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Thiopeptins are a complex of thiopeptide antibiotics similar in
structure to thiostrepton and harboring a thioamide, a rare moiety
among natural products. Here, we illustrate through a series of
in vivo experiments that the thioamide moiety of thiopeptins is
generated posttranslationally by a TfuA—YcaO pair, encoded in the
thiopeptin biosynthetic gene cluster, before the maturation of the
thiopeptide bicyclic scaffold, enhancing the understanding of the
biosynthetic logic of thioamide-containing thiopeptides.

Thiopeptides are members of the ribosomally synthesized and
posttranslationally modified peptide (RiPP) family of natural
products.” Most thiopeptides display nanomolar potency
toward various drug-resistant strains of Gram-positive patho-
gens by blocking protein translation,®* and certain bicyclic
thiopeptides have been found to exhibit antitumor, antiplas-
modial and immunosuppression activities,”” motivating the
interest in the discovery, design and production of thiopeptide
analogs with improved pharmacokinetic parameters to over-
come their physical drawbacks for clinical use.®® As with many
RiPPs, thiopeptide antibiotics are biosynthesized via the con-
version of a precursor peptide composed of an N-terminal
leader peptide (LP) and a C-terminal core peptide (CP), and a
myriad of posttranslational modifications (PTMs) occur solely
on the latter, either dependent on or independent of the
former.'*"> Recent studies have shown that the establishment
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of the characteristic framework of thiopeptides, which shares
an unusual macrocyclic peptidyl core containing a six-mem-
bered heterocycle domain central to multiple azoles and dehy-
droamino acids, requires a series of common PTMs and
adheres to a common biosynthetic logic. The precursor pep-
tides are first modified by an LP-dependent Ocin-ThiF/YcaO
pair, which cyclodehydrates Cys/Ser residues to form azoline
heterocycles, often followed by dehydrogenation to the corres-
ponding azole."*'* The unmodified Ser/Thr residues in the
azol(in)e-bearing intermediate are then dehydrated to form
dehydroalanine (Dha)/dehydrobutyrine (Dhb) structures in a
tRNA-dependent and LP-free manner by a split LanB-like dehy-
dratase.” The last step is the formation of a six-membered,
central nitrogen heterocycle by a cyclase that condenses two
Dha residues of the linear precursor via [4 + 2]
cycloaddition."®"”

The common PTMs mentioned above were found in all
thiopeptides, while specialization of the characteristic frame-
work for over 100 different thiopeptide members largely
depends on a number of specific PTMs,'" e.g., the decoration
of the central domain and the macrocyclic core system, the tai-
loring of the C-terminal extended side chain and the fabrica-
tion of a side-ring system, which can occur irregularly before
or after the formation of the characteristic scaffold, and some
of which are interdependent on common PTMs.'®* In the
biosynthetic pathway to form bicyclic thiopeptides, both the
specific moieties of quinaldic acid (QA), contained in the side
ring of thiostrepton (TSR), and indolic acid (IA), contained in
the side ring of nosiheptide (NOS), originate from L-Trp and
were formed independent of the precursor peptide. The conju-
gation of QA and the N-terminus of the core peptide sequence
was recently confirmed to be catalyzed by the o/f-hydrolase
fold protein TsrI after maturation of the primary macrocycle,**
whereas NosK, another a/p-hydrolase fold protein, mediates
the transfer of MIA from a discrete thiolation preotein, NosJ,
to a linear pentathiazolyl peptide intermediate before matu-
ration of the primary macrocycle.®® In the biosynthetic
pathway to form the monomacrocyclic member thiocillin, oxi-
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dative decarboxylation of the C-terminal Thr residue of the pre-
cursor peptide is a prethiopeptide PTM that immediately
follows the formation of thiazol(in)es.?® This step is indispens-
able for Ser/Thr-residue dehydration and subsequent intra-
molecular cyclization to build a thiopeptide framework.
However, amidation of the C-terminal residue of TSR is a post-
thiopeptide PTM that occurs after the formation of the bicyclic
scaffold.'® Thus, elucidation of specific PTMs, especially
those with novel activities, is essential to understand the bio-
synthetic logic of thiopeptides and expand the biosynthetic
toolkit to produce thiopeptide derivatives for clinical drug
screening.

