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SUMMARY

Heterologous expression of a biosynthesis gengetltromAmycolatopsis sp. resulted in the
discovery of two unique class IV lasso peptidelpéptins A1 and A2. A mixture of felipeptins
stimulated proliferation of cancer cells, while lreyno such effect on the normal cells. Detailed
investigation revealed, that pre-treatment of cane#ls with a mixture of felipeptins resulted in
downregulation of the tumor suppressor Rb, makliegcancer cells to proliferate faster. Pre-
treatment with felipeptins made cancer cells carsibly more sensitive to the anticancer agent
doxorubicin, and re-sensitized doxorubicin resistafis to this drug. Structural characterization
and binding experiments showed an interaction batwelipeptins resulting in complex
formation, which explains their synergistic effethis discovery may open an alternative avenue

in cancer treatment, helping to eliminate quiescetis that often lead to cancer relapse.

INTRODUCTION

Lasso peptides represent a family of ribosomalhttsgsized and post-translationally modified
peptides, (RiPPs, Arnison et al., 2013; Maksimoalgt2012; Hegemann et al., 2013; Tietz et
al., 2017) whose biosynthetic gene clusters (B&@s)present in many bacterial genomes
(Hegemann et al., 2015; Mevaere et al., 2018)et¢emt years, peptide-based bioactive
compounds have attracted considerable attenticsmuseaf their high specificity to molecular
targets and because they can relatively easy desighed by means of chemical synthesis
and/or genetic engineering (Hegemann et al., 2049%/eer et al., 2019; Pu et al., 2019; Habault
and Poyet, 2019). Lasso peptides are small pepifeamino acids long, on average) of a

unique “lasso” topology with the following featur¢g a macrolactam ring of 7-9 amino acid
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residues established when the amino group of theriNinus forms an isopeptide bond with the
carboxyl side-chain of a glutamic or aspartic aesidue, (i) the C-terminal tail trapped within
the ring either by bulky amino acids or disulfid&diges, or both (Arnoson et al., 2013;
Hegemann et al., 2015; Li et al., 2015a; Li et2015b).

Lasso peptides are divided into four classes basdle number and position of disulfide
bridges that are important structural featurefhiesé RiPPs (Tietz et al., 2017). Class | lasso
peptides have two disulfide bridges that link thee&ded tail above and below the macrolactam
ring. Class Il peptides have no disulfide bridgastave a “steric plug” composed of bulky
amino acids on either side of the macrolactam tangelp stabilize the fold (Allen et al., 2016;
Hegemann et al., 2016; Hegemann, 2020). Classdiil'® have only one disulfide bridge. In
class Il the disulfide bridge links the tail tcetimacrolactam ring, whereas in class IV the
disulfide bridge is located at the tail itself. fao only two class IV peptides have been
characterized, LP2006 from the actinomycete bacteNocardiopsis alba (PDB accession
number 5JPL; Tietz et al., 2017), and pandonodimfPandoraea norimbergensis (PDB
accession number 6Q1X; Cheung-Lee et al., 2019).

Bioactivities exhibited by lasso peptides are dirde interest in terms of drug discovery. Some
bacterial lasso peptides, such as microcin J25apistruin, inhibit RNA polymerase in Gram-
negative bacteria and thus have antibiotic actiiBraffman et al., 2019). Others act as
antagonists of glucagon receptor (BI-32169; Knagipad., 2010), endothelin B receptor (RES-
701; Morishita et al., 1994) or have inhibitoryigity in a cell invasion assay with cancer cells
(sungsanpin; Um et al., 2013).

The minimal set of genes in a lasso peptide BGO@d@gxa precursor peptide (A) that contains
an N-terminal leader and a C-terminal core regeguence, a leader peptide recognition protein

(B1), a leader peptidase (B2) and a macrolactarthage (C). Alternatively, many clusters
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encode fused B1-B2 proteins. Furthermore, some lasgtide BGCs can also contain genes for
ABC transporters (D), isopeptidases or other aoigigti modification enzymes (Hegemann et al.,
2015; Tietz et al., 2017). Significant progress teently been made in characterization of these
proteins, as reported by Yan et al. (2012), DiGaptial. (2019), Choudhury et al. (2014), Fage
et al. (2016), and Zhu et al. (2016). A study frd@17 provided good insight into the
biosynthetic landscape of lasso peptides by idgntgfBGCs in available bacterial genomes and
predicting a total of 1,315 lasso peptide sequefroes them (Tietz et al., 2017). This number
has nearly doubled in more recent work by de logd&a who has developed a neural network
for identification of RiPP precursor peptides (de $antos, 2019). Chemical synthesis of lasso
peptides is very difficult, and only one exampls baen reported recently (Chen et al., 2019),
suggesting that the best way to produce such pepédd test their biological activities and
potential as drug leads is to isolate them aftesyithesis in vivo.

