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Summary of main observation and conclusion Thiopeptides, arising from complex posttranslational modifications of a genetically encoded precursor
peptide, are of great interest due to their structural complexity and important biological activities. All of these antibiotics share a macrocyclic peptidyl
core that contains a central, six-membered nitrogen heterocycle and are classified into five series a—e based on the oxidation state of the central nitrog-
enous ring. Here, we report that the biosynthesis of the central piperidine heterocycle of series a thiopeptides relies on the activity of homologues of an
F20H,-dependent reductase TppX, by exploiting and characterizing the piperidine-containing thiopeptin biosynthetic gene (tpp) cluster in Streptomyces
tateyamensis. In vitro reconstruction of TppX, activity demonstrated that the piperidine heterocycle of thiopeptins was transformed from a dehydropi-
peridine heterocycle, and TppX, tolerated the changes in the C-termini and macrocyclic peptidyl core of substrate and also tolerated dehyropiperi-
dine-containing monocyclic or bicyclic thiopeptides. The identification of TppX, and its substrate tolerance enriches the biosynthetic toolbox for devel-

opment of additional thiopeptide analogs for clinical drug screening.

Background and Originality Content

Thiopeptide antibiotics are a class of sulfur-rich, ribosomally
synthesized and post-translationally modified peptide (RiPP) nat-
ural products. These antibiotics possess a wide variety of biologi-
cal activities, e.g., anti-infection, antitumor and immunosuppres-
sion and are beneficial to humans largely because of their highly
functionalized unusual architectures, which share a macrocyclic
peptidyl core that contains a six-membered heterocycle domain
central to multiple azoles and dehydroamino acids.™ To date, over
100 distinct thiopeptides have been identified and are classified
into five series a—e based on the oxidation state of the central,

six-membered nitrogenous ring in the core macrocycle (Figure 1A).

Despite the diverse and impressive activity of thiopeptides, their
general physical drawbacks (e.g., poor water solubility) have
largely stymied their clinical use, which has motivated interest in
new analog development to overcome these obstacles.” Howev-
er, the complex architecture of thiopeptides and the limited sites
for further functionalization pose tremendous challenges to the
development of analogs by chemical syntheses and semisynthe-
ses, making researchers turn their attention toward bioengineer-
ing and synthetic biology,[3'4] which relies on the elucidation of
the biosynthetic pathways of thiopeptides in recent years.* ™

As with many RiPPs," the biosynthesis of thiopeptide antibi-
otics starts with the conversion of a peptide precursor composed
of an N-terminal leader sequence and a C-terminal core sequence.
A myriad of post-translational modifications (PTMs) occur solely
on the latter, in manners either dependent or independent of the
former.** The establishment of the characteristic thiopeptide
framework requires Cys/Ser-residue processing to produce az-
oles,™ Ser/Thr-residue dehydration to yield dehydroamino ac-
ids,™¥ and intramolecular cross-bridging to furnish the central
heterocyclic domain.™ Recent studies indicated that the central
pyridine heterocycle of series d thiopeptides is installed by a

