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General Introduction

Natural products play an indispensable role in the drug development process. It is estimated that ca. 35% of small-
molecule drugs is either natural products or their synthetic derivatives.® Since the discovery of penicillin in 1928 and
streptomycin in 1943, so many antibiotics have been successfully discovered from microbes, such as sulfonamide,
bacitracin, chloramphenicol, tetracycline, vancomycin, etc. There is no doubt that antibiotic drugs are the most successful
chemotherapy, since new antibiotics saved millions of lives from infectious diseases worldwide and increased life
expectancy by up to two decades in recent history.? Therefore, compounds with novel skeletons and biological activities
have always been the hotspot of natural products research.

In natural products research, microorganisms still remains as important source of new drug compounds. So far,
among the bioactive compounds that have been isolated from microbes, 45 % are produced by actinomycetes, 38 % by
fungi and 17 % by unicellular eubacteria.® Actinomycetes continue to play the most significant role in drug discovery
and development.

Amycolatopsis, genus of a rare actinomycete, was misidetentified as Streptomyces and later as Nocardia in the past.
In 1986, Amycolatopsis was recognized as a unique genus by Lechevalier.* Amycolatopsis is an important actinomycete
in the industry of antibiotics, which produced many potent antibiotics on the market, such as balhimycin by Amycolatopsis
balhimycina, thiazomycins by Amycolatopsis fastidiosa, rifamycins by Amycolatopsis mediterranei, azicemicins by
Amycolatopsis sulphurea, and vancomycin by Amycolatopsis orientalis.> Among these antibiotics, rifamycin is one of
the major drugs used for clinical treatment of tuberculosis. Vancomycin is a famous antibiotics and recognized as the last
line of defense against some resistant pathogenic bacteria. Amycolatopsis sp. exhibited the good ability of producing

bioactive secondary metabolites.

LI, RS
Rifamycin B OHﬁl\/OK
HoN

Vancomycin

Figure 1 Structures of rifamycin B and vancomycin.
Sulfur, special element in natural products, always connected with aromatic ring as a thioether in the known
compounds.® Thioethers in alphatic chain are rare, have never been discovered in peptides.” Sulfur often occurred as

thiazoline or thiazole in peptides from microorganism and marine invertebrates, such as karamomycins, apratoxins,
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marthiapeptides, trunkamides, bistratamides, bisebromoamide, etc.2 Most of them exhibited cytotoxicity against human
cancer cells. It is worth noting that sulfur-containing heterocycle plays a critical role in several bioactive natural products

and pharmaceutical agents.

Trunkamide A Bistratamide L Bisebromoamide

Figure 2 Structures of thiazole/thiazoline containing peptides.

Because of the unique structure and bioactivity, total synthesis of sulfur-containing peptides has been considering
as an attractive research topic. Several compounds have been successfully synthesized in recent years.® Chemical
synthesis of thiazole ring was easily accessible by various approaches and Hantzsch reaction discovered in 1889 remains
one of the most reliable routes.*® However, synthesis of thiazoline is not so easy due to the epimerization of chiral carbon.
The condensation of L-cysteine and aryl nitriles or a,a-difluoroalkyl amines is an alternative way to obtain optically
active thiazoline in good yields.!* Dehydration reaction between thioamide and alcohol is commonly used in thiazoline
containing peptide synthesis.?%:3

Since the rise of antibiotic resistance, finding novel natural antibiotics to fight infection has become an urgent need.*?
In this research, | performed a systematic research for the secondry metabelites of Amycolatopsis sp. 26-4 derived from
Iriomote island near Okinawa, Japan. Based on previous screenings for structurally unique and biologically interesting
natural products, | isolated and identified a series of novel sulfur-containing heterocyclic lipopeptides named
thioamycolamides from the culture broth of Amycolatopsis sp. 26-4. (Chapter 1-1). A bioinspired concise total synthesis
of thioamycolamide A has been accomplished (Chapter 1-2). Two novel decapeptides, Amycolapeptin A and
Amycolapeptin B, which were not detected in monoculture of Amycolatopsis sp. 26-4, have been isolated from the

combined-culture broth of Amycolatopsis sp. 26-4 and Tsukamurella pulmonsis TP-B0596 (Chapter 2).