Thiopeptins (TPPs) are a complex of thiopeptide antibiotics
produced by Streptomyces tateyamensis ATCC 21389.>” The
structures of TPPs are strikingly similar to the prototypical
thiopeptide TSR, both containing 17 amino acids and
differing only in the first residue and bearing a QA moiety
within the side-ring system of their core macrocycles (Fig. 1A).
However, TPPs are distinguished by a thioamidated structure
and either a piperidine or a dehydropiperidine in the core
macrocycle. Recently, we identified the thiopeptin biosynthetic
gene (tpp) cluster and demonstrated that the central piperidine
heterocycle of TPPs is transformed from the dehydropiperidine
heterocycle by an F4,0H,-dependent reductase,*® whereas the
specific PTM of thioamidation still remains poorly understood.
Thioamidations are rare in natural products, with only a
handful examples, including RiPPs such as methanobac-
tins,”**° thioviridamides,**? thioamide-containing thiopep-
tides,>”****> non-RiPP closthioamide®® and a few other
nonpeptides.>’° In addition to methanobactins, whose thio-
amides are formed in a YcaO-independent manner,*® a TfuA-
YcaO pair has been identified in many other biosynthetic gene
clusters of thioamide-containing RiPPs, such as thiovirid-
amides and thiopeptides (thiopeptin, saalfelduracin and Sch
18640),2%*4*1%2 and was hypothesized to be responsible for
the thioamidation process. The involvement of a TfuA-YcaO
pair in the thioamidation of methyl-coenzyme M reductase in
Methanosarcina acetivorans was also recently established.****
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Fig. 1 Structures and biosynthetic gene clusters of thiopeptins and
thiostrepton. (A) Structures of thiopeptins and thiostrepton. The (thio)
amide moiety is shown in red, and the first residue is shown in blue. (B)
Biosynthetic gene clusters of thiopeptins and thiostrepton. Homologous
genes are indicated by dashed lines.
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However, the specific PTM of thioamidation in thiopeptins, as
well as its associated biosynthetic logic, still lacks direct bio-
chemical evidence. Based on our previous analysis of the thio-
peptin biosynthetic gene cluster in S. tateyamensis ATCC
21389, we here confirm in vivo that the TfuA-YcaO pair
encoded by tpp cooperate to promote TPP thioamidation and
demonstrate that the specific posttranslational thioamidation
is a prethiopeptide PTM that occurs before the maturation of
the bicyclic scaffold of the thiopeptide, which enhances the
understanding of the biosynthetic logic of thioamide-contain-
ing thiopeptides and enriches the biosynthetic toolkit for the
development of additional thiopeptide analogs for clinical
drug screening.

Intrigued by the rarity and obscurity of posttranslational
thioamidation in thiopeptides, we started to use thioamide-
containing thiopeptins as a research platform. In a previous
work, we characterized the thiopeptin biosynthetic gene
cluster from the TPP-producing strain S. tateyamensis, which
contains 23 open reading frames (orfs, Fig. 1B and
Table S41).® By comparing the sequence homology with thios-
trepton and other thiopeptide biosynthetic gene clusters and
bioinformatic analysis, we determined the function of each orf
and hypothesized that the deduced products of two adjacent
genes, tppX; and tppX,, were responsible for the thioamidaiton
of thiopeptin. TppX; and TppX, are similar to TfuA proteins
and YcaO domain-containing cyclodehydratases, respectively.
Such tfuA-ycaO genes were also contained in other thioamide-
containing thiopeptide biosynthetic gene clusters, such as
Sch18640 and saalfelduracin. Sequence similarity networks of
YcaO enzymes showed that the YcaO protein TppX, was highly
homologous with other TfuA-associated YcaO proteins (>60%
identity) and had poor homology (<15% identity) with the
YcaO proteins responsible for azoline formation (e.g., TsrO,
NosG and TruD for TSR, NOS and trunkamide, respectively)
(Fig. 2). To determine the difference between the YcaOs from
these two clusters, six corresponding YcaO sequences were
chosen to generate a diversity-oriented multiple sequence
alignment (Fig. S37). Unlike the YcaO proteins responsible for
azoline formation, TfuA-associated YcaO proteins are shorter
and do not contain the highly conserved Pro-rich C-terminal
sequence, but the ATP- and Mg**-coordinating residues (e.g.,
Glu78, Glu81, Glu164, and Glul167 in Methanosarcina kandleri
YcaO) are highly conserved among all selected sequences, as
previously reported for azoline-forming YcaOs and thioamide-
forming YcaOs.