The relatively small size of lasso peptide BGCs esaketerologous expression an attractive
approach for the production of this class of conmusu(Hegemann et al., 2013; Li et al., 2015b;
Mevaere et al., 2018; Martin-Gomez et al., 201&stvmajority of lasso peptides are of
proteobacterial origin with only a few examplesifractinomycetes. Except for the archetype
lasso peptide J25 that was discovered in its nidat, Escherichia coli, proteobacterial lasso
peptides have typically been produced via hetemlegxpression. Sviceucin is the only lasso
peptide from an actinomycete bacterium that has peaduced via heterologous expression in
considerably high quantities (Li et al., 2015a)ef@fore, further attempts on expression of lasso
peptide BGCs must be pursued in order to gain adoethe diversity of lasso peptides,
especially from actinomycete bacteria. This isipalarly relevant for class IV lasso peptides,

which are rare and poorly biologically charactedize far.
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In this work, we present the successful genomengiof a newly isolateédmycolatopsis sp.,
leading to the heterologous expression, purificgtgtructural and biological characterization of
two class IV lasso peptides exhibiting unique sgigic biological activity, which may prove

useful in combinational cancer chemotherapy.

RESULTSAND DISCUSSION

Amycolatopsis sp. YIM 10 metabolites and genome analyses. Amycolatopsis sp. YIM10 was
isolated from a rare earth mineBdyan Obo, Inner Mongolia, China, and taxonomically
identified by means of 16S rRNA gene sequencindtivation of this isolate in different
conditions revealed its ability to produce varitigtosides and 1,2,4-trimethoxynaphthalene, as
suggested by LC-MS analyses (Figures S1-S4, Sugpieininformation). While these natural
products have been described previously (Guo e2@12; Rycroft et al., 1998), the latter has
never been isolated from a bacterium before. Thetires of these compounds were also
confirmed using NMR spectroscopy (Figures S5-S@p&mental Information). No compounds
with strong antimicrobial activity could be idemid in these initial experiments. Keeping in
mind the reported potential 8fmycolatopsis spp. to produce bioactive secondary metabolites,
the genome of YIM10 was completely sequenced (GekBacession number CP045480, Table
S3), and found to consist of a circular chromosomE).31 Mb and a 39.9 Kb plasmid. The
genome was analyzed with antiSMASH 5.0 softwaren(8l al., 2019), which identified at least
44 secondary metabolite BGCs. Several of these B{p@sar to be unique and could not be
identified in the publicly available genomes ofatlbacteria (Table S4, Supplemental

Information). The vast majority of BGCs identifiedthe genome of YIM10 had homologs in
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the genome of recently describ&ahycolatopsis albispora WP1 isolated from marine sediment
(Wu et al., 2018), suggesting that these straieslasely related.

Given that the genome éimycolatopsis sp. YIM10 contains uncharacterized BGCs and
therefore may have a potential to produce previoustiescribed compounds, it was regarded as
an excellent candidate for genome mining. Firss, skrain was evaluated as a possible subject
for genetic manipulation. However, YIM10 was founde resistant to all the antibiotics used as
selection markers in actinomycetes, in particupgamycin, hygromycin, thiostrepton,
kanamycin and puromycin. Thus, establishing a geamesfer system for this bacterium appeared
problematic. Considering this, cloning and exp@ssif BGCs in a heterologous host seemed
like the only strategy to circumvent the problerhefiefore, a YIM10 fosmid genome library was
constructed (Supplemental Information, Transpakégthods). We were particularly interested

in expressing BGC21, which was predicted to gowosynthesis of two class IV lasso peptides
(MiBIG accession number BGC0002064). This BGC spdfskb and contains all the main
genes for the biosynthesis of this class of RiPPs.

