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Concurrent modifications of the C-terminus and
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The double-mutant strain Streptomyces laurentii AtsrB/T was designed and constructed based on a recent

understanding regarding the structure—activity relationship of thiostrepton (TSR) against prokaryotic patho-
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Thiostrepton (TSR), one of the most structurally complex ribo-
somally synthesized and post-translationally modified peptides
(RiPPs)," possesses a variety of remarkable biological pro-
perties, including antibacterial,> antitumor,? antiplasmodial®
and immunosuppressive activities.” Due to its intriguing struc-
ture and unique activities (e.g., its status as the only type of
natural product known to inhibit tumor cell proliferation by
binding the transcription factor FOXM1),® TSR has long been a
target molecule for synthetic chemists. In addition to the total
synthesis accomplished by Nicolaou et al.,” a number of semi-
syntheses have been attempted with the objectives of improv-
ing TSR’s bioactivity, developing new chemical probes, investi-
gating TSR’s structure-activity relationship (SAR) and/or
relieving TSR’s biochemical drawbacks (e.g., poor pharmacoki-
netics) for use in clinical settings.® However, the complex
architecture of TSR and the presence of simple sites for
further functionalization pose tremendous challenges to
chemical syntheses and semi-syntheses. In contrast, the fact
that TSR originates from a ribosomally synthesized peptide
provides tremendous opportunities for synthetic biologists to
engineer TSR variants via precursor peptide gene modifi-
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gens. Five new C-terminally methylated TSR (CmTSR) derivatives that varied in the side-ring structure were
obtained via the chemical feeding of quinaldic acid (QA) analogs. These derivatives provide new insights
into the tolerance of QA incorporation in TSR biosynthesis. Certain members of the tested TSR derivatives,
meanwhile, exhibited much better antibacterial activities than all currently known thiopeptide antibiotics.

cation.” Mutagenesis'® and unnatural amino acid insertion'"
have already been widely used in the molecular engineering of
RiPP antibiotics. However, mutagenesis-induced modifications
to the TSR’s macro ring appear to frequently decrease the anti-
bacterial activity,'> whereas changes to the quinaldic acid
(QA)-containing side-ring system typically improve its biologi-
cal activities.™

Focusing on the biologically relevant but tunable QA
moiety, we previously conducted computer-aided molecular
design and biosynthetically produced TSR-derived thiopeptide
antibiotics via mutational biosyntheses.'* The obtained TSR
derivatives that varied with respect to the QA moiety of the
side ring not only possessed improved pharmaceutical pro-
perties™* but also exhibited a dual mode of action against
intracellular pathogens (e.g., Mycobacterium marinum) that
involves effects on both the host and the microbe."?
Furthermore, in our early studies on the functions of TsrB (an
a/p hydrolase) and TsrC (an amidotransferase), we discovered
that C-terminally methylated TSR (CmTSR, Fig. 1), an impor-
tant intermediate involved in TSR biosynthesis, exhibited
greater antibacterial activity (approximately 8-fold) than the
parent compound TSR; this phenomenon could likely be attrib-
uted to CmTSR’s better membrane permeation ability.'® In this
study, given the potential synergistic effects of improving the
antibacterial activity of TSR, we designed derivatives with modi-
fications to both the side ring and the tail of TSR. These puta-
tive CmTSR compounds with regioselectively modified QA
moieties in the side ring may exhibit stronger biological activi-
ties than the TSR derivatives that we have previously described.

To validate our hypothesis, we first conducted in-frame
deletion of tsrT in the mutant strain Streptomyces laurentii
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Fig. 1 Biosynthesis of TSR and CmTSR. (A) The TSR biosynthetic gene
cluster, in which the genes responsible for C-terminal tailoring and QA
moiety formation are indicated in red and blue, respectively. (B) The bio-
synthetic pathway of the TSR QA-containing side ring and the biotrans-
formation from CmTSR to TSR.

Thiostrepton

C. i Thi

AtsrB to construct the new double-mutant strain AtsrB/T
(Fig. S3t). TsrB is a tailoring enzyme that contributes to the
generation of the C-terminal amide structure during the final
stage of TSR maturation, and a lack of the tsrB gene results in
the production of CmTSR.'® TsrT has been described as a
methyltransferase involved in the extremely early stages of the
biosynthesis of QA, an important building block in the
formation of TSR’s side ring; the elimination of TsrT
completely destroys the production of TSR."** Thus, the newly
constructed double-mutant strain AtsrB/T exhibited no CmTSR
production, and the exogenous chemical feeding of QA
restored CmTSR production (Fig. 2).