Chapter 1

Studies on Thioamycolamides Produced by Amycolatopsis sp. 26-4

1 Isolation, Structure Determination, and Cytotoxicity of Sulfur-Containing Cyclic Lipopeptides
Thioamycolamides.

1.1 Introduction

Organosulfur compounds, such as thiols, sulfoxides, sulfones, thioesters, and thioamides, because of their reactive
functions, have always been a research hotspot in organic chemistry.'® As an essential element of organisms, sulfur also
plays a critical role in primary metabolism, which has been discussed in various publications.'* However, compared with
other natural products, sulfur-containing characteristic secondary metabolites are relatively rare,*> and we only have
limited knowledge about their biological significance and biosynthetic mechanisms. Moreover, because of their novel
structures and unique biological activities, unusual enzyme involved in organosulfur natural products synthesis is
becoming the focus of many researchers worldwide.'6

In natural products research, chemical screening without information of bioactivity is also an important method to
discover novel metabolites.'” From research for structurally unique and biologically interesting natural products, |
investigated novel natural products from a library of rare actinomycetes derived from Iriomote island near Okinawa,
Japan. Based on my preliminary screenings using physicochemical properties including both HRMS and UV
spectroscopy, | discovered a series of compounds with molecular weight from 420 to 480 m/z from the culture broth of
Amycolatopsis sp. 26-4. The chemical formular of these compounds were not recorded in the natural product mass
databass (AntiBase), suggested that moleculars haven’t been discovered before. Coumponds were subsequently isolated
and identified as novel sulfur-containing heterocyclic lipopeptides named thioamycolamides A-E. Among these five
metabolites with unprecedented carbon skeletons, thioamycolamide A (1) was produced as the major product by this
Gram-positive bacterium (Figure 1.1.1).
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Figure 1.1.1 Structures of thioamycolamides A-E (1-5).



1.2 Structure Elucidation of Thioamycolamides A-E

Table 1.1.1 *H NMR data (600 MHz) and **C NMR data (150 MHz) of 1-5 in DMSO-ds.

Thioamycolamide A (1)

Thioamycolamide B (2)

Thioamycolamide C (3)

dc, type 1 (Jin Hz) dc, type 1 (Jin Hz) dc, type 1 (Jin Hz)

1 349,CH, 279,dd(13.0,8.8) 1 348,CH; 2.80,dd(13.0,88) 1 34.9,CH; 2.80,dd (12.9,9.1)
3.10, dd (13.0, 4.3) 3.10, dd (13.0, 4.3) 3.13,dd (12.8,4.1)

2 50.6, CH 3.39,m 2 50.6, CH 3.39,m 2 50.7, CH 3.38,m

3 61.9,CH2 3.21,m 3 619,CHz 321, m 3 61.9,CH2 3.22,m
351, m 3.51, dt (10.5, 4.6) 353, m

4 170.2,C 4 170.2,C 4 170.2,C

5 77.7,CH 5.08,t(6.7) 5 777,CH 5.08,t(6.7) 5 77.7,CH  5.08,dd (9.0, 4.4)

6 36.8,CHz2  3.56,d (6.7) 6 36.8,CH2  3.56,d (6.9) 6 36.9,CH2 3.56, m

7 177.7,C 7 177.6,C 7 177.7,C

8 54.3, CH 454, m 8 54.3, CH 454, m 8 54.2, CH 455 m

9 37.6,CH2 2.96,dd (13.9,9.9) 9 37.6,CH2 2.96,dd (13.9,9.9) 9 37.6,CH2 2.96,dd (14.0, 9.9)
3.03,dd (13.9, 5.0) 3.03,dd (13.9, 5.0) 3.03,dd (13.9,5.1)

