulting NosJ protein existed in
an unmodified apo-form and was then transformed into its phos-
phopantetheinylated holo-form by Sfp,'® a Ppant transferase
(PPTase) from Bacillus subtilis (Figures 2C and S3-S5). In the
presence of NosI and MIA, the holo-form of NosJ was effectively
acylated via thioesterification in an ATP-dependent manner to
yield NosJ-S-MIA (Figures 2C and S6). In addition, we co-
expressed Nosl and NosJ in E. coli BAP1, which carries the
PPTase gene sfp for the in vivo phosphopantetheinylation of apo-
NosJ to holo-NosJ.!! In the supplementation with exogenous
MIA, this co-expression system yielded holo-NosJ and NosJ-S-
MIA simultaneously. These findings, in addition to similar results
that were recently reported by two other research groups,'
demonstrated that Nosl is an adenylation protein for the activation
and transfer of MIA to NosJ. In particular, Boal/Booker et al.
showed that NosK catalyzes the transfer of MIA from NosJ to a
conserved L-Ser residue and produces NosK-O-MIA, an acyl-Ser
enzyme intermediate.'”® NosK is most likely an a/B-hydrolase
fold indolyltransferase; however, the timing of its activity during
PTMs of the ribosomally synthesized precursor peptide remained
to be determined.

To examine whether the unmodified ribosomally synthesized
peptide precursor can accept the indolyl group from NosJ, we
produced NosM in E. coli BL21(DE3) (Figures S2 and S7). To
prepare indolyl donor, we incubated Nosl and holo-NosJ (the
latter of which was purified from E. coli BAP1) with an excess of
MIA, yielding the thiolation protein-based intermediate NosJ-S-
MIA. In the presence of NosK, the transfer of MIA from NosJ to
the peptide precursor NosM was not observed on careful High-
performance liquid chromatography with mass spectrometric
detection (HPLC-MS). Consistently, feeding MIA to the E. coli
BAP1 strain in which NosM was co-expressed with NosK and the
NosJ-S-MIA-forming complex composed of Nosl and NosJ failed
to produce the predicted acylated NosM variant. These results
excluded the possibility that the selective acylation of NosM pro-
ceeds as the first PTM in NOS biosynthesis to protect Cys4
against cyclodehydration and dehydrogenation, the process by
which the other five Cys residues of the CP sequence are exclu-
sively transformed into thiazoles.

To determine whether indolylation occurs on a modified pep-
tide intermediate in NOS biosynthesis, we co-expressed NosM
and proteins necessary for thiazole formation (the cyclodehydra-
tase NosG, the dehydrogenase NosF and the Ocin-ThiF-like pro-
tein NosH for precursor peptide engaging) in E. coli BL21(DE3).’
The combination of NosM with NosGFH produced a -100 Da
product (2) compared with the untreated precursor peptide (Fig-
ure 3A), and subsequent high resolution (HR)-MS/MS analysis
further supported the hypothesis that 2 is a pentathiazolyl peptide
resulting from the selective transformation of five L-Cys residues
during successive cyclodehydration-dehydrogenation reactions
(Figure S10). NosM was subjected to Ala-scanning of all six L-
Cys residues in the CP sequence to produce precursor peptide
variants 1-C1A, 1-C2A, 1-C3A, 1-C4A, 1-C5A or 1-C6A in the
thiazole-forming E. coli system, and the corresponding polythi-
azolyl products were purified to examine the changes in molecular
weight (Table 1 and Figure S11). Only the mutation of C4A had
no effect on thiazole number and led to a product (2-C4A) with a
-100 Da shift due to pentathiazole formation. The mutations of
C1A, C2A, C3A and C6A resulted in the products 2-C1A, 2-
C2A, 2-C3A and 2-C6A, respectively, which share a -80 Da shift
arising from tetrathiazole formation. These findings confirmed the
involvement of residues Cys1, Cys2, Cys3 and Cys6 in the
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Figure 3. Indolyl incorporation with a pentathiazolyl peptide intermediate. (A)
PTM route of the precursor peptide (1) for NosGFH-mediated thiazole (yellow)
formation (yielding intermediate 2) and subsequent NosK-catalyzed MIA
(blue) transfer (producing 3), as well as the release of MIA in the presence of
glycerol (yielding shunt product 4). (B) In vitro analysis of the transfer of MIA
to intermediate 2 by HPLC (UV at 245 nm). i, in the absence of NosK; and ii,
iii and iv, in the presence of NosK for 10 min, 2 h and 6 h, respectively.

effects of NosGFH treatment. In contract, the mutation of C5A
led to a -62 Da product (2-C5A%), consistent with the notion that
dehydrogenation following trithiazole formation (yielding 2-CSA)
occurs in E. coli BL21(DE3). HR-MS/MS analysis further re-
vealed the positions of the trithiazoles, which are derived from
Cysl, Cys2 and Cys3, and particularly a disulfide linkage formed
between Cys4 and Cys6 in the CP sequence of 2-C5A* (Figure
S12). This disulfide linkage protects Cys6 and could allow this
residue to escape from processing by the thiazole synthase com-
plex; alternatively, Cys6-based thiazole formation is dependent of
a similar Cys5-based conversion. Cys4 is clearly the only unmodi-
fied L-Cys residue after treating NosM with the thiazole synthase
complex NosGFH, which selectively acts on the other five L-Cys
residues of the CP sequence (Cysl, Cys2, Cys3, Cys5 and Cys6)
during the formation of pentathiazolyl peptide intermediate 2
(Figure 3A).

Next, we incubated 2 with the indolyl donor NosJ-S-MIA,
which was prepared in situ as described above by mixing Nosl,
holo-NosJ and MIA. Remarkably, in the presence of NosK, the
MIA group was effectively transferred from NosJ to 2 in a time-
dependent manner (Figures 3B, S8 and S9), yielding 3, a product
confirmed to be acylated with MIA via HR-MS/MS analysis (Fig-
ures 3A and S13). In a control reaction in which 2 was replaced
by its variant 2-C4A, MIA transfer failed to occur (Table 1 and
Figure S16D). These results indicated that the pentathiazolyl pep-
tide intermediate 2 is an indolyl acceptor and that processing the
precursor peptide to this intermediate precedes functionalizing its
Cys4 residue with MIA via a thioester exchange. Interestingly,

excess MIA in the reaction mixture can be completely consumed;
under this reaction condition, acylated product 3 reached a maxi-
mum, gradually diminished and then completely disappeared over
a 6-h incubation period (Figures 3B and S9). Meanwhile, a new
product (4) appeared later than 3, accompanying the regeneration
of 2, and became dominant in the late stage of the reaction. We
scaled up this reaction and accumulated a sufficient quantity of 4
for structural elucidation. Spectral analysis revealed that this
product is an ester derivative of MIA and glycerol (Figures 3A
and S14), the latter of which is a protein-protective agent intro-
duced into the reaction mixture when using enzymes stored at low
temperature. Clearly, 3 appears to be unstable and tends to suffer
from nucleophilic attack in the absence of further pathway-
associated PTMs.

We then evaluated whether NosK activity tolerates the varia-
tion in the indolyl acceptor (Table 1). Individual replacement of
pentathiazolyl peptide intermediate 2 with its tetrathiazolyl vari-
ants 2-C1A, 2-C2A, 2-C3A and 2-C6A led to effective produc-
tion of the corresponding acylated products 3-C1A, 3-C2A, 3-
C3A and 3-C6A (Figures S15 and S16). Thus, the formation of
pentathiazoles is not necessary for NosK-mediated MIA transfer.
However, this reaction failed to occur with 2-C5A (Figure S16F),
a trithiazolyl variant of 2 that was generated by treating 2-C5A*
with tris(2-carboxyethyl)phosphine to release Cys4 and Cys6,
suggesting that the transfer of indolyl to Cys4 relies on Cys5-
based thiazole formation. To examine whether NosK catalysis is
applicable to the exchange between the thioester and ester linkag-
es, we prepared 2-C4S, a pentathiazolyl variant of 2 in which
Cys4 is substituted with an L-Ser residue, by mutating NosM to
variant 1-C4S in the aforementioned thiazole-forming E. coli
system (Table 1 and Figures S15D and S16E). Consequently, the
acylated product 3-C48S, in which MIA conjugates the pentathia-
zolyl peptide via an ester linkage, was produced effectively, con-
firming the specificity of the Cys4 position for indolyl installa-
tion. Interestingly, this catalysis mimics the process of MIA

Table 1. Calculated and found MS data of 1, 2 and 3 and their variants in this
study.

Caled. M.W. Found M.W.

Variants (Da) (Da) Er. (ppm)
1-C1A 7013.9712 n,d -
1-C2A 7013.9712 n,d -
1-C3A 7013.9712 n,d -
1-C4A 7013.9712 n,d -
1-C4S 7029.9661 n,d -
1-C5A 7013.9712 n,d -
1-C6A 7013.9712 n,d -
2-C1A 6933.8663 6933.8881 3.1
2-C2A 6933.8663 6933.8503 2.3
2-C3A 6933.8663 6933.8627 0.5
2-C4A 6913.8401 6913.8273 1.9
2-C4S 6929.8350 6929.8178 2.5
2-C5A* 6951.8769 6951.9002 3.6
2-C6A 6933.8663 6933.8922 3.7
3-C1A 7090.9192 7090.9237 0.6
3-C2A 7090.9192 7090.9009 2.6
3-C3A 7090.9192 7090.8959 33
3-C4A - n,d -
3-C4S 7086.8879 7086.8834 0.6
3-C5A - n,d -
3-Co6A 7090.9192 7090.9132 0.9

n.d: no detected
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incorporation in the biosynthesis of nocathiacins (NOCs),"” a
group of naturally occurring analogs of NOS, through intermedi-
ates analogous to 2-C4S and 3-C4S because NocM, the precursor
peptide of NOCs, contains a CP sequence identical to that of 1-
C4S. Most likely, the NOC and NOS biosynthetic pathways share
a similar set of PTM enzymes (e.g., NocLIJ-GFH-K and NosLIJ-
GFH-K with 52-89% identities) during the formation of their side-
ring systems; in each case, the indolyl group is appended to L-Ser
or L-Cys residue via an ester or a thioester linkage at the same
position.

The study described herein provides insights into the less un-
derstood biosynthetic process of the side-ring system of NOS, as
how and when the biologically important indolyl residue is incor-
porated were determined. Booker et al. recently demonstrated that
NosN, a Class C S-adenosylmethionine (SAM)-dependent radical
protein, catalyzes the transfer of a carbon atom from SAM to the
MIA moiety that is tethered to a trithiazolyl pentapeptide and then
the cyclization of the pentapeptide by forming an ester linkage
between its L-Glu residue and the newly introduced C1 unit."*
Intriguingly, this pentapeptide is a simplified synthetic mimic of
the indolylated pentathiazolyl peptide 3, supporting that 3 is a key
intermediate prior to the functionalization of the tethered MIA
moiety during the formation of the side-ring system. Increasing
evidence has indicated that PTMs of ribosomally synthesized
precursor peptides are comparable to NRPSs in terms of the crea-
tion of structural complex molecules. Here, the characterization of
indolyl incorporation and its timing in NOS biosynthesis high-
lights an unusual PTM paradigm that merges with NRPS-like
biosynthetic machinery (i.e., for indolyl donor preparation) in the
expansion of the structural diversity of thiopeptide antibiotics.

In conclusion, we determined the timing of the incorporation
of MIA into the bicyclic thiopeptide antibiotic NOS. MIA is first
activated as monomers in NRPS catalysis, yielding a thiolation
protein-based indolyl donor, NosJ-S-MIA. In the presence of the
indolyltransferase NosK, this non-proteinogenic o-amino acid is
then transferred from NosJ to 2, a pentathiazolyl peptide interme-
diate instead of its unmodified precursor 1, to produce the unsta-
ble acylated product 3. The formation of 2 relies on the activities
of the enzyme complex NosGFH, which converts five of the six L-
Cys residues in the CP sequence of 1 to thiazoles during succes-
sive cyclodehydration and dehydrogenations. Both thiazole for-
mation and indolyl transfer appear to be highly position-selective,
given that the former common PTM leaves Cys4 unmodified for
indolyl installation by the latter specific PTM via thioester ex-
change. This reactions, which expands the chemical space of a
thiopeptide framework, exemplify the unusual biosynthetic logic
in the development of peptide-based structural complexity
through the interdependence of common and specific PTMs.
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