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ABSTRACT: Thioviridamide is a structurally novel riboso-
mally synthesized and post-translational modified peptide
(RiPP) produced by Streptomyces olivoviridis NA00S001. It is
characterized by a structure that features a series of thioamide
groups and possesses potent antiproliferative activity in cancer
cell lines. Its unusual structure allied to its promise as an
anticancer compound led us to investigate the diversity of
thioviridamide-like pathways across sequenced bacterial
genomes. We have isolated and characterized three diverse
members of this family of natural products. This character-
ization is supported by transformation-associated recombina-
tion cloning and heterologous expression of one of these
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compounds, thiostreptamide S4. Our work provides an insight into the diversity of this rare class of compound and indicates that
the unusual N-terminus of thioviridamide is not introduced biosynthetically but is instead introduced during acetone extraction.
A detailed analysis of the biological activity of one of the newly discovered compounds, thioalbamide, indicates that it is highly
cytotoxic to cancer cells, while exhibiting significantly less activity toward a noncancerous epithelial cell line.

Ribosomally synthesized and post-translationally modified
peptides (RiPPs) are a class of natural products with high
chemical diversity, which results from the wide array of
maturation processes that the genetically encoded precursor
peptide may undergo.”” This diversity is reflected in the wide
variety of biological activities that these compounds possess.
Due to their broad pharmacologic potential, this rapidly
growing class of natural products is currently a focus of
biotechnology and pharmaceutical research.”* Thioviridamide
(1, Figure la) is a RiPP biosynthesized by Streptomyces
olivoviridis NA005001 and is characterized by potent anti-
proliferative and pro-apoptotic activity in several cancer cell
lines.” This novel peptidic compound features an N-terminal 2-
hydroxy-2-methyl-4-oxopentanoyl group, a S-hydroxy-N;,N;-
dimethylhistidinium (hdmHis) residue, and a S-(2-aminovinyl)-
cysteine (AviCys) residue® that forms part of a macrocycle.” A
very unusual feature of 1 is the presence of five thioamide
groups” in place of backbone amide groups. Recently, the
thioviridamide (tva) biosynthetic gene cluster (BGC) was
identified and confirmed by heterologous expression.” This
demonstrated the ribosomal origin of this molecule, which
derives from a 13 amino acid core peptide at the C terminus of
the TvaA precursor peptide (Figure 1b). An additional 11
proteins encoded by this gene cluster (TvaB—Tval) are
predicted to be involved in the maturation of the precursor
peptide into 1, although little is known about individual steps in
this pathway. The promising antitumor activity, unprecedented
structure, and poorly understood biosynthesis of thioviridamide
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led us to investigate the extent and diversity of this new family
of natural products.

Here, we report the identification and characterization of
three new thioviridamide-like pathways. Chemical and bio-
logical characterization of these new thioviridamide-like
molecules (TLMs) demonstrates the diversity of this type of
RiPP, which is likely to be a subclass of a wider thioamide
family of RiPPs.'” Our work indicates that the reported
thioviridamide structure may be an unnatural derivative of the
true pathway product. Gene inactivation and heterologous
expression of a transformation-associated recombination
(TAR) cloned gene cluster supported this characterization.
Finally, we show that a TLM produced by Amycolatopsis alba
DSM 44262 is highly cytotoxic toward various tumor cell lines
and yet is 6-fold less active toward a noncancerous epithelial
cell line, thus exhibiting medicinally promising selectivity
toward cancerous cells.

B RESULTS AND DISCUSSION

Genome Mining to Identify Thioviridamide-Like Path-
ways. A BLAST search using the YcaO domain protein TvaH
yielded 22 proteins with over 50% identity. The genomic
regions surrounding their respective genes were then analyzed
by a MultiGeneBlast'' homology search using the tva BGC as
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Figure 1. Identification of thioviridamide-like pathways. (a) Structure of thioviridamide with each post-translational modification highlighted red. (b)
Alignment of the core peptides from every sequenced thioviridamide-like BGC. All residues that differ from TvaA are colored. (c) Comparison of the
gene clusters investigated in this study (MT = methyltransferase; MO = flavin-dependent oxygenase; Red = reductase; CYP = P450; * = putative
new biosynthetic enzymes). A comparison of all 14 BGCs is provided in Figure SI.