Screening of the genome library using pooled PCIR miimers designed for flanking and
central regions of BGC21 led to the identificatafra single fosmid containing the entire cluster.
BGC21 (Figure 1) harbors two genes encoding precyrsptidesf(lAl andfilA2), as well as
genes for the proteins involved in the leader pleptecognition and cleavagd B1 andfilB2),

the macrolactam ring formatiofilC), putative oxidoreductase-catalyzed reactidihg)(

transport fiID1 andfilD2), and transcriptional regulatiofil R1).

A cassette containing amiT sequence and integration site int-a®B1 allowing conjugative
transfer of the construct intreptomyces bacteria and stable genomic integration, respelgtiv
was incorporated into the identified fosmid usinBED recombineering (Supplemental

Information, Transparent Methods). The recombiriesinid harboring BGC21 was introduced
6
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into Streptomyces coelicolor M1154 engineered for heterologous expression ofjermous BGCs
(Gomez-Escribano and Bibb, 2011) &iceptomyces albus J1074. The resulting recombinant
strains were cultivated in different liquid andidahedia, but no lasso peptide production could
be detected in these conditions.

Next, the genéIR1 encoding a transcriptional regulator of the SABRify, was cloned into the
plasmid pSOK80&ander control of the strong constitutive promoteniep* (Mevaere et al.,
2018). The construct was conjugated into the abewtionedSreptomyces hosts that harbored
integrated recombinant fosmid with BGC21. The cituiste overexpression of the FilIR1 SARP
regulator apparently triggered the production dhiquredicted lasso peptides in the two
Streptomyces hosts when cultivated in liquid MYM medium (Figar87-S8, Supplemental
Information). The detected lasso peptides weregdased felipeptins A1 and A2, and predicted,
based on the sequence data, to be composed ot aamino acids, respectively.

Given that thes. coelicolor M1154 host has a cleaner metabolic background aosdgo that of
S albus J1074, and virtually no differences in lasso pggiyields were found between the two

strains (data not shown), it was decided to worthfer only with the former recombinant strain.

Structure elucidation by LC-M Sand NMR confirmsthe identity of two class1V lasso

peptides. Up-scaled fermentation and optimization of the fization protocol resulted in
production yields of 12 mg/L of felipeptin A1, aiddng/L of felipeptin A2 (see Methods). These
yields are significantly higher than those usualiyained after heterologous expression of lasso
peptides BGCs (Li et al., 2015a; Mevaere et allg2Martin-Gomez et al., 2018). Most likely,
this is due to overexpression of the SARP regulataoded by the felipeptins BGCs, which
apparently controls expression of all other biokgtit genes in the cluster. The measured

molecular masses of felipeptin A1 (HRESIM#z 1009.4640 [M+2H]"; calculated for
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CotH13dN260235,2", m/z 1009.4616A = 2.4 ppm) and felipeptin A2 (HRESIM&z 922.9145
[M+2H]?*; calculated for @H11dN23023S,%", m'z 922.9140A = 0.5 ppm) matched well with the
peptide sequences GSRGWGFEPGVRCLIWCD and GGGGRGWYGCLIFC predicted

from thefilAl andfilAl gene products, respectively, provided that tworoweles are formed
(Figure S8, Supplemental Information). The purityedipeptins was verified using HPLC and
LC-MS (Figures S9 and S10, Supplemental Information

The structures of both felipeptins (Figure 2) weliecidated using an NMR-based approach,
with DMSO as the solvent (see Methods). The strestdepict an 18-mer peptide (felipeptin
Al) and 17-mer peptide (felipeptin A2) with a lodpeandcuff topology. Both peptides have an
eight amino acid macrolactam ring at the N-termifuusied by condensation of the side-chain
of Glu8 and the free N-terminus of Glyl. The forioatof the isopeptide bond is confirmed by
the long range nuclear Overhauser effect (NOE) peakeen these two residues. For both
felipeptins, threading of the loop region through tmacrolactam ring is confirmed by the long-
range NOEs (MTrp5—H' Arg12 and K Gly6—H" Arg12). Formation of a disulfide bridge
(Cys13-Cys17) in both felipeptins was confirmeddryg-range NOEs betweert ldf Cys17 and
HP of Cys13. This disulfide bond might serve as &ing feature by “trapping” the tail in
position. Other structural features that mighteexs steric locks are Valll (in A1) and GIn12
(in A2) above the macrolactam ring, as well as Rrghd Leul4 (in A1) and Leul4 (in A2)
below the ring. The Al and A2 structures have posited in the Protein Data Bank under
the accession IDs 6XTH and 6XTI, respectively.