To confirm our hypothesis, we inactivated the gene encod-
ing TppX, in S. tateyamensis by in-frame deletion (to exclude
the polar effects on downstream gene expression) using a
shuttle plasmid, pKC1139. The resulting mutant strain AtppX,
(SL101) completely lost the ability to produce 1 (minor) and 2
(major), which are produced by wild-type S. tateyamensis
(Fig. 3A). However, the mutant produced two distinct com-
pounds, 3 (minor) (M + H]" m/z: caled 1667.4998 for
C,Hg7N;5044S5, found 1667.5035) and 4 (major) (M + H]" m/z:
caled 1653.4842 for C,;HgsN;3044Ss, found 1653.4870), with a
mass reduced by 16 Da relative to 1 and 2, respectively, and

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Sequence similarity networks of YcaO enzymes. A sequence
similarity network (SSN) of PFAM 02624 is generated. The total number
of sequences is 10 333. The SSN was generated using the Enzyme Function
Initiative Enzyme Similarity Tool (EFI-EST) and visualized with Cytoscape.
Each node is conflated at the 75% identity level, that is, the sequences that
share more than 75% identity are represented by a single node.

displaying UV-vis absorption peaks (at Amax = 198, 252, and
305 nm; Fig. S1T) quite similar to those of the parent com-
pounds 1 and 2. For structural elucidation, purified 4 was sub-
jected to comparative NMR spectroscopic analysis with 2.
Despite the overall similarity in the spectra (Fig. S8 and
Table S51), the distinct signals showed the only difference to
be the thioamide moiety in the macrocyclic scaffold. The **C
NMR spectrum of compound 4 showed a peak attributed to a
carbonyl carbon at § 166.9 ppm, representing an upfield shift
of 23.0 ppm from the thiocarbonyl carbon peak at § 189.9 ppm
in the spectrum of 2.*> In combination with the 'H NMR,
"H-'H COSY, HSQC, and HMBC spectra, these data estab-
lished that 4 is a thiopeptin intermediate that only lacks the
thioamide moiety in the macrocyclic scaffold (Fig. 3A), strongly
supporting the conclusion that TppX, was indispensable in
the thioamidation TPPs.

Based on the various results from recent studies that the
adjacent TfuA and YcaO proteins are both required for the
thioamidation of peptides, such as thioviridamides and
methyl-coenzyme M reductase,*>** we proposed that the TfuA-
like protein TppX; may partner with the YcaO protein TppX,
to promote thioamidation of TPPs. To determine whether our
hypothesis is correct, ¢ppX; and tppX, were separately
expressed, as well as coexpressed, heterologously in the TSR-
producing strain Streptomyces laurentii using an integrative
plasmid pSET152. It is well known that TPPs and TSR differ
only in the first residue, the modification of the C-termini and
the occurrence of thioamidation. We reasoned that the

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (A) Characterization of the role of TppX; in thioamidation. In vivo
assays of TppX, activity. HPLC analyses of the culture extracts from the
mutant AtppX> (i) and the wild-type S. tateyamensis (ii). (B)
Characterization of the roles of TppX; and TppX, in thioamidation.
HPLC-HR-MS analyses of the culture extracts from the wild-type
S. laurentii (i), the wild-type S. laurentii with the integrative plasmid con-
taining tppX; (i), the wild-type S. laurentii with the integrative plasmid
containing tppX> (i), the wild-type S. laurentii with the integrative
plasmid containing tppX; and tppX> (iv), the mutant AtsrB with the inte-
grative plasmid containing tppX; (v), the mutant AtsrB with the integra-
tive plasmid containing tppX, (vi), the mutant AtsrB with the integrative
plasmid containing tppX; and tppX5 (vii).

S. tateyamensis TfuA-YcaO pair could tolerate those differences
and convert TSR to a thioamidated analog. The fermentation
of S. laurentii with the integrative plasmid containing tppX;
and tppX, was subsequently analyzed by high-performance
liquid chromatography with high-resolution mass spec-
trometry (HPLC-HR-MS), which revealed a new metabolite that
was 16 Da heavier than TSR and was chemically identical to
thioamidated TSR analog 6 (M + H]" m/z: caled 1680.4773 for
C7,HgeN19015S6, found 1680.4699), consistent with a recent
finding by Mitchell et al.>* (Fig. 3B and S57). In addition, the
omission of either tppX; or tppX, in S. laurentii resulted in a
loss of the ability to produce a thioamidated TSR analog, indi-
cating that both ¢ppX; and tppX, are necessary for the thioami-
dation of TPP. Similar results were also obtained when separ-
ately expressing or coexpressing tppX; and tppX, in the tsrB-
inactivated strain AtsrB (¢tsrB encodes an o/f hydrolase, catalyz-
ing the hydrolysis of the methyl ester TSR analog to provide
the carboxylate TSR analog),"® and HPLC-HR-MS analysis of
the fermentation of A¢srB with the integrative plasmid contain-
ing tppX; and tppX, revealed a new metabolite 7 (M + H]" m/z:
caled 1695.4770 for C,3Hg;N;5045S6, found 1695.4729) (Fig. 3B
and S57). These data suggest that TppX; and TppX,
might work together and be flexible, accepting thiopeptides in
which the core sequence and the mature structure are similar
to their native substrate. However, the time point in the TPP
biosynthetic pathway at which thioamidation takes place

Org. Biomol. Chem., 2019, 17, 3727-3731 | 3729
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remains unknown, which would affect the whole understand-
ing of TPP biosynthetic logic.

