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ABSTRACT: NosN is a radical S-adenosylmethionine protein observed in the biosynthesis of the bicyclic thiopeptide
nosiheptide. Insights are provided in terms of the timing of NosN action, its catalytic mechanism, and its role in side ring
formation. Beyond being a methyltransferase, NosN transforms a polythiazolyl peptide intermediate by functionalizing the S-
conjugated indolic moiety to selectively build a C1 unit, form an ester linkage to the thiopeptide framework, and establish the
side ring system specific for nosiheptide.

Nosiheptide -00C,

(NOS)

hiopeptide antibiotics are a growing family of sulfur-rich Nosiheptide (NOS, Figure 1A), produced by Streptomyces
and highly modified peptide natural products that have actuosus ATCC 25421, is an archetypal bicyclic thiopeptide.”’
long been appreciated because of their potent antibacterial It possesses a 2,4-dimethylindolic acid (DMIA) moiety, which
activity, complex architecture, and unusual mode of action.' conjugates the residues Glu6 and Cys8 of the thiopeptide

framework through ester and thioester linkages, respectively, to
form a 19-membered compact side ring system. DMIA is
biologically important and can interact with A1067, a
nucleobase of 23S rRNA that contributes to mutation-induced
bacteria resistance.”®” The selective 5'-fluorination of this
moiety led to the generation of a halogenated NOS derivative,
which displays improved antibacterial activity compared to the
parent compound.'® In S. actuosus, DMIA formation starts with
processing a precursor peptide-independent L-Trp residue by

Distinct from other chemotherapeutics that target bacterial
ribosome, many members of this family inhibit bacterial
protein synthesis by binding within a cleft located between the
L11 protein and 23S rRNA of the 50S large ribosomal
subunit.” Each thiopeptide arises from complex post-transla-
tional modifications (PTMs) of a ribosomally synthesized
precursor peptide that is composed of an N-terminal leader
peptide (LP) sequence and a C-terminal core peptide (CP)

sequence * Common PTMs transform the CP sequence, NosL, a radical S-adenosylmethionine (SAM)—dependent
which is Ser/Thr and Cys-rich, to a characteristic thiopeptide protein. NosL catalyzes a complex arrangement of the carbon
framework that features a 6-membered nitrogen-containing side chain of L-Trp to produce 3-methyl-2-indolic acid (MIA)
domain central to multiple azoles and dehydroamino acids.” In as a key intermediate (Figure 1B).'" Recently, we reported that
contrast, specific PTMs are highly diverse for individualized the incorporation of this intermediate follows the common
treatment, thereby underlying the thiopeptide family that
contains over 100 individual members in addition to sequence Received: January 23, 2019
permutation of precursor peptides. Published: February 20, 2019
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Figure 1. Nosiheptide (NOS) and biosynthetic reactions related to
side ring formation. The L-Trp-derived indolic moiety and the
thiolation protein Nos] are indicated in blue and red, respectively. (A)
Structure of NOS, in which the DIMA moiety is indicated in a dashed
rectangle. (B) MIA formation and activation. (C) Transformation of
the precursor peptide NosM into the MIA-S-Cys8 pentathiazolyl
peptide intermediate 3 through peptide intermediate 2.

NosM (1)

PTMs of the precursor peptide (NosM, 1) to the
pentathiazolyl peptide intermediate (2)."" With the adenyla-
tion protein NosI, MIA is activated and loaded on the discrete
thiolation protein NosJ, yielding NosJ-S-MIA (5). NosK, an a-
hydrolase-fold protein, then transfers MIA to the unmodified
residue Cys8 of 2, leading to the production of the MIA-S-
Cys8 peptide intermediate 3 (Figure 1C)."" We have
previously indicated that the functionalization of MIA to
DMIA within the side ring system requires the second radical
SAM protein NosN because the S. actuosus mutant strain in
which nosN was inactivated accumulates 4,'> a MIA-S-
conjugated, side-ring-opening NOS derivative. The radical
SAM-dependent activity of NosN was recently validated in
vitro;'>'* however, related experimental evidence appeared to
be contradictory in terms of the timing of NosN action, its
associated catalytic mechanism, and its role in the establish-
ment of the DMIA-containing side ring system. Using 3, 4, and
S as substrates, we here evidenced the flexibility of NosN
activity and thereby provide insights into NosN-catalyzed
PTM in NOS biosynthesis.