Structural features were also confirmed by the spexf the two lasso peptides, obtained after
tandem MS (Rosengren et al., 2004; Jeanne Dit Foatal., 2019),which showed a series of
abundant a-, b-, and y-type peptide fragment iaveiing the linear chain encompassing amino

acids 9- 12. Their masses fit to the expected ntactaim ring formation between the N-terminal

8
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Gly formed after removal of leader peptides andside-chain of Glu8 on one side, as well as
the formation of a second macrocycle via a disalfiddge between Cys-residues in positions 13

and 17 (Figure 3).

The proposed biosynthesis of the felipeptins A1 and A2 requires FilB1, FilB2, FilC and

FilE for matur e lasso peptide formation. Based on the current knowledge on the functions of
the lasso peptide biosynthesis enzymes, and tiseqee of a genfdE encoding an
oxidoreductase, the biosynthesis of felipeptins praslicted as shown in Figure 4.

According to the proposed biosynthetic pathway,Ritl81 protein recognizes the precursor
peptides, products &flAl andfilA2 genes, and guides them to the peptidase FilBZ;hwhi
cleaves off leader peptides (DiCaprio et al., 2Kd&ps and Link, 2019). Immediately after
cleavage, the lasso cyclase FilC forms a macratadiag and assists in the lasso fold formation.
The last step in the biosynthesis is most likelyomaplished by an oxidoreductase FilE, which
forms disulfide bridges, stabilizing the final sttures. Interestingly, database searches for
proteins similar to FilE revealed only those wigisd than 55% identity, suggesting this
oxidoreductase being rather unique.

Since the only other member of class IV lasso peptbiologically characterized, LP2006,
displayed antibacterial activity, we tested felifplep A1 and A2 against a panel of different
Gram-positive bacteria in liquid media-based asgagsder to determine minimal inhibitory
concentrations. The results obtained suggest ¢tipeptins and their combination do not exhibit
antibiotic properties, except in the caseS&toéptococcus pyogenes andStreptococcus

pneumoniae, where felipeptin A1 and the 1:1 A1+A2 mixture sholWweeak antibacterial activity
(Table S5, Supplemental Information). Interestingiythe case db. pyogenes, only a mixture

of felipeptins was found to be active. The syndigisffect was also clearly visible with the disk

9
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diffusion assay performed usiBgcillus subtilis as test organism (Figure S11, Supplemental

Information).

Felipeptins A1 and A2 exert a unique synergistic effect on cancer cells. In order to evaluate
other possible bioactivities of felipeptins A1 aid, we tested the effect of a range of
concentrations of felipeptins and their combinaiiorell viability assays using several cancer
cell lines of different origin, including colon @anoma HCT116, melanoma A375 and breast
carcinoma MCF7, in comparison to normal cells,itbman fibroblast cell line BJ and bone
marrow-derived mesenchymal stem cells (MSC). Wihidevidual peptide treatments had
marginal and statistically insignificant effects thie number of viable MCF7, HCT116 and
A375 cells, their combination at certain ratiosngigantly increased the number of viable cancer
cells in three cell lines (Figure 5A-C, left panatsd Figure S12A-B). The effect of felipeptins
combinations at several doses was synergistidi@srsin Figures 5A-C (green squares). In
contrast, the effect of felipeptins on the growdterof normal cells, BJ and MSC, was weak and
without synergistic effect (Figure 5D and FigureE)

Since the increased number of cells could be degher lower rate of cell death or higher rate
of cell proliferation, we investigated the effe¢felipeptins on cell cycle distribution using
fluorescence-assisted cell sorting (FACS) of priypidiodide stained cells (Figure 6A-C).

While no change in the fraction of dead cells (siilfi@ction, <2N DNA content) could be
observed, a decrease of cells in G1 (cell cyclpgnagory phase, 2N DNA content)
concomitantly with the increase of cells with >2NIB content, i.e., cells in replication (S) and
cell division (G2/M) phases was evident. These diarly indicated an enhanced rate of

proliferation.