10 137.4,C 10 137.4,C 10 137.4,C

11/15 129.1,CH 7.32,d(7.9) 11/15 129.1,CH 7.32,d(7.8) 11/15 129.1,CH 7.32,d (7.2)

12/14 1283,CH 7.29,1(7.6) 12/14 1283,CH 7.29,1(7.6) 12/14 128.3,CH 7.29,1(7.6)

13 126.6,CH 7.22,t(7.1) 13 126.6,CH 7.22,t(7.2) 13 126.6,CH 7.22,t(7.1)

16 1716, C 16 1715,C 16 171.6,C

17 425,CH2  2.39,d(8.3) 17 42.5,CH2 238, m 17 42.8,CH2 238, m

18 45.7, CH 2.90, m 18 45.4,CH 292, m 18 43.7,CH 2.96, m

19 36.8,CH2 1.42,m 19 39.3,CHz  1.42,m 19 46.2,CHz 1.30,m
154, m 151, m 1.37, m

20 28.8,CH2 1.35m 20 19.7,CHz 141, m 20 25.0, CH 1.87, m
145 m 1.50, m

21 218,CH2 1.28, m 21 13.6,CHs 0.88,t(6.8) 21 22.9,CHs 0.87,d (6.6)

22 14.0,CHz  0.87,t(7.3) 22 21.6,CHs 0.87,d (6.6)

2-NH 6.77,d (5.7) 2-NH 6.77,d (5.7) 2-NH 6.73, d (5.6)

3-OH 4.82,s 3-OH 4.82,dd (6.4,5.1) 3-OH 481, s

8-NH 8.85,d (6.7) 8-NH 8.85, d (6.8) 8-NH 8.86, d (6.8)




Thioamycolamide D (4)

Thioamycolamide E (5)

dc, type 1 (Jin Hz) dc, type 31 (Jin Hz)
1 35.0,CH2 2.79,dd (13.0,8.9) 1 34.9,CH2 2.79,dd (13.0, 8.8)
3.10,dd (13.0, 4.3) 3.10,dd (13.0, 4.3)
2 50.6,CH  3.39,m 2 50.6,CH  3.38,m
3 61.9,CH2 3.21,m 3 61.9,CH2 3.21,m
351, m 3.52, m
4 170.2,C 4 170.2,C
5 77.7,CH 5.08,dd(7.4,6.00 5 77.7,CH  5.08,t(6.7)
6 36.8,CH2  3.56, m 6 36.8, CH2  3.56,d (6.8)
7 177.6,C 7 177.6,C
8 543,CH 454, m 8 542,CH 454, m
9 37.6,CH2 2.95,dd (13.9,99) 9 37.6,CH2 2.96,dd (13.9,9.9)
3.03, dd (13.9, 5.0) 3.03,dd (13.9,5.1)
10 137.4,C 10 137.4,C
11/15 129.1,CH 7.32,d (8.0) 11/15 129.1,CH 7.32,d (7.6)
12/14 128.3,CH 7.29,1(7.6) 12/14  128.3,CH 7.30,t(7.6)
13 126.6,CH 7.22,1(7.2) 13 126.6,CH 7.23,t(7.1)
16 1715,C 16 1715,C
17 425,CH2 2.40,d (8.3) 17 426,CHz 2.39,m
18 46.0,CH 288, m 18 46.4,CH 288, m
19 35.8,CH2 1.26, m 19 322,CH2 1.47,m
1.38, m 1.62, m
20 349,CH2 141,m 20 40.9,CHz 1.38,m
1.56, m 1.62, m
21 27.3,CH  1.50,m 21 68.5, C
22 22.7,CHs 0.86,d(6.7) 22 29.5,CHs 1.06,s
23 22.4,CHs 0.85,d(6.7) 23 29.3,CHs 1.06,s
2-NH 6.77,d (5.7) 2-NH 6.77,d (5.7)
3-OH 4.82,dd (6.2,5,2) 3-OH 4.83,s
8-NH 8.84,d (6.7) 8-NH 8.84,d (6.7)
21-OH 4.13,s