cyclase that condenses two dehydroalanine (Dha) residues of a
linear precursor in a [4 + 2] cycloaddition, followed by the dehy-
dration and elimination of the leader peptide to generate the
aromatic nitrogenous heterocycle.[”] The core macrocycles of
series a and series b thiopeptides also originate from two Dha
residues, but it remains poorly understood how this macrocycliza-
tion process leads to retention of the N-terminal peptide and a
more reduced piperidine or dehydropiperidine ring. Thiopeptins
(TPPs, Figure 1B, 1—4) are a complex of thiopeptide antibiotics
produced by Streptomyces tateyamensis ATCC 21389, possessin%
either a piperidine or dehydropiperdine in the core macrocycle.[1
The structures of TPPs are similar to the prototypical thiopeptide
thiostrepton (TSR, Figure 1B, 5). Both contain 17 amino acids,
differing only in the first residue, and both bear a quinaldic acid
(QA) moiety within the side-ring system of their core macrocycles,
which originates from I-Trp and is formed independently of the
precursor peptide through complex ring expansion and recycliza-
tion, relying on the activities of the pyridoxal-5’-phosphate-de-
pendent protein TsrA and the flavoprotein TsrE in TSR biosynthe-
sis.'*" The conjugation of QA and the N-terminus of the core
peptide sequence was also recently confirmed to be catalyzed by
an o/B-hydrolase fold Protein Tsrl during the formation of the
side-ring system of TSR. '8 Here, we demonstrate that the central
piperidine heterocycle of series a thiopeptides is transformed
from the dehydropiperidine heterocycle, which relies on the ac-
tivity of a flexible F4,0H,-dependent reductase, by exploiting and
characterizing the biosynthetic pathway of TPPs, and establishing
a series of thiopeptide analogs for clinical drug screening.

Results and Discussion

Identification of the gene(s) responsible for the formation
of piperidine in TPPs
To elucidate the biosynthetic mechanism of piperidine in
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Figure 1 Thiopeptide subfamilies, structures and biosynthetic gene clusters of thiopeptins and thiostrepton. (A) Five subfamilies of thiopeptides series
a—e. (B) Structures of thiopeptins and thiostrepton. The (dehydro)piperidine rings are shown in red, the (thio)amide moiety is shown in blue, and the
quinaldic acid moiety is shown in purple red. (C) Biosynthetic gene clusters of thiopeptins and thiostrepton. Homologous genes are indicated by dashed

lines.

thiopeptides, we began with the investigation of the gene(s) re-
sponsible for the formation of piperidine in TPPs. The TPPs-pro-
ducing strain S. tateyamensis was sequenced and sought for a
nucleotide sequence that could encode the core peptide of TPPs
(V1ASASCTTCICTCSCS;7). tppH was then identified as the gene
encoding the thiopeptins precursor peptide and the whole se-
quence of tpp was located and named on the basis of being simi-
lar in composition and organization to the thiostrepton gene (tsr)
cluster, which revealed 23 open reading frames (orfs) (Figure 1C
and Table S1). By analysis of the sequence homology with tsr and
other thiopeptide biosynthetic gene clusters, the deduced prod-
ucts of seven orfs, tppJKLMNOS, were expected to be required to
act on the precursor TppH to afford the core thiopeptins scaffold.
TppN and TppO are similar to leader peptide binding proteins and
YcaO domain-containing cyclodehydratases, respectively, which
are functionally associated with the formation of thiazoline, fol-
lowed b%/ oxidation by the dehydrogenase TppM to form thia-
zole."** The dehydratases TppJ, TppK and Tpp$ are expected to
catalyze the dehydrations of Ser/Thr to generate dehydroalanine
(Dha)/dehydrobutyrine (Dhb),™ and then two Dha residues are
likely coupled together by a putative [4 + 2] cyclase, TppL, to form
a dehydropiperidine and the thiopeptins core macrocycle (Figure
S1).

Other orfs were presumed to be responsible for the specific
post-translational modifications of the core thiopeptins scaffold.
The formation of quinoline ketone, a key intermediate for QA
moiety, relies on TppTAE, which are similar to the radical SAM and
cobalamin-dependent methyltransferase TsrT,%% the aminotrans-
ferase TsrA and the flavin-dependent oxidase TsrE, respectively.”el
TppU, a stereospecific reductase with similarity to TsrU, catalyzes
the further conversion of the ketone into an enantiomerically
pure s-alcohol,? while TppPQI were expected to install the QA-
containing side ring system.'®* According to the previous intro-
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duction, the C-termini of thiopeptins from S. tateyamensis pos-
sess either a methyl ester (1, 3) or a carboxylic acid (2, 4), and
thiopeptins containing an amide at the C-termini was not ob-
served. Accordingly, TppF, with similarity to methyltransferase TsrF,
may function as a carboxy methyltransferase to produce a
C-terminal methyl ester, and a homolo?ue encoding the thio-
strepton amidotransferase TsrC is absent. 2 However, there is no
homologue of the methylesterase TsrB in the tpp cluster, which is
responsible for the hydrolysis of the C-terminal methyl ester to
produce the carboxylic acid, making it unclear how the C-terminal
carboxylic acid of the thiopeptins is formed.