10
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To better understand the mechanism of pro-prolifexaactivity of felipeptins, we tested the
involvement of tumor suppressors p53 and Rb, tleekisy factors that control the decisions of
cells to proliferate (Hanahan and Weinberg, 20Wg.addressed the involvement of p53 by
using two cancer cell lines, MCF7p53K0O and A375p63kh which the p53 gene was deleted
by means of CRISPR-Cas9-mediated gene editing. Menvthe deletion of p53 did not
significantly affect the pro-proliferative activityf felipeptins and their combinations (Figure
S12D and E, Supplemental Information). Importarttig observed statistically significant
changes in the proportion of cells in different gggof the cell cycle, although minor, were
gualitatively and quantitatively similar to thoséhéited upon deletion of the gene for the
retinoblastoma protein Rb (Brugarolas et al., 1988addition, we found a significant decrease
in the level of the Rb protein and phosphorylatéduRon felipeptin treatment in A375 cells, as
assessed by immunoblotting (Figure 6D). Taken tegebur data suggest that the inhibition of
Rb is involved in stimulation of proliferation bglipeptins.

The concept that quiescent cancer stem-like c883s) within solid and hematological cancers
confer resistance to chemo- and irradiation thereymjch preferentially targets rapidly
proliferating cells, is currently widely acceptddbhahan and Weinberg, 2011; Brown et al.,
2017). Based on our data on stimulation of the eaoell proliferation by felipeptins, we
addressed the question of whether pre-treatmehtfelipeptins can increase the cytotoxic
activity of the widely used chemotherapeutic drogatubicin (DOX). Importantly, we found
that pre-treatment of MCF7 and A375 cells withdetins significantly and synergistically
increased the efficiency of cancer cell suppresbipdoxorubicin (Figure 7A, B, left panels).
The quantification of the synergistic effect of danmation ratios is presented in the left panels In
Figure 7 A, B (green squares). Further confirmatibthe potentially beneficial effect of pre-

treatment with felipeptins was obtained in a loegyt (7 days) colony formation assay. In this
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experiment, the A375 cells were pre-treated witlombination of 6.25 uM and 12.5 pM of
felipeptins for 72h, followed by 72h DOX treatmenhe number of cancer cell colonies was
decreased much more efficiently by DOX upon prattreent with felipeptins (Figure 7C),
demonstrating a remarkable increase in sensitigisards DOX in comparison with the non-
pretreated cells. Furthermore, the number of celtee colonies was considerably lower in the
felipeptins pre-treated samples. A number of saitieve found that DOX has high propensity to
select for drug-resistant cancer stem cells iniptesly differentiated cancer cells of various
human solid tumors, including lung and breast cantia, neuroblastoma and osteosarcoma
(Martins-Neves et al., 2018Jalcagno et al. have demonstrated that prolongpdsexe of the
MCF-7 breast cancer cells to doxorubicin seleatsétls with a drug-resistant phenotype,
enriched in stem cells with increased invasive@@sstumorigenicity (Calcagno et al., 2010).
Following the previously described protocol (Calvagt al., 2010), we selected DOX-resistant
MCF7 cells and tested whether stimulation of tigeawth by felipeptins will overcome
resistance to DOX (Figure 7D). As shown in Figuee @ells pre-treated with felipeptines were
much more sensitive to the second treatment witik D2lipeptins decreased the number of
drug-resistant colonies almost 4-fold. Moreovercas be seen in Figure 7F, the remaining
colonies contained fewer cancer cells, while thenpitype of some of those remaining cells (big,
flat cells) suggests that they entered irrevergibtevth arrest (senescence), preventing their
recurrent growth. Thus, our data demonstrate tiratiating the proliferation of drug-resistant
cancer stem cells by felipeptins re-sensitized tteechemotherapy and overcame drug
resistance.