Amycolatopsis sp. 26-4 culture broth (10 L) was filtered, which was extracted with EtOAc (2 > 10 L) and
concentrated in vacuo to give crude extract 2.30 g. The extract was subjected to the ODS Cig column using a gradient
elution of MeOH/H0 stepwise to give 8 fractions. Each fraction was analysed by LCMS. By LCMS guided isolation, |

successfully purified metabolites thioamycolamide A (22.20 mg), thioamycolamide B (2.68 mg), thioamycolamide C

(4.22 mg), thioamycolamide D (2.54 mg) and thioamycolamide E (0.50 mg).

The molecular formula of thioamycolamide A (1) was determined to be Cz2H31N3O3S; by the analysis of HRMS
measurement (m/z 450.1853 [M + H]* calcd. 450.1880). In order to elucidate the planar structure, detailed 1D & 2D
NMR experiments (COSY, HMBC, and HSQC) were carried out (Table 1.1.1). The *H-'H COSY cross peaks of H13/H12

and H12/H11 suggested the existence of mono-substituted benzene ring. The HMBC correlations from methylene H9 to
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C10 and C11 confirmed a connection between C10 and C9. The COSY signals for H9/H8 and H8/8-NH, accompanied
with the HMBC cross peaks from H9, H8, and 8-NH to C7, indicated a phenylalanine moiety. The carbonyl carbon at
C16 was positioned beside 8-NH, which was inferred from the strong cross peak of H8 and 8-NH to C16 in the HMBC
spectrum. The presence of an aliphatic chain moiety was established by the analysis of the *H-'H COSY correlations;
H17/H18, H18/H19, H19/H20, and H20/H21, and the HMBC data as shown in Figure 1.1.2. Moreover, from the HMBC
signals, it was determined that C1 was connected with the aliphatic chain at C18 through a heteroatom. The *H-'H COSY
spectrum also revealed correlations between H1/H2, H2/H3, H3/3-OH, and H2/2-NH, and the HMBC correlations from
H2 to C4 and 2-NH to C4 corroborated linkages between C1/C2, C2/C3, C3/3-OH, 2/2-NH, and 2-NH/C4. The C5-7
moiety was confirmed to be thiazoline from *H-'H COSY correlations for H5/H6 and the HMBC correlations from H5
to C4/C7 and from H6 to C4/C5/C7, which would be generated by dehydration of cysteine. The heteroatom between C1
(6 34.9 ppm) and C18 (& 45.7 ppm) was assigned to be sulfur by the analysis of HRMS data and the chemical shifts of
C1 and C18. Thus, the planar structure of thioamycolamide A was elucidated as shown in Figure 1.1.2 and included one
phenylalanine, two cysteines and a lipid moiety.

The alkyl chain at C18 of each metabolite varied in terms of the number of carbon atoms and the branching pattern
of the methyl groups. The carbon numbers found in the side chains of 1-5 were three, four and five, and the terminal
structure of the side chains was normal- (without branched methyl) or iso-type. These structural moieties were confirmed
by HRMS and NMR analyses (Figure 1.1.2). The congeners were named in the same way as thioamycolamides B, C, D,

and E, respectively.

%w OH %“Y % P

21 OH
th|oamyco|am|de A1) thioamycolamide B ( thioamycolamide C ( thioamycolamide D (4) thioamycolamide E (5)

Figure 1.1.2 Planar structures, key HMBC correlations, and COSY correlations of thioamycolamides A-E (1-5).