To generate CmTSR derivatives with regioselectively modi-
fied QA moieties, various QA analogs (1-7; Scheme 1) were syn-
thesized using the robust protocol that we had previously
developed.'” QA analogs (1-5) were fed to AtsrB/T during the
fermentation process. Using this approach, five new CmTSR
derivatives, 5-fluoro-CmTSR (~4 mg L"), 6-fluoro-CmTSR
(~10 mg L™, 6-chloro-CmTSR (<0.05 mg L"), 12-methyl-
CmTSR (~3.5 mg L"), and 12’-de-methyl-CmTSR (2 mg L),
were efficiently obtained (Fig. 2, Scheme 1). These derivatives
were purified, and their chemical structures were further eluci-
dated via 'H, *C, '°F and 2D NMR analyses (ESI{) in which
data were compared with the corresponding data for parent
compounds (TSR, CmTSR) and previously characterized TSR
derivatives with various QA moieties (5-fluoro-TSR, 6'-fluoro-
TSR, and 12-methyl-TSR). These comparisons indicated that
in the tested CmTSR derivatives, the C-terminal amide of the
parent compound TSR had been replaced by a methyl-esteri-
fied structure; in addition, there were regioselective modifi-
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Structures of QA moieties in the
obtained CmTSR and its derivatives
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Fig. 2 HPLC analysis of the fermentation cultures of the single mutant
strain AtsrB, and double mutant strain AtsrB/T, in the absence or pres-
ence of the exogenous QA and its analogs, and the resulting CmTSR
products are indicated by the arrows respectively.

cations of the QA moieties that corresponded to ester analogs
of the quinolone ketones fed to the mutant strain.

To detect differences among the antibacterial activities of
these derivatives, nine clinically isolated pathogens, including
methicillin-resistant Staphylococcus aureus (MRSA), penicillin-
resistant Streptococcus pneumoniae (PRSP), and vancomycin-
resistant Enterococcus faecium (VRE), were randomly chosen
and used to test the derivatives’ minimum inhibitory concen-
trations (MICs) (Table 1 and S67). The experimental results
suggested that most of these derivatives exhibited greater
activity than the parent compound CmTSR, and the following
order of potency was observed: 5-fluoro-CmTSR > 6'-fluoro-
CmTSR > 12-methyl-CmTSR > 12'-de-methyl-CmTSR >
CmTSR > 6'-chloro-CmTSR. These observations were consistent
with the findings from our prior in silico molecular model-
ing." The steric effect caused by a methyl group at the 12'C
position and the electronic effect caused by fluorination at 5'C
or 6'C increased the binding affinities between TSR com-
pounds and target biomacromolecules. In contrast, the induc-
tive and increased steric effects resulting from the
introduction of a large chlorine atom into the CmTSR QA
moiety may have destroyed the interaction between QA and
A1067 of the 23S rRNA, leading to a marked reduction in the
activity of 6'-chloro-CmTSR. Moreover, the doubly modified
CmTSR derivatives were more potent than the corresponding
singly modified molecules (TSR variants with either C-termi-
nus or QA moiety-derived modifications); this result was

Org. Chem. Front, 2016, 3, 496-500 | 497
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Scheme 1 Chemical synthesis routes of the QA analogs (A) and the mutational biosynthesis strategy for generating concurrently modified CmTSR
derivatives (B), in which the successfully incorporated QA analogs are shown in a black rectangle while the unsuccessfully incorporated ones are
shown in a dashed rectangle.

Table 1 Minimum inhibitory concentration (MIC, pg mL™) ranges of TSR, CmTSR and newly obtained derivatives against various clinically isolated
pathogens, which include penicillin-resistant Streptococcus pneumonia (PRSP), methicillin-resistant Staphylococcus aureus (MRSA), vancomycin-

resistant Enterococcus faecium (VRE) and Clostridium difficile (CD)

PRSP MRSA VRE CD
TSR 0.001-0.008 0.032-0.064 0.032-0.064 0.025-0.05
CmTSR 0.000125-0.002 0.008 0.008-0.016 0.008-0.0125
5-F-CmTSR <0.000125 0.00025-0.0005 0.00025-0.0005 0.000125-0.0005
6'-F-CmTSR <0.000125 0.0005-0.001 0.0005-0.001 0.001-0.002
12'-Me-CmTSR <0.000125 0.002-0.004 0.008 0.004-0.0125
12'-de-Me-CmTSR 0.000125-0.001 0.004-0.008 0.008-0.016 0.004-0.016
6'-CI-CmTSR 0.25-0.5 1.0-2.0 1.0 0.5-1.0
VAN 0.25 0.5-1.0 >256 0.2-0.4

consistent with the expectation of synergistic -effects
produced by these double modifications of TSR and revealed
additional details regarding the complex SAR of TSR’s side
ring and tail.