Notably, the biological effect of combined felipeyst was dependent on the cell type. The
selective effect of felipeptins on different typdscells lead us to speculate that the combination

of felipeptins A1 and A2 might mimic a growth fagtbormone or cytokine, which are known to
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have differential effects on different types ofleeFor example, activin A, which belongs to the
transforming growth factor beta superfamily, caerékoth proliferative and anti-proliferative
effects depending on the differentiation stagéhefdell and the presence of other growth factors
in the system (Bloise et al., 2019). Further higlotighput studies are required to dissect the

exact mechanism of the selective biological agtigitfelipeptins.

Synergistic biological effect of felipeptinsislikely dueto complex formation. In order to
further investigate the synergistic effect betwtsipeptins A1 and A2, we performed an NMR
titration experiment to measure the strength ofitkeraction (dissociation constanty)ketween
them (Supplemental InformatiortyC-HSQC spectra of felipeptin A2 were recorded befand
after addition of felipeptin A1. Upon increasingtboncentration of felipeptin A1, we observed
chemical shift perturbation in certain residueddsthains of Arg5, Tyr7, Lys11 and llel5;
backbone of Lys11) in felipeptin A2. These affectesidues were confirmed by chemical shift
perturbations observed in"@-HSQC spectrum recorded at the end of the titnatio
(Supplemental Information, Figure S12). These chahshift perturbations indicate a change in
the chemical environment of the observeld>C atom pairs that were used to estimate & K
0.3 £ 0.2 mM for the interaction (Figure S12). Tdmino acid specific locations of the highest
chemical shift perturbations were used to guidedibeking of felipeptins A1 and A2 using
HADDOCK (van Zundert et al., 2016).

Figure S12 (Supplemental Information) shows a HABIBOmModel, where the ring of one
felipeptin interacts with the tail of the otherddegure text of Figure S12 for further discussion)
While the NMR data fits best with a model in whietipeptins interact in a 1:1 ratio, we can't
rule out the possibility of a model where felipegtinteract in other ratios. NMR studies were

performed in DMSO due to the poor solubility of fieépeptins in water (see Transparent
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Methods). While the observation of the interacti@tween felipeptins under these conditions
does not entail the existence of an interactioreupttysiological conditions, it does not rule it
out either.

Whatever the molecular mechanism behind the spestifnulation of cancer cell proliferation
by felipeptins is, this unique biological activityay open interesting possibilities for
combinational cancer therapy. Accumulated expertalevidence increasingly supports the
notion that the persistence of quiescent subpdpuakabf cancer cells, including cancer stem
cells (CSCs), cause relapse after initially sudcéstemotherapeutic treatment (Battle and
Clevers, 2017). However, targeting quiescent C®@8wmims a major challenge. A possible
strategy could be to ‘wake up' this cell populatmmcrease its susceptibility to chemotherapy,
as it has been demonstrated by genetic means arimgntal models of chronic myeloid

leukemia (Takeishi et al., 2013).

Thermal and proteolytic stability of felipeptins. Considering presumed potential of felipeptins
in being used in therapy, it appeared necessapstdheir thermal and proteolytic stability. To
assess the thermal stability of the felipeptins twedstabilizing role of the disulfide bond,
agueous solutions were incubated at 95°C for 2@hdrabsence and presence of the reducing
agent dithiothreitol (DTT). (Allen et al., 2016; &g et al., 2017; Hegemann, 2020). Felipeptin
Al showed no sign of thermal unthreading after 2085°C, even though partial hydrolytic
cleavage of the C-terminal Asp18 was already oleskrin the presence of DTT, not only
reduction of the disulfide bond but also furtheewtical cleavage was detected, proving the
stabilizing role of the disulfide bond (Fig. S14).

Felipeptin A2 also showed remarkable thermal stgbbut the appearance of an additional peak

in the chromatogram strongly indicated partial tharunthreading after 20h at 95°C (Fig. S15).
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334 The MS data for this additional peak proof ideritroass and the MS/MS spectrum shows

335 identical fragment ions that were, however, detketgh altered relative intensities, indicating a
336 different peptide fold (Fig. S16). Both peptidesr@vstable towards carboxypeptides B and Y,
337  which might as well be attributed to the lasso-f@td). S17, S18) as well as to the disulfide

338 bond close the C-terminus. Considering the siz@inacrocycle formed by the disulfide bond
339  (Fig. 2), it can be assumed that thermal unthrepgdinceeds via the tail pulling mechanism

340  only, but which structural features determine thenehigher stability of felipeptin A1 compared
341  to A2 requires further detailed studies (Hegemag20).