the query, which identified 14 closely related TLM-like BGCs
in bacterial genomes. All were in Actinobacteria, with the
intriguing exception of the cyanobacterium Mastigocladus
laminosus. These all encode putative precursor peptides (Figure
1b) with high sequence homology to TvaA and feature a
partially conserved set of tailoring genes (Figure 1c and Figure
S1). We selected five publicly available strains that we predicted
would collectively provide much of the diversity in this family
of compounds: A. alba DSM 44262, Streptomyces sp. NRRL S-4,
Streptomyces sp. NRRL S-15, Streptomyces sp. NRRL S-87, and
Nocardiopsis potens DSM 45234. These gene clusters have
homologues of most of the genes involved in thioviridamide
maturation (from TvaC to TvaL), except for the A. alba cluster,
which lacks a hydroxylase-encoding tvaJ-like gene (Figure 1c).
In addition, only the A. alba BGC encodes a putative
homologue of TvaB, a regulatory protein encoded in the tva
BGC. Intriguingly, the gene clusters in Streptomyces sp. NRRL
S-4/S-15 and A. alba DSM 44262 contain additional genes that
could be involved in further post-translational modification
steps (Figure 1c).

Production of Thioviridamide-Like Molecules. The
putative core peptide sequences and associated set of tailoring
enzymes allowed us to predict candidate masses for each TLM.
Therefore, each strain was fermented in multiple culture
conditions and screened by liquid chromatography—mass
spectrometry (LC-MS) for TLM production. While the
production medium reported’ for 1 provided no candidate
molecules, a solid version of bottromycin production medium"*
(BPM) yielded compounds with masses compatible with TLMs
derived from the respective precursor peptides (Figure 2a),
with the exception of N. potens DSM 45234. A. alba DSM
44262 produced a compound (thioalbamide, 2, Figure 2b) with
m/z 1329.6349 (Figure 2a), corresponding to the molecular
formula C4Hy,N,0,,S,* (calculated M*: 1329.6339). High-

resolution (HR) MS® analysis of this molecule provided a
fragmentation pattern that supported a thioviridamide-like
structure, including the presence of thioamides (and associated
losses of H,S, —33.99 Da), fragmentation consistent with the
predicted linear portion of the molecule, and an MS? fragment
(m/z 607.3376, Figure 2 and Figure S2) that correlated with a
(2-aminovinyl)-3-methyl-cysteine (AviMeCys) containing mac-
rocycle (predicted m/z 607.3385).

The gene clusters for Streptomyces sp. NRRL S-4 and
Streptomyces sp. NRRL S-15 are effectively identical, and each
strain produced a compound (thiostreptamide S4, 3, Figure 2b)
with m/z 1377.5S5 that eluted at an identical retention time
(Figure S3), corresponding to the molecular formula
CeoHosN4,01,Ss" (Streptomyces sp. NRRL S-4 product m/z
1377.5479; calculated M* = 1377.5467). As with 2, HRMS?
analysis of this molecule provided a fragmentation pattern that
supported a thioviridamide-like structure, including multiple
thioamides and a putative AviMeCys-containing macrocycle
fragment (obsd. m/z 687.3260, pred. m/z 687.3283, Figure 2b
and Figure S4). This preliminary analysis indicated that the S-4
and S-15 pathways produce identical compounds, although
differences in stereochemistry cannot be ruled out. Streptomyces
sp. NRRL S-87 produced a compound (thiostreptamide S87, 4,
Figure 2b) with m/z 1305.4871, corresponding to the
molecular formula CgsHgsN,,0,0S¢" (calculated M*:
1305.4892). As before, HRMS? analysis provided thiovirida-
mide-like fragments that were consistent with the predicted
precursor peptide (Figure 2b and Figure SS).

The most striking structural feature of thioviridamide is a
contiguous sequence of five thioamide-containing residues,
which subtly differs from the TLMs that we isolated. Instead,
exact mass and MS®> data signified three noncontiguous
thioamide linkages in 2, and four in 3 and 4 (Figure 2b). UV
absorption spectra of each compound provided maxima of
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Figure 2. Identification of novel TLMs. (a) Extracted ion chromatograms from A. alba DSM 44262, Streptomyces sp. NRRL S-4, and Streptomyces sp.
NRRL $-87 showing relative levels of production and exact masses for each compound. (b) Structures of each compound alongside MS* data
indicating analogous fragments from each compound (gray shading indicates abundant common fragments that could not be annotated). The core
peptide sequences for each compound are also shown. The structures of 2 and 3 were confirmed by NMR, while the structure of 4 is a proposal that
correlates with MS?* data, the core peptide sequence, and predicted post-translational modifications.

270—272 nm (Figure S6), which is characteristic of
thioamides."* Notably, the MS> data were consistent with N-
terminal lactyl (2) or pyruvyl (3 and 4) moieties, rather than
the 2-hydroxy-2-methyl-4-oxopentanoyl group of 1.

Cloning and Heterologous Expression of the Thio-
streptamide S4 Gene Cluster. To confirm that these
molecules were indeed produced by thioviridamide-like path-
ways, we employed two different genetic approaches: gene
disruption in a native producer strain and heterologous
expression of a gene cluster. These approaches could both be
achieved for the tsa cluster predicted to make 3 in Streptomyces
sp.- NRRL S-4. Gene cluster disruption was achieved by single
crossover recombination between the tsaH gene (encoding a
YcaO domain protein'*) and its truncated sequence cloned in
pKC1132" to generate Streptomyces sp. NRRL S-4 AtsaH.
Production of 3 was abolished in this mutant strain (Figure 3),
indicating that the gene cluster does indeed make this TLM. To
support this result, we employed transformation associated
recombination (TAR) cloninglé_19 to generate a plasmid for
heterologous expression of the tsa cluster. Here, a 19 kbp
sequence from Streptomyces sp. NRRL S-4 containing the
putative thioviridamide-like gene cluster, as well as flanking
regions up- and downstream, was cloned into the ®C31

5
A —k M1146-pCAP03
>, 7 M1146-TARS4
« - L NRRL S-4 AtsaH
o N
e r T T T T T T T NRRL 8.4
00 10 20 30 40 50 60 70 80
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Figure 3. Production of thiostreptamide S4 in Streptomyces sp. NRRL
S-4 and in S. coelicolor M1146-TARS4. Control strains unable to
produce the compound are also shown.

integrative vector pCAP03”’ using TAR in Saccharomyces
cerevisiae VL6-48N.”" A successful clone (TARS4) was verified
by PCR and restriction analysis and was introduced into
Streptomyces coelicolor M1146” by intergeneric conjugation.”
S. coelicolor M1146-TARS4 was cultured on solid BPM, and its
LC-MS production profile was compared with a control strain
containing an empty pCAPO3 vector and wild type Streptomyces
sp. NRRL S-4 as a positive control (Figure 3). S. coelicolor
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M1146-TARS4 produced a compound with m/z 1377.55 that
had an identical retention time and MS? spectrum to those of 3
(Figure 3 and Figure S7), thereby proving that the cloned
region is sufficient for thiostreptamide S4 biosynthesis.
Detailed Structural Analysis Reveals the Diversity
within the Thioviridamide Family. To confirm the MS>
data and to pinpoint the location of additional post-transla-
tional modifications, fermentation cultures of the native
producing strains were scaled up, and each compound was
purified for structural elucidation by NMR. Compounds 2 and
3 were obtained in yields of 2 and 0.38 mg per liter of solid
culture from their respective native producers, and 1D and 2D
NMR experiments ('H, *C, COSY, HSQC, HMBC, Figures
S12—S24, Table S6) allowed us to establish their chemical
structures. The *C NMR spectrum for thioalbamide (2, Figure
4) showed three downfield signals at 5. 206.7, 207.0, and 207.5
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Figure 4. COSY and HMBC correlations identified for the structural
characterization of 2.

corresponding to nonprotonated carbons and indicating the
presence of thioamide groups. These signals and their
associated HMBC data correlate with the MS* data for this
compound, proving that the molecule has three thioamide
linkages in the linear portion of the molecule. HMBC and
COSY correlations also confirmed that the molecule has an
AviMeCys-containing macrocycle, consistent with a Thr8
residue in the core peptide of TaaA instead of the Ser8 residue
of the core peptide of 1. NMR analysis of the N;,Nj-
dimethylhistidinium residue showed that its f-carbon is a
CH, group (8¢ 22.6) and therefore lacks the f-hydroxy group
present in 1. This is in agreement with the lack of a TvaJ-like 2-
oxoglutarate/Fe(II)-dependent hydroxylase in the thioalbamide
pathway.

MS? data indicated that Phe$ is hydroxylated in 2, but the
precise location of this modification could not be determined
by MS? The 'H NMR spectrum of 2 showed the presence of
four nonequivalent aromatic protons at 8y 6.83 (1H, ddd, 8.1,
8.0, 1.6), 6.87 (1H, dd, 8.0, 1.6), 7.12 (1H, ddd, 8.1, 8.0, 1.6),
and 7.19 (1H, dd, 8.0, 1.6), corresponding to protons on the 1,
2, 3, and 4 positions of the phenyl group, and indicating that it
is hydroxylated at the S-position of the ring. Alongside the
absence of a f-hydroxy group on histidine, this suggests that a
cytochrome P450 (TaaCYP) encoded in the taa cluster does
not functionally replace the hydroxylase absent from this
pathway and instead catalyzes aromatic hydroxylation, thereby
generating additional structural diversity within the TLM
family. The predicted N-terminal lactate moiety of 2 was also
confirmed based on the HMBC correlations between the
methyl group at 5y 1.38 (3H, d, 6.8) with carbon signals at 6
69.2 and 177.6. Interestingly, this is analogous to the N-
terminus of JBIR-140, which is produced when the

thioviridamide BGC is expressed in Streptomyces avermitilis
SUKAL17.”* We propose that a NAD(P)H-dependent reductase
(TaaRED) catalyzes this reduction in the thioalbamide
pathway, whereas it is likely that the reduction to generate
JBIR-140 is catalyzed by a promiscuous reductase from S.
avermitilis.

We were also able to pinpoint the post-translational
modifications of 3 by analysis of the MS* and NMR data.
While it was not possible to establish full 2D NMR correlations
throughout 3, four thioamide linkages were identified by
HMBC data (§c 200.6, 201.2, 202.2, and 204.6). HMBC
correlations between a methyl group at &y 2.35 (3H, s) with
carbon signals at dc 160.4 and 197.0, along with HMBC
correlations between an amide proton at dy 8.22 with carbon
signals at 6c 160.4 and 63.1, allowed us to confirm the N-
terminal pyruvyl group attached to Val’ (Figure S8). The MS*
fragment predicted to be the AviMeCys-containing macrocycle
(m/z 687.33) matches a mass calculated from the core peptide
and expected post-translational modifications if the macrocycle
features a methyl group in addition to a hdmHis residue.
Accordingly, the "H NMR spectrum displayed a singlet at 5y
3.71 and two equivalent aromatic protons at &y 6.79 (2H, d,
8.7) and 7.03 (2H, d, 8.7) that were consistent with O-
methylation of Tyrll, presumably catalyzed by the additional
methyltransferase (TsaMT, pfam08242) encoded in the tsa
gene cluster. The lack of any further oxidative modifications
indicated that the flavin-dependent monooxygenase at the end
of the gene cluster (TsaMO) is not involved in thiostreptamide
S4 biosynthesis. Along with characteristic NMR signals, the
presence of a hdmHis residue was supported by an MS?
fragment of m/z 125.07 for 3 that concurs with retro-aldol
fragmentation of the hdmHis residue (Figure S4) and was not
present in the MS? spectrum of 2.

We were unable to obtain sufficient 4 for detailed NMR
characterization, but its exact mass and MS? spectrum (Figure
SS) were fully consistent with the structure reported in Figure
2. This is in agreement with a lack of any additional tailoring
enzymes encoded in the S-87 tsd gene cluster compared to the
tva gene cluster (Figure 1c). MS* data for 4 provided a
macrocycle mass (m/z 657.31) that fits with the core peptide
sequence assuming AviMeCys formation and the presence of
the hdmHis residue. This is supported by MS? fragmentation to
generate m/z 125.07, which was also seen for 3 and is indicative
of the hdmHis residue. Notably, the y fragments of 4 signified
an N-terminal pyruvyl group. In some fermentation trials,
compounds of m/z 1393.5427 and m/z 1321.4813 were
produced by Streptomyces sp. NRRL S-4 and Streptomyces sp.
NRRL S-87, respectively (Figures S9 and S10). These masses
indicated the addition of one oxygen (caled. m/z 1393.5416
and m/z 1321.4841) to 3 and 4, respectively. MS?
fragmentation of these molecule demonstrated that the side-
chain sulfur on the Met3 residues on each compound are
oxidized, shown by y fragments that are identical to their parent
TLMs and the loss of methanesulfenic acid (CH;SOH, 64.00
Da) from the oparent ion, which is characteristic of oxidized
methionine.”””° The late onset and inconsistent production of
these molecules indicates that they are generated by non-
enzymatic oxidation during purification rather than being true
pathway products.

A Nonenzymatic Origin of the Unusual N-Terminus of
Thioviridamide. One significant difference between the
molecules reported here and 1 is at their N-termini, where 1
features a 2-hydroxy-2-methyl-4-oxopentanoyl group. Instead, 2
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experiments, each one performed with triplicate samples.

contains a lactyl moiety, while 3 and 4 each have pyruvyl
groups. However, the tva gene cluster does not appear to
encode any additional biosynthetic enzymes in comparison to
the clusters reported here. This observation led us to speculate
that the unusual N-terminus of thioviridamide could feasibly be
generated from an aldol reaction between a pyruvyl group and
acetone, which was used in the published extraction of
thioviridamide.” In contrast, we used either methanol or ethyl
acetate to extract our TLMs. We therefore used acetone to

extract solid cultures of both Streptomyces sp. NRRL S-4 and S.
coelicolor M1146-TARS4, which resulted in the production of a
mixture of 3 (m/z 1377.55) and a comparable amount of a
compound with m/z 1435.58 (S, Figure Sa) that was not found
when other solvents were used for extraction. MS* data for §
are consistent with an N-terminal 2-hydroxy-2-methyl-4-
oxopentanoyl group (Figure S11), which implies that the true
product of the thioviridamide pathway has an N-terminal
pyruvyl group (Figure Sb). Instead of being a post-translation-
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ally introduced modification, this pyruvyl group could derive
from a dehydrated N-terminal serine, which then spontaneously
tautomerizes and exchanges with water following removal of
the leader peptide (Figure Sc).

This result is consistent with a conserved serine residue at
this position in almost all TLM precursor peptides (Figure 1b),
and a homologous reaction has been proposed to be involved
in the generation of the unusual N-terminus of polytheonamide
from threonine,”” the N-terminal 2-oxobutanoyl group of
lacticin 3147 A2,”® and a pyruvyl group in a thiostrepton
derivative generated by mutagenesis.”” The serine dehydration
in TLM biosynthesis could feasibly be catalyzed by the same
dehydratase that introduces the 2,3-didehydrobutyrine residue
required for forming the AviMeCys macrocycle. Interestingly,
the TLM gene clusters do not encode any Lan-like proteins
that are usually required for dehydration," nor can a cypemycin-
like mechanism occur, as this uses cysteine as a precursor to
2,3-didehydroalanine.™

Thioalbamide Is a Potent Anticancer Compound with
Selective Activity. Thioviridamide has been reported to
possess a potent antiproliferative effect against cancer cell
lines.” We were therefore interested in determining whether
any of our newly discovered compounds exhibited comparable
bioactivity. Compound 2 was therefore subjected to a series of
activity assays on various model organisms, including both
prokaryotic and eukaryotic systems. A wide panel of cancer cell
lines were tested, including alveolar (AS49), uterine cervical
(HeLa), pancreatic (PA-TU-8988T), and luminal and basal
breast (MCF7 and MDA-MB-231) adenocarcinoma cell lines
(Figure 6). Compound 2 showed intense antiproliferative
activity on all tumor lines tested with ICs, values ranging from
48 to 72 nM (Table 1). Remarkably, the cytotoxic activity of 2

Table 1. Cytotoxic Activity of 2 in Comparison to
Doxorubicin®

cell line doxorubicin 2

AS49 | (OF 0.712 0.048

95% confidence interval 0.582 to 0.872  0.03S to 0.064
MCF7 ICyy 0.878 0.059

95% confidence interval  0.723 to 1.071  0.049 to 0.072
MDA-MB-231  ICs, 1.174 0.072

95% confidence interval 0.938 to 1,477  0.058 to 0.088
HeLa IC, 0.644 0.050

95% confidence interval 0.487 to 0.852  0.027 to 0.090
PA-TU-8988T ICs, 0.630 0.065

95% confidence interval 0.451 to 0.888  0.047 to 0.089
MCEF 10A 1Cso 0.343 0.302

95% confidence interval  0.253 to 0.464  0.206 to 0.444
“Data are presented as ICg, values (#M) and 95% confidence intervals
obtained by nonlinear regression analysis of three independent
experiments.

was found to be highly specific to tumor cells, as ICs, values on
a nontumor breast epithelial cell line (MCF 10A) were 6 times
higher than those found in cancer cells. This selectivity means
that thioalbamide activity toward tumor lines is superior (>10x
lower ICg,) to the clinically used doxorubicin but exhibits a
comparable ICy, to doxorubicin toward the one healthy cell line
we tested. In order to further investigate the specificity of the
cytotoxic activity of 2, it was tested against Gram positive
(Staphylococcus aureus) and Gram negative (Escherichia coli,
Klebsiella pneumoniae, and Pseudomonas aeruginosa) bacterial

strains, and against the fungus Candida albicans. In each case, it
did not inhibit the growth of the tested microorganisms, except
for S. aureus, which was sensitive to high concentrations of 2,
with a minimum inhibitory concentration (MIC) of 24 uM
(Table S7). At this concentration, however, activity was purely
bacteriostatic and not bactericidal, as the minimum bactericidal
concentration was over 48 uM.

B SUMMARY

We report the genomics-guided discovery of three novel
thioviridamide-like molecules and show that thioalbamide
possesses nanomolar antiproliferative activity with approx-
imately 6-fold selectivity for cancer cells over healthy cells. A
recent analysis indicated that the TLMs are one of the rarest
families of RiPP pathways across sequenced genomes,”" yet our
work indicates that the family features a significant amount of
structural diversity, both within the precursor peptide and by
the array of modifying enzymes encoded in each cluster. TAR
cloning was utilized to clone the thiostreptamide S4 (3)
pathway, which was expressed in S. coelicolor M1146 to produce
3 at levels comparable to the wild type producing strain. This
provides a promising platform for the future engineered
production of novel TLMs, especially given the diversity
identified across the 14 pathways that are currently sequenced.
Our identification of these pathways should facilitate the
characterization of the biosynthetic enzymes involved in the
generation of these fascinating molecules. We propose that the
reported N-terminus of thioviridamide is an artifact of acetone
extraction and that the true pathway product features an N-
terminal pyruvyl group derived from serine. Finally, the newly
identified TLM 2 possesses remarkable antiproliferative activity
on all cancer cell lines that were tested, while being significantly
less active toward a healthy nonmalignant cell line. Further
work is required to determine whether 2 is similarly less active
toward other noncancerous cell lines. The nanomolar levels of
activity of 2 are superior to the clinically used anticancer agent
doxorubicin across all tumor cell lines. This result indicates the
power of genome mining to discover new anticancer molecules
with clinical potential, and future studies will define the
molecular mechanisms underlying the high pharmacological
potential of the TLMs.
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