In addition to the different modifications of C-termini be-
tween thiopeptins and thiostrepton, TPPs are distinguished by the
formation of a thioamide moiety and a piperidine in the core
macrocycle. Consistent with the differences in structure, the tpp
cluster reveals four more genes, tppX;/X,/Xs/X4 that do not share
homology with known thiopeptide biosynthetic genes and may be
related to the formation of the thioamide and piperidine. Analysis
of the functions of the products encoded by these four genes
revealed that TppX; is similar to an a/B-hydrolase and likely func-
tions as TsrB to hydrolyze the C-terminal methyl ester to produce
the carboxylic acid. TppX1/X, show similarity to TfuA-like proteins
and YcaO proteins, respectively. Recent studies showed that such
homologous YcaO-TfuA pair is also encoded in the biosynthetic
gene cluster of thioviridamide, another thioamide-containing
RiPP, and is required for the formation of the post-translational
thioamide of methyl-coenzyme A reductase in Methanosarcina
acetivorans.”>?*! Therefore, it is expected that TppX; and TppX,
work together to install the thiopeptins thioamide. The only re-
maining protein encoded by the gene tppX,4 belongs to pyridoxine
5'-phosphate (PNP) oxidase-like and flavin reductase-like (PNPOXx/
FlaRed_like) superfamily or PPOX class proteins. The PNPOx/
FlaRed_like superfamily proteins are reported as flavin mononu-
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cleotide (FMN)-dependent pyridoxine/pyridoxamine 5’-phosphate
(PMP) oxidases and other flavin-dependent oxidoreductases (e.g.,
flavin adenine dinucleotide, FAD? (27281 \vhile PPOX class are
Fa20-dependent omdoreductases.[29 Both of these could be candi-
dates to mediate the reduction reaction to form the piperidine
ring of series a thiopeptins.

Characterization of TppX, in vivo

To clarify the question of whether the piperidine ring of series
a thiopeptins relies on the activity of TppX,, we inactivated the
gene encoding TppX, in S. tateyamensis by in-frame deletion (to
exclude the polar effects on downstream gene exg;ressmn) using a
Cas9-contained shuttle plasmid, pWHU2653 The resulting
mutant strain AtppX, (JY101) completely lost the ability to pro-
duce 1 (minor) and 2 (major), which are yielded by wide type S.
tateyamensis (Figure 2A). However, the mutant produced two
distinct compounds 3 (minor) ([M+Na]® m/z: calcd 1703.4394 for
C2HgaN15015NaSg, found 1703.4427) and 4 (major) ([M+H]" m/z:
calcd 1667.4457 for C;,Hg3N1g01gSs, found 1667.4451) with a mass
reduced 2 Da relative to 1 and 2, respectively, and displaying
UV-vis absorptions (at Ana = 198, 252, and 305 nm; Figure S2)
quite similar to those of the parent compounds 1 and 2. For
structural elucidation, purified 4 was subjected to comparative
NMR spectroscopic analysis with 2. In spite of the overall similari-
ty in the spectra (Figure S7 and Table S5), the distinct signals
showed its only difference to be in the central nitrogen heterocy-
cle. The **C NMR spectrum of compound 4 showed a carbon at o
163.4, representing a downfield shift of 106.5 from that at & 56.9
for 2, while 'H NMR spectrum showed the correlated hydrogen at
3 4.44 for 2 was absent in 4. Together with its "H-"H COSY, HSQC,
and HMBC spectra, these data established that 4 is a thiopeptin
intermediate bearing a dehydropiperidine at the central nitrogen
heterocycle (Figure 2A), strongly supporting the conclusion that
TppXs mediates the reduction of dehydropiperidine to form the
piperidine ring of series a thiopeptins.