Although mutational biosynthesis has exhibited great
power with respect to expanding the molecular diversity and
utility of polyketide and non-ribosomal peptide natural pro-

498 | Org. Chem. Front,, 2016, 3, 496-500

ducts,'® to date, there exist only a few successful examples of
mutational biosynthesis in RiPP engineering. These successes
have featured the incorporation of non-amino acid building
blocks, such as QA in TSR biosynthesis'** and methyl indolic
acid (MIA) in nosiheptide (NOS) biosynthesis."® Research has
demonstrated that the biosynthesis of the QA moiety, which is
independent of post-translational modifications to the TSR
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precursor peptide, is mediated by four enzymes in addition to
TstT (TstA, TsrE, TsrD, and TsrU; Fig. 1 and S21)."** As chemi-
cal modules, synthetic QA analogs fed into AtsrB/T can replace
the functions of four gene modules in TSR biosynthesis
(compounds 1-4 for TsrT, TsrA, TsrE, and TsrD; compound 5
for TsrA, TsrE, TsrD, and TsrU). This unusual molecular engin-
eering strategy for generating RiPP antibiotics, which is based
on mutational biosynthesis and knocking out genes that
encode tailoring enzymes, greatly facilitates the expansion of
TSR diversity and overcomes the limitations imposed by the
substrate specificities of TsrT, TsrA, TsrE, TsrD, and TsrU.
Notably, a natural 12'-de-methyl-siomycin (SIO) derivative
known as siomycin D has been isolated from the SIO-
producing strain Streptomyces sioyaensis (Fig. S17).>° However,
no such analogs had been found in TSR-producing strains
until we conducted the aforementioned molecular engineering
study; this phenomenon can most likely be attributed to the
relatively strict recognition of building blocks in the TSR
biosynthetic system. Overly modified QA analogs could not be
utilized by the microbial cell factory; for instance, compounds
6 and 7 were not incorporated into the CmTSR architecture.
Thus, our understanding of the tolerance of the TSR bio-
synthetic system was enhanced; in particular, we determined
that the enzymes responsible for QA incorporation and the
closure of TSR’s side ring could tolerate fluoro- and chloro-
substitution at the 6C position of QA and that the extension or
shortening of a methyl group on the 12C atom of QA could
also be recognized by the biosynthetic system. However, the
substitution of larger halogen atoms (e.g., Br) at the 6C
position of QA or the extension of an ethyl group at the 12C
position of QA could not be tolerated. In fact, when compound
5 was fed to AtsrB/T to produce a chlorine-substituted CmTSR
derivative at the 6C position of QA, a markedly reduced yield
was obtained (Fig. 2).

Recent developments in drug delivery systems®" have
accelerated the clinical use of thiopeptide antibiotics with
large molecular weights and poor water solubilities. However,
to date, LFF571, a semi-synthesized molecule generated from
the natural product GE2270A via C-terminal modifications, is
the only thiopeptide antibiotic undergoing phase II clinical
testing for the treatment of moderate Clostridium difficile (CD)
infections (CDI; NCT01232595).>> Progress towards the
discovery of more potent derivatives and the development of
robust large-scale production methods will renew interest in
the future clinical use of molecules in the thiopeptide family.
With the exception of 6'-chloro-CmTSR, all of the newly
obtained CmTSR derivatives in this study exhibited greater
antibacterial activity than the parent compound TSR. To the
best of our knowledge, 5"-fluoro-CmTSR even exhibited greater
antibacterial activity than all known natural thiopeptide
antibiotics. To tap into more potential applications of our
examined derivatives and compare their antibacterial activities
with that of LFF571, more than ten clinically isolated CD
strains were randomly selected for the determination of the
MICs of these CmTSR derivatives (Table 1 and S6). The
clinically utilized first-line antibiotic vancomycin (VAN) was
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chosen as the control drug. The experimental results indicated
that the newly engineered CmTSRs exhibited more potent
activities than LFF571 and VAN with respect to eliminating CD
strains, suggesting that CmTSRs could serve as drug leads with
great potential in the future development of -clinically
employed anti-infective agents.

Conclusions

In conclusion, based on the proposed synergistic effect of
doubly modified TSR molecules, we constructed a new mutant
strain, Streptomyces laurentii AtsrB/T, that has lost the ability to
produce TSR. The exogenous chemical feeding of QA analogs
restored the antibiotic production for this microbial cell
factory and resulted in the generation of five new CmTSR
derivatives with greatly increased antibacterial activities rela-
tive to the parent compound. Thus, our understanding of the
tolerance for QA incorporation in the TSR biosynthetic system
was enhanced. The strategy described in this paper could
inspire studies in synthetic biology by encouraging the con-
sideration of chemical modules as an approach for replacing
multiple gene functions in the generation of unnatural natural
products; in addition, the newly obtained CmTSR derivatives
may serve as drug leads in pharmaceutical chemistry and as
chemical probes in chemical biology.
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