To investigate whether the specific posttranslational thioa-
midation occurs after maturation of the thiopeptide bicyclic
scaffold, we fed TSR to the TPP-producing strain
S. tateyamensis and screened the relevant fermentation pro-
ducts by HPLC-HR-MS to monitor the corresponding thioami-
dated TSR analogs, yet no thioamidated TSR analog was
found. Further analysis of the fermentation revealed a new
metabolite that was 2 Da heavier than TSR (Fig. S6t), which
should be a dehydropiperidine reduction product of TSR gen-
erated by the F,0H,-dependent reductase TppX,. This result
indicated that TSR could be successfully fed into the TPP-pro-
ducing strain S. tateyamensis and recognized by the reductase
TppX, but could not be transformed by the TfuA-YcaO pair.
We then supplemented 8 (Fig. 4), which was recently isolated
from a mutant strain A¢srP (¢srP encodes a cytochrome P450
protein that catalyzes epoxidation) (Fig. S6%1),’® to
S. tateyamensis to determine if TppX; and TppX, could utilize
a monocyclic intermediate whose second side ring has not
been closed. However, the result of HPLC-HR-MS detection
showed no corresponding thioamidated product and only
revealed a reductive product that was 2 Da heavier than 8,
similar to the result of feeding TSR. Based on these results, we
hypothesized that posttranslational thioamidation might be a
prethiopeptide PTM functioning on a linear intermediate
before the formation of the central nitrogen heterocycle. To
further explore the roles of TppX; and TppX,, we overexpressed
their encoding genes in Escherichia coli BL21(DE3). Initially,
our numerous attempts to obtain either TppX; or TppX, in
soluble form when expressing tppX; or tppX, alone failed. As
the previous work implied that they were functionally associ-
ated, we coexpressed N-terminally 6x His-tagged TppX; and
untagged TppX, in E. coli BL21(DE3) with the assumption that
the resultant proteins could interact and cause a solubilization
effect. As anticipated, soluble protein complexes were observed
and were isolated on a Ni-NTA column. After denaturing, the
purified proteins decomposed into two subunits with a ratio of
~1:1 and sizes appropriate for N-terminally 6x His-tagged
TppX; (~48 kDa) and untagged TppX, (~43 kDa) (Fig. S27).
Clearly, TppX; and TppX, noncovalently interact with each
other and form a heterodimer in solution. As the bioinfor-
matic analysis showed that the YcaO protein TppX, was highly
homologous to other TfuA-associated YcaO proteins (Fig. 2)

HO OH

Fig. 4 Structure of compound 8.
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and the ATP- and Mg>"-coordinating residues (e.g., Glu8s,
Glu88, Glu191 and Glu194 in TppX,) were conserved with pre-
viously reported TfuA-associated YcaO protein in M. kandleri
(Fig. S31), we predicted that thioamide formation in TPPs
would also be an ATP-dependent, YcaO-catalyzed reaction. We
thus examined the activity of the heterodimer of TppX; and
TppX, in the presence of ATP and the external sulfide donor
Na,S using 4 and 8 as the substrates, respectively (Fig. S77).
Neither 4 nor 8 was transformed, consistent with the feeding
results in vivo. Combined with the reports on YcaO partner
proteins, we proposed that the actual substrate of the TfuA-
YcaO pair in thiopeptides might be a linear intermediate con-
taining a leader peptide, and plausible functions of TfuA
include binding the leader peptide, allosterically activating
YcaO or assisting in the delivery of sulfide to the substrate
during the thioamidation process. Future work will be required
to confirm or refute these proposals.

Conclusions

In conclusion, we demonstrate in vivo that the specific PTM of
thioamidation in thiopeptins relies on the activities of the
tppX; and tppX, genes, which encode a noncovalently bound
TfuA-YcaO pair and work together by forming a heterodimer.
Further investigation of the biosynthetic logic of the specific
posttranslational thioamidation shows that it is a prethiopep-
tide PTM that occurs before maturation of the thiopeptide
bicyclic scaffold, as feeding TSR or the monocyclic intermedi-
ate 8 to S. tateyamensis did not produce the corresponding
thioamidated products. However, the specific PTM of thioami-
dation is not indispensable among the common PTMs in thio-
peptins, as deletion of the ¢ppX, gene in S. tateyamensis
resulted in the production of a mature dicyclic thiopeptide 4.
The direct biochemical evidence provided here enhances the
understanding of the biosynthetic logic of thioamide-contain-
ing thiopeptides and suggests that the specific posttransla-
tional thioamidation in thiopeptides might occur on a linear
intermediate containing a leader peptide, which needs to be
confirmed or refuted in the future.
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