TppX, is an F4yoH,-dependent dehydropiperidine reductase

Bioinformatics suggests that TppX, is either a PNPOx/FlaRed_
like protein or a PPOX-class protein, which means that the cofac-
tor of TppX,4 could be FMN, FAD or F,y (Figure S5). As the TppX,
mediates the hydrogenation of dehydropiperidine, the real cofac-
tor utilized by the enzyme should be the reduced form of those
cofactors (e.g., FMNH,, FADH, or F;x0H,). To explore the nature of
TppX, catalysis, we overexpressed TppX, in a 6-His-tagged form
and purified it from Escherichia coli B12(DE3) (Figure S3). The
recombinant TppX, protein was colorless, suggesting that it did
not co-purify with the flavins present in E. coli. We then used 4,
isolated from the mutant AtppX,, as the substrate of TppX, to
reconstitute its activity in V|tro Flrst we tried the reduced flavin
as the cofactor of TppX,. Fre,* a flavin reductase, was purified
from E. coli and complemented to the reaction mixture to recycle
FADH,/FMNH, from oxidized FAD/FMN with nicotinamide adenine
dinucleotide phosphate (NADPH) in situ. However, no matter
whether FADH, or FMNH, was present in the reaction mixture, it
did not result in further transformation of 4 (Figure 2B).

We then considered the cofactor F4ygH,. Since F4y0 cannot be
produced by E. coli, we |solated it from an F4,9 high-yield strain,
Mycobacterium smegmatis mc? 155.%% TppXs, an Fay0 reductase,
was explored and purified from TPPs-producing strain S. tateya-
mensis (Figure S3) and complemented to the reaction mixture to
recycle FsoH, from oxidized F459 with NADPH in situ. In the pres-
ence of TppXs, F420 and NADPH, TppX, completely converted 4 to 2
(['\/H‘H]+ m/z: calcd 1669.4613 for C71HgsN1g015Ss, found
1669.4596) at 30 C after 5 h, as detected by HPLC and LC-MS
(Figure 2B). This transformation failed to occur in the absence of
TppXs, Fa2o Or NADPH, clearly indicating that TppX, is a FspoH,-
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Figure 2 Characterization of the role of TppX, in the formation of piperi-
dine. (A) In vivo assays of TppX, activity. HPLC analyses of culture extracts
from mutant AtppX, (i) and wild type S. tateyamensis (ii). (B) In vitro as-
says of TppX, activity. FADH,/FMNH, was produced by reducing FAD/FMN
with NADPH in the presence of Fre. FoH, was produced by reducing Fazo
with NADPH in the presence of TppXs. i and ii, transforming 4 with cofac-
tor FADH, and FMNH,, respectively; iii and iv, transforming 4 with cofactor
Fi0H2 in the absence (negative control) and presence of TppX,, respec-
tively; v, transforming 4 in the absence of TppXs; vi, transforming 4 in the
absence of NADPH,; vii, transforming 4 in the absence of Fs.

dependent dehydropiperidine reductase (Figure 2B). Searching
the homologues of TppX4 in NCBI revealed potential piperidine-
containing thiopeptide biosynthetic gene clusters and the homo-
logues of TppX, are present in all rePorted series a thiopeptide
biosynthetic gene clusters (Figure S4),” demonstrating that it is a
common strategy that piperidine of series a thiopeptide originates
from the reduction of dehydropiperidine of series b thiopeptide
by an F,H,-dependent reductase. However, it is not yet known if
TppX4 would act upon a dehydropiperidine-containing monocyclic
intermediate that the second QA-containing macrocycle has not
yet installed.