342  The high thermal and proteolytic stability obseryedthe felipeptins is definitely a big

343 advantage when considering up-scaled biotechn@bgroduction and potential medical

344  applications. Most of the current chemotherapeagients used for cancer treatment are designed
345  to target rapidly dividing cancer cells, which #mas becoming more vulnerable to cytotoxic
346 agents compared to normal cells. However, in masgs seemingly successful treatments of
347  cancers still end up in relapse, owing to the datncancer cells that survive the treatment in a
348 quiescent state. Pre-treatment of cancer cellsfefifheptins sensitizes them to doxorubicin, a
349 widely used chemotherapeutic agent, and may prandepportunity to reduce the dosage of
350 this cytotoxic agent and thereby minimize side @feMoreover, pre-treatment of doxorubicin-
351 resistant cancer cells with these lasso peptidéesntaem again sensitive to this drug. Taken
352  together, our results suggest a possibility ofleerr@ative direction in cancer therapy based on a
353 combination of proliferation-inducing treatment asydotoxic drugs targeting rapidly dividing
354  cells.

355

356  Limitations of the Study
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We note three limitations of this study. One reddtethe exact mechanism of action of
felipeptins on cancer cells, which appears to ketduhe reduction in the amount of tumor
suppressor protein Rb. However, how this redudsachieved, and whether the felipeptins
enter the cells or act on a membrane-anchored t@dsmot known. Further studies, which
would include more characterized cell lines, traipsomics and proteomics can clarify this
issue. The second limitation is due to the low Bitily of lasso peptides in water, which
prevented the studies on complex formation in thesaus solutions mimicking cellular
environment. Hence, only formation of the compleoMSO-based solution could be shown.
The third limitation relates to an idea of using telipeptins in eukaryotic cell suspension
cultures producing pharmaceutical proteins, whddt@n of lasso peptides could support more
vigorous growth and hence increase the efficieridii@production process. This direction of

research has not yet been addressed in the catuelyt but deserves proper investigation.
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The genome sequenceArfiycolatopsis sp. YIM10 is available in GenBank under accession
number CP045480.1. Chemical shift assignmentslipefatins A1 and A2 have been deposited

in the BMRB under the accession codes 34478 and®B4éspectively. NMR ensemble
structures of felipeptin Aland A2 are depositethm Protein database under accession numbers

6TXH and 6TXI, respectively.

M ethods

All methods can be found in the accompanying Traresmt Methods supplemental file.
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FIGURE LEGENDS

Figure 1. Lasso peptide biosynthesis gene cluster fAomngcolatopsis sp. YIM10: organization

of genes and predicted functions of their products.

Figure 2. NMR ensemble structures of (A) felipeptin A1 PDBXgH and (B) A2 PDB:6TXI.

The structures depict the looped-handcuff topolstgypilized by a disulfide bridge, characteristic
of class IV lasso peptides. In both structuresnaraicids G1-E8 in the macrolactam ring are
colored lighter, and the disulfide bridges, C13-Cdré colored yellow. The amino acid
sequences and lowest energy conformers for felipeptl (C) and A2 (D) are also shown.
Figure 3. HRESIMS/MS spectra of the [M+2H]2+ ions of felipgpAl at m/z 1009.4640 (A)
and felipeptin A2 at m/z 922.9145 (B). The fragnagioh, occurring mainly in the linear region

between the two macrocycles, fully confirms thedtures predicted from the BGC data.
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Figure 4. Proposed felipeptins biosynthesis pathway.

Figure5. Synergistic induction of cancer cell proliferatioy felipeptins. (A-D) Left panels,
heatmaps show changes of the number of viable ggtis 72 h treatment with different doses of
felipeptins and their combinations at a 2-fold alediilution (as indicated in the figures) in cancer
cell lines MCF7 (A), A375 (B), HCT116 (C) and nornealls, BJ fibroblasts and bone marrow-
derived mesenchymal stem cells MSC (D), measuredj uszasurin assay and normalized to
DMSO control. Red indicates increased cell numbéite — no change, blue — decreased cell
number. Right panels, heatmaps show Highest Shggat (HSA) reference model score,
indicated by green color (A-D). Data presented aamiog2 from two independent experiments
performed in duplicate.