The absolute configurations of C5 and C8 were determined by the LC-MS based Marfey’s analysis.'® At this stage,
the peptide 1 should be carefully derivatized for the chromatographic analysis because the C, isomerization of peptides
would often be problematic, leading to the structural misassignments.’® Especially, the reversible isomerizations of
thiazoline have been exemplified under acidic or basic conditions.?® To suppress the isomerization, the peptide was
hydrolyzed by 2 M aqueous hydrogen chloride at 90 <C for 4 h. Then, the hydrolysates were derivatized by L/D-FDLA
(1-fluoro-2,4-dinitrophenyl-5-leucine-amide),*® and analyzed by LC-MS. The comparison of the retention times between
the standards and obtained derivertives shed light on the presence of L-Phe and D-Cys in 1 (See experimental section;
Figure 1.1.5).
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Scheme 1.1.1 Synthesis of 7 from 1.

To determine the configuration of C2, 4-bromobenzoate 7 was synthesized (Scheme 1.1.1). Total hydrolysis of 1
following with methy! esterification provided the key fragment 6. Then, 6 was condensed with 4-bromobenzoyl chloride
to deliver 7 in 65% yield over three steps. Bromobenzoate 7 exhibited positive exciton split CD bands at 255 nm (A¢ 2.4)
and 238 nm (A¢ -3.5), thereby indicating R configuration at C2 (Figure 1.1.4).2

The chirality of C18 was determined by the combination of the chemical synthesis and NMR analysis, which was
the most challenging task in this structural elucidation because the thioether bridge is rare in nature. The required standard
samples for the spectroscopic comparison, namely, the 2R18R and 2R18S isomers of 7, were prepared by the chemical
synthesis and optical resolution (Scheme 1.1.2). The selective reduction of s-ketoester 8 by NaBH4 gave corresponding
racemic alcohol, and then the alcohol was converted to the tosylate 9. The nucleophilic substitution reaction between 9
and AcSK (potassium thioacetate) delivered the thioester 10. Hydrolysis of 10 furnished thiol 11, and then racemic thiol
11 was treated with (R)-MPA (2-methoxy-2-phenylacetic acid), EDCI HCI, and DMAP led to the diastereomixture of
12a/12b, which could be separated by reversed-phase HPLC. Hydrolysis of thioesters 12a/12b led to optically pure thiols
11a/11b, respectively.

The absolute configuration of the thiols 11a and 11b were determined by applying Riguera’s method in chiral thiols
11a/11b.? Thioester 12b is the enantiomer of 11a-(S)-MPA, which could be considered as the equivalent compound in
'H NMR. The difference of the 'TH NMR chemical shifts (Ad) between 12a and 12b validated the absolute configurations
of C18 as depicted in 11a/11b, respectively (Scheme 1.1.2).
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Scheme 1.1.2 Synthesis of 7a and 7b. (brsm = based on recovered starting material)

With optically pure thiols 11a and 11b in hand, the standard diastereomers 7a and 7b for the structural determination
were chemically constructed (Scheme 1.1.2). At the outset, Boc-L-Ser-OMe (13) was transformed into corresponding
tosylate, and then its methyl ester was reduced by in situ generated LiBHa, leading to 14. Subsequently, tosylate 14 was
separately coupled with enantiomeric thiols 11a and 11b to furnish thioethers 15a and 15b, respectively. Treatment of
15a/15b with 4 M HCI liberated the corresponding aminoalcohols, which were then condensed with 4-bromobenzoyl
chloride to give 7a/7b.

The 'H NMR spectra of synthesized two diastereomers 7a and 7b were then compared with that of authentic 7
derived from natural 1. As charted in Figure 4, the NMR data of 7b with C18(S)-configuration was identical to that of
authentic 7. Unifying the all data of our structural studies, the complete structure of 1 was elucidated as drawn in Figure
1.1.1.

a) M“J authentic 7 /
b) d}‘. Jl 7a
c) mw || 7b

4.5 4 3.5 3 25

Figure 1.1.3 *H NMR spectra of authentic 7 and synthetic 7a/7b.