Substrate scopes of TppX,

To further investigate the substrate tolerance of TppX,, we se-
lected 3, possessing a methyl ester at the C-termini, and TSR (5), a
thioamide-free bicyclic thiopeptide containing an amide at the
C-termini (FigurelB), as the substrate, respectively. Intriguingly,
both of these substrates could be recognized by TppX, and effec-
tively converted to the corresponding piperidine-containing thio-
peptide analogs 1 and 6, respectively, which were detected by
HPLC and LC-MS. The new product 6 was further confirmed by
comparative NMR spectra (Figure 3A, Figure S6), indicating that
TppX, is a flexible reductase that can tolerate changes in the
C-termini of substrates and thioamide-free bicyclic thiopeptides.
To clarify whether TppX, could act upon a dehydropiperidine-
containing monocyclic intermediate, we utilized 7, which was
recently isolated from a mutant strain AtsrP (Figure 3B), as the
substrate.”? To our delight, TppX, could effectively catalyze 7 to
generate a novel piperidine-containing monocyclic thiopeptide
analog 8 ([M+H]" m/z: calcd 1467.3837 for CgzH7oN16016Ss, found
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Figure 3 Exploration of the substrate scope of TppXa. (A) In vitro transformation of 3 to 1 in the absence (i) and presence (ii) of TppXs; In vitro transfor-
mation of 5 to 6 in the absence (iii) and presence (iv) of TppXa. (B) TppXs-catalyzed reduction of 7 to 8, transforming 7 in the absence (i) and presence (ii)

of TppXa.

1467.3816), indicating that the formation of piperidine in series a
thiopeptide can happen before or after the installation of the
second QA-containing macrocycle. The results provided here set a
solid foundation for the subsequent application of TppX, to gen-
erate a series of piperidine-containing monocyclic or bicyclic thio-
peptide analogs for clinical drug screening.

Conclusions

In summary, we demonstrate that the formation of piperidine
in thiopeptins relies on an unusual F;H,-dependent reductase
TppX4, which can reduce the dehydropiperidine, formed after the
[4+2] condensation that assembles the core macrocycle to piper-

idine.
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formed on a Thermo Fisher LTQ Fleet ESI-MS spectrometer
(Thermo Fisher Scientific Inc., USA), and the data were analyzed
using Thermo Xcalibur software. ESI-high resolution MS (ESI-HR-
MS) analysis was carried out on an instrument consisting of a
1260 HPLC system or a 6538 UHD quadrupole time of flight (QTOF)
high resolution mass spectrometry (Agilent Technologies, Santa
Clara, USA). NMR data were recorded on an Agilent 500 MHz
PremiumCompact+ NMR spectrometer (Agilent Technologies Inc.,
USA) or on the BrukerDRX400 and Bruker AV500 spectrometers
(Bruker Co. Ltd, Germany).

Gene inactivation of TppX,

Genomic DNA of Streptomyces tateyamensis ATCC21389 wild-
type strain served as the template for PCR amplification unless
otherwise stated. To exclude polar effects on downstream gene
expression, gene inactivation in S. tateyamensis ATCC21389 was
performed by in-frame deletion. The gene tppX, was inactivated
using a modified CRISPR-Editing method.*” Briefly, the 20-bp sg
sequence was generated and cloned into the plasmid pWHU2653
through homologous recombination among the two 140-bp PCR
products amplified from pWHU2653 using the primer pairs
sg-for/tppX,-sg-rev and tppX,-sg-for/sg-rev, respectively (Table S3),
and Nhel/Xbal-digested pWHU2653, yielding pJY1001. 2-kb PCR
products amplified from the genome of Streptomyces tateyamen-
sis using the primer pairs tppX,-L-for/tppX,-L-rev and tppX4-R-for/
tppX4-R-rev were digested by EcoRI/Xbal and Xbal/HindlIl, respec-
tively (Table S3). A truncated gene, in which a 210 bp in-frame
coding region of tppX, is deleted, was then constructed in EcoRI/
Hindlll-digested pKC1139 with these 2-kb PCR products to yield
pYJ1002. Ligation of fragments obtained by using Hindlll to digest
pYJ1002 and Hindlll-digested pJY1001 leads to the production of
pJY1003. This recombinant plasmid was then introduced into S.
tateyamensis by conjugation. The colonies that were apramycin-
resistant at 37 °C were identified as integrating mutants, in which
a single-crossover homologous recombination event took place.
These mutants were cultured for several rounds in the absence of
apramycin, and the resulting apramycin-sensitive isolates were
subjected to PCR amplification to examine the genotype of the S.
tateyamensis mutant strain JY101 (Figure S3). PCR amplification
for examination primers were tppX,-for/tppX,-rev (Table S3).