Figure6. Felipeptins stimulate proliferation of cancelisgia inhibition of pRb. (A, C)
Stimulation of cell cycle progression by 24h treainwith felipeptins (green bars, 6.25 uM
each; red bars, 12.5 uM each) as detected by FA@®pidium iodide-stained A375 (A, B) and
HCT116 (C) cell lines. Grey bars, control DMSO treant. Data shown as mean = SD from two
independent experiments. *p<0.05, unpaired t (EgtWestern blotting for total RB and
phospho-Rb in A375 upon felipeptins treatment #h2B-Actin is used as a loading control.
Figure7. Felipeptins sensitize cancer cells to doxorubéeid overcome drug resistance of
cancer stem cells. (A,B) Heatmaps (left paneldgcethe number of viable cells in A375 (A)
and MCF7 (B) cell lines, pre-treated with differeoincentrations of felipeptins for 72h followed
by doxorubicin for another 72h. HAS Synergy scdragt panels) are indicated in green color.
Data presented as mean log2 from two independ@ariexents performed in duplicate. (C)
Long-term viability assay (7-day colony formation)A375 cells, pre-treated or not pre-treated
with felipeptins A1+A2 before applying doxorubics in (A). Colonies were detected using

crystal violet staining. The charts illustrate ge¥centage of the colony numbers relative to the
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untreated control. ** 0.0% p. (D). Schematic illustration of the experimdnrDoxorubicin-
resistant MCF-7 cancer stem cells were obtained 72b treatment by 12.5 nM doxorubicin. Il-
Their growth was stimulated by combination of felgtins (25.M each) for 96 h. 1ll- Resulting
colonies were treated by the same doses of DOXlipeptins or Dox/felipeptins combination
for 5 days. (E) Quantification of drug-resistantoroes obtained as in (D) upon treatment of
DOX or felipeptins or their combination. Coloniesne detected using crystal violet staining;
colonies were counted using image J analysis. g@pyé&sentative phase-contrast microscopy

image of crystal violet-stained colonies obtainedglaown in (D).
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Figure 1. Lasso peptide biosynthesis gene cluster from Amycolatopsis sp. YIM10: organization of genes and
predicted functions of their products.

filR1 A1A2 B1 B2
Gene Gene product
filR1 transcriptional regulator (SARP family)
filA1 felipeptin Al lasso peptide precursor
filA2 felipeptin A2 lasso peptide precursor
filC asparagine synthase (lasso cyclase)
filB1 PqqgD family protein (leader peptide binding)
filB2 transglutaminase-like superfamily protein (leader peptidase)
filE LLM class flavin-dependent oxidoreductase (disulfide bridge formation)
filD1 ABC transporter (lasso peptide efflux)

filD2 ABC transporter (lasso peptide efflux)



Figure 2. NMR ensemble structu.cc o icipopaio s oo civa s .

A1:GSRGWGFEPGVRCLIWCD
A2: GGGGRGYEYNKQCLIFC
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Fi r Proposed felipeptins biosynthesis pathway.

pro-Al pro-A2

iIB1 ilB2 ilC

Recognition and removal of
leader peptide + macrolactam ring
formation

|

Disulfide bridge formation

felipeptin Al felipeptin A2
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Figure . Felipeptins stimulate promerauurt vl calicer Cens  id i 1iuul Ui PR.
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Figure 7. Felipeptins sensitize can D ~Jou : ' - ce of cancer stem cells.
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Class |V lasso peptides synergistically induce proliferation of cancer cells and sensitize
them to doxor ubicin

Jaime Felipe Guerrero-GarZdnEva Madlané*, Martin Zehf, Madhurendra SinghShiva
Reza€l® Finn L. Aachmanf Gaston CourtadeErnst UrbaRy Christian Riickeft Tobias
Busché, Jorn Kalinowski, Yan-Ru Ca Yi Jiand, Cheng-lin Jian§ Galina Selivanov,
Sergey B. Zotché¥

Highlights

» Lasso peptides felipeptins frodmycolatopsis sp. produced in a heterologous host

Felipeptins synergistically sensitize cancéisde doxorubicin

» Synergistic effect on cancer cells appearstdue to complex formation

Felipeptins overcome drug resistance of castn cells