The alkyl chain at C18 of each metabolite varied in terms of the number of carbon atoms and the branching pattern
of the methyl groups. The carbon numbers found in the side chains of 1-5 were three, four and five, and the terminal
structure of the side chains was normal- (without branched methyl) or iso-type. These structural moieties were confirmed
by HRMS and NMR analyses. The congeners were named in the same way as thioamycolamides B, C, D, and E,
respectively. The peptides 1-5 were isolated from the same strain and exhibited almost identical NMR data in the main

skeleton (Table 1.1.1), which suggests that they may originate from a similar biosynthetic pathway; the optical rotation
8



of 1 ([¢]o?® = -75.0) is close to those of 2 ([a]o?® =-91.9 ), 3 ([a]o?® =-54.1), 4 ([a]p?® =-94.1), and 5 ([a]p?® = -114.1).
Additionally, the ECD spectrum of 1 showed one positive Cotton effect at 222 nm and one negative Cotton effect at 252
nm, which were in good agreement with the other experimental curves, indicating the same absolute configurations at
the chiral center of 2-5 (See spectra data; Figure S2).

1.3 Cytotoxicity

Table 1.1.2 Cytotoxicties of 1-5 against human cancer cells (1Cso, uM).2

Sample HT 1080 Hela S3
Thioamycolamide A (1) 11.9441.43 21.2242.57
Thioamycolamide B (2) 78.57+12.86 67.88+15.31
Thioamycolamide C (3) >100 >100
Thioamycolamide D (4) 6.5340.36 9.3440.21
Thioamycolamide E (5) >100 >100
Adriamycin 0.7740.06 0.4340.05

2|Csp values are shown as mean £SD (n=4).

The cytotoxicities of all isolated compounds were evaluated in two human cancer cell lines, fibrosarcoma HT1080
and cervix adenocarcinoma HelLa S3 (Table 1.1.2).17¢ Adriamycin was used as a positive control, with 1Cso values of
0.77 and 0.43 uM, respectively. Peptides 1 and 4 with a four carbon-chain length (n-butyl or 2-methyl-butyl) at C18
exhibited moderate cytotoxicity with 1Cso values of 6.53-21.22 uM, whereas 5 with a 2,2-dimethyl-2-butanol side chain
had an ICsp value over 100 «M, indicating the importance of the aliphatic property for their biological activities. Moreover,
2 and 3, both of which have a three carbon-chain length at C18, showed weak (ICsp, 78.57, 67.88 1M, respectively) or
no cytotoxicity even at 100 uM, respectively. These structure-activity relationships (SARs) suggest that both
hydrophobicity and the length of the side chain at C18 are crucial for exhibiting the cytotoxicity presumably based on
the difference of membrane permeability.

1.4 Proposed Biosynthetic Pathway
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Scheme 1.1.3 Putative biosynthetic pathway of 1-5



Although the biosynthetic gene cluster of these peptide 1-5 has not been identified and the possibility of RiPPs
pathway?3 can not be ruled out, based on their structural features, the biosynthesis of thioamycolamides is reasonably
proposed to be assembled by non-ribosomal peptide synthetase (NRPS) using a,f-unsaturated fatty acids as the starter
unit (Scheme 3). The putative cyclization (Cy) domain catalyzes the generation of the thiazoline ring between L-Phe and
the adjacent D-Cys residues via three chemical steps (condensation, cyclization, and dehydration).6224 Then, the second
cysteine would be incorporated into the peptide chain, which would form the thioether linkage by Michael-type addition.
In the canonical cases, a thioesterase (TE) domain is involved in the peptide release from the carrier protein. However,
the C-terminus alcohol at C3 implies that these cyclic peptides would be released through reductase (R) domain-mediated
four-electron reduction.?

1.5 Experimental Section

1.5.1 General Procedures

'H and *C NMR spectra were recorded on a Bruker AVANCE DMX 600 NMR (600 MHz for 'H NMR), JEOL
ECA500 (500 MHz for *H NMR), or a