Fermentation and isolation of F4,

A procedure for purifying F40 from cells was developed by
using reverse silica gel column (rp-18 25—40 um, merck, USA)
and Semi-preparative separation (SB-C18, 5 ym, 9.4 x 250 mm,
Aglient Technologies Inc., USA). Inoculum medium contained 25 g
soluble starch, 5 g glucose, 10 g soy peptone, 5 g yeast extract, 2 g
ammonium sulfate, and 0.3 g KH,PO, per liter. MSR production
medium contained 40 g glucose, 15 g yeast extract, 15 g soy pep
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BL21(DE3), respectively. The culture of each resulting recombi-
nant E. coli strain was incubated in Luria-Bertani (LB) medium (5 ¢
yeast extract, 10 g tryptone and 10 g NaCl per liter) containing 50
pg/mL kanamycin at 37 °C and 250 r/min until the cell density
reached 0.6—0.8 at ODg. Protein expression was induced by the
addition of isopropyl-B-D-thiogalactopyranoside (IPTG) to a final
concentration of 0.1—1 mmol/L, followed by further incubation
for 25—30 h at 25 °C or 16 °C. The cells were harvested by cen-
trifugation at 3000 x g for 20 min, flash-frozen and then stored at
-80 <C.

E. coli cells were resuspended in lysis buffer (137 mmol/L NaCl,
2.7 mmol/L KCI, 10 mmol/L Na,HPQ,, 1.8 mmol/L KH,PO,, 10%
glycerol and 5 mmol/L imidazole, pH 8.0). After disruption by
FB-110X Low Temperature Ultra-Pressure Continuous Flow Cell
Disrupter (Shanghai Litu Mechanical Equipment Engineering Co.,
Ltd, China), soluble fractions were collected by centrifugation.
Recombinant proteins that contain a 6x His were purified on a
HisTrap HP column (GE Healthcare, USA), which was pre-treated
with 10 column volumes (CVs) of lysis buffer followed by 10 CVs of
wash buffer (137 mmol/L NaCl, 2.7 mmol/L KCl, 10 mmol/L
Na,HPO,, 1.8 mmol/L KH,PO,, 10% glycerol and 40 mmol/L imid-
azole, pH 7.4), using elution buffer (137 mmol/L NaCl, 2.7 mmol/L
KCl, 10 mmol/L Na,HPO,, 1.8 mmol/L KH,PO,, 10% glycerol and
250 mmol/L imidazole, pH 7.4). Desired protein fractions were
concentrated (to 500 pmol/L—1 mmol/L) using Amicon® Ultra-15
Centrifugal Filter Devices (MILLIPORE, USA) and desalted using a
PD-10 Desalting Column (GE Healthcare, USA) according to the
manufacturer’s protocols, and then quantified in concentration by
Bradford assay using bovine serum albumin as the standard. The
purity of recombinant proteins was determined by sodium do-
decyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (Fig-
ure S3).

In vitro assays of TppX, activity
Each conversion was conducted at 30 <C for 5 h in 100
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