We expressed C-terminally 8 X His tagged NosN in
Escherichia coli. This recombinant protein was purified to
>90% homogeneity using Ni** affinity chromatography under
strict anaerobic conditions. After the reconstitution of the
[4Fe-4S] cluster, purified NosN appeared gray and exhibited
an absorbance spectrum characteristic of radical SAM-depend-
ent enzymes (Figure S1). We first assayed NosN activity using
the peptide intermediate 3 (Figure S2). In the presence of
saturated SAM, the anaerobic incubation of NosN with 3
resulted in two distinct products, 6 and 7 (with a ratio ~2.5:1),

1503

based on analysis by high-performance liquid chromatography
with high-resolution mass spectrometric detection (HPLC—
MS) (Figures 2A,B). To determine whether they are derived
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Figure 2. Assays of NosN activity using peptide intermediate 3. (A)
HPLC—MS analysis of the conversions of 3 in the absence (blue) and
presence (red) of NosN. EIC m/z = 1017.5. (B) HR-MS spectra of 6
(left) and 7 (right). (C) Fragmentation patterns of 6 (top) and 7
(bottom) by HR-MS/MS.
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from 3, HR-MS/MS analysis was conducted with variable
collision energy (Figures 2C and S3,4). Consequently, 6 and 7
share several b* fragments with 3, indicating that both products
are identical to 3 at the N-terminus and possess an unmodified
LP sequence. The difference in 6 and 7 from 3 was narrowed
to their CP sequences. Specifically, compared with the
fragmentation of 3, which produced the y* fragments y**
1102.1918 and y*" 1373.2532, fragmentation of the major
product 6 yielded the y* fragments y** 1114.1929 and y**
1385.2565 (as well as y** 1456.2960 and y'* 1543.3248),
indicating that the 8-aa C-terminal sequence was subjected to
NosN-catalyzed PTM. These findings led to a hypothesis that
6 possesses a NOS-like side ring, in which Cys8-S-conjugated
MIA might be functionalized at C4’ by a C1 unit that links
Glu6 through an ester bond to account for a +12 Da increase
in molecular weight (MW). In particular, 6 fragmentation
resulted in a daughter ion with m/z at 188.0703, which is
different from that specific for MIA (m/z at 158.0592) by 3
fragmentation, a finding consistent with the prediction that the
cleavage of both the ester and thioester linkages of 6 produces
a hydroxymethylated MIA derivative (HOMMIA). By
contrast, 7, the minor product with a +14 Da increase in
MW, is likely a shunt product with an unlinked DMIA moiety.
It could be generated by C4’ methylation of 3, according to the
distinct daughter ion with m/z at 172.0756 after fragmentation.
These findings supported the notion that NosN is a side ring-
forming enzyme for radical SAM-dependent MIA functional-
ization rather than an MIA C4’-methyltransferase as previously
proposed during NOS biosynthesis."”
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Next, to determine whether NosN can function after
pyridine formation, we tested its activity using the NOS
derivative 4. This derivative, which was previously assigned on
the basis of MS/MS analy51s, was scaled up by fermenting the
AnosN S. actuosus strain.'* After isolation and purification, the
structural identity of 4 was confirmed by nuclear magnetic
resonance (NMR) in this study (Figure SS). With NosN,
~40% of 4 ([M + H]* m/z caled 1248.1713 for
Cs3HyN;0,S6, obsd 1248.1669) was converted into a new
product, 8 ([M + H]" m/z caled 1262.1869 for
Cs4H,/N30,,S,, obsd 1262.1842) (Figures 3B and S6), over
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Figure 3. Assays of NosN activity using the NOS derivative 4. (A)
NosN-catalyzed conversion of 4 into 8. (B) HPLC analysis of the
conversions of 4 in the absence (blue) and presence (red) of NosN (1
at 330 nm).

a 1 h incubation period. Although the yield of 8 was
insufficient for NMR-based structural elucidation, HR-MS/
MS analysis suggests that it bears an uncyclized DMIA moiety,
consistent with a +14 Da increase in MW compared with 4.
These results indicate that NosN exhibits methyltransferase
activity in the presence of 4, in contrast to the previous reports
by Zhang et al. showing that NosN cannot recognize 4 as a
substrate.'® Compound 4 shares with 3 an MIA-S-conjugated
polythiazolyl skeleton, and a linear peptide mimic of this
skeleton was recently used by Booker et al. to test NosN
act1v1ty for the formation of the DMIA-containing side ring
system.'* The strained cyclic structure of 4 could hamper the
residue Glu6 approaching the active site of NosN in the
functionalization process of MIA, thereby leading to C4'-
methylation of MIA as the only result. Most likely, NosN-
catalyzed PTM proceeds before pyridine formation, in line
with the previous finding of an NOS derivative that possesses a
complete side ring system but lacks the thiopeptide-character-
istic, 6-membered nitrogen-containing central domain."®
Finally, we examined NosN activity using NosJ-S-MIA (5).
This peptide substrate (Figure S8), along with the mimic S-(N-
acetyl)cysteamine (SNAC)-S-MIA (Figure S7), was used by
Zhang et al. to assign NosN function as an MIA C4'-
methyltransferase;' ' however, it did not work in assays
conducted by Booker et al. Consistent with previous findings,
the incubation of NosN with § primarily produced a +14 Da
methylated product, 9 (Figures 4B), albeit with a yield much
lower than 6 in NosN-catalyzed 3 transformation. Further HR-
MS/MS analysis supported the structural identity of 9 to NosJ-
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Figure 4. Assays of NosN activity using the peptide substrate S. (A)
NosN-catalyzed conversion of § into 9 and 10. (B) HPLC—HR-MS
analysis of the conversions of § in the absence (top) and presence
(bottom) of NosN. (C) Fragmentation pattern of 9 by HR-MS/MS.
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S-DMIA (Figures 4C and S9). Similar results were observed in
the conversion of SNAC-S-MIA to SNAC-S-DMIA (Figure
S7).Notably, the conversion of § also produced a trace of a
previously uncharacterized +30 Da product, 10 (Figure 4B),
allowing for the prediction that NosN activity confers a
hydroxymethyl group at C4’' of MIA, yielding NosJ-S-
HOMMIA. In the biosynthetic pathway of NOS, it is unlikely
that NosN plays the role for NosJ-S-MIA conversion, which
could be a shunt reaction, given that no unannotated
biosynthetic genes within the nos cluster remain to be
responsible for further PTMs to form an ester linkage with
Glu6 and complete the side ring system. However, the finding
of the product NosJ-S-HOMMIA is important and supports
the hypothesis that NosN functions beyond being an MIA
C4'-methyltransferase.

Mechanistically similar to radical SAM homologues that
were characterized recently (Figure 5),"”'® NosN could
reductively cleave the first SAM molecule, yielding 5'-dA°®,
which then abstracts a hydrogen atom from the second SAM
molecule, rather than 5’-methylthioadenosine as Zhang et al.
indicated,” to produce a SAM methylene radical. This SAM
radical can be added to C4’ of the MIA moiety shared by 3—35,
and subsequent S-adenosyl-L-homocysteine (SAH) elimination
might lead to the production of a substrate radical containing
an exocyclic methylene group at C4’. The observation of SAH
as a coproduct in the tested reactions (Figure S10), all of
which were 5’-methylthioadenosine independent, supported
this conclusion. Methylated products could be derived from
the substrate methylene radical intermediate by electron
transfer and subsequent protonation. Alternatively, branching
may occur after electron loss to produce a reactive electrophilic
species and depends on the MIA-S-conjugated peptide nature
of substrates. Only by using 3, which appears to be the native
substrate of NosN, this species can approach Glu6 to complete
the side ring formation. Conducting the NosN-catalyzed 3
transformation in H,'®O resulted in the unlabeled cyclized
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Figure S. Proposed mechanisms for NosN-catalyzed conversions
using various substrates.

product 6 (Figure S11), consistent with the hypothesis that the
ester bond linkage comes from Glué. Otherwise, the species
would be quenched by a hydroxyl ion in solution to afford a
hydroxymethyl group. To examine this hypothesis, we
conducted the NosN-catalyzed conversion of § in H,*0
with d;-SAM (Figure S12). As anticipated, this conversion
produced the +2 Da NosJ-S-DMIA derivative and, particularly,
the +4 Da NosJ-S-HOMMIA derivative.

In conclusion, based on the examination of NosN activity
using various substrates, we provide insight into the role of this
unusual radical SAM protein in the biosynthesis of the bicyclic
thiopeptide member NOS. Beyond being an methyltransferase
only, NosN likely functions before pyridine formation and
transforms a polythiazolyl peptide intermediate by functional-
izing the Cys8-S-conjugated MIA moiety at C4’ to build a C1
unit and link Glu6 through an ester bond during the formation
of the side ring system specific for NOS. This study highlights
the unusual logic in the development of peptide-based
structural complexity and diversity through the interdepend-
ence of common and specific PTMs. Following NosN activity,
common PTMs may proceed to furnish multiple dehydroami-
no acids and the central heterocyclic domain to establish the
characteristic thiopeptide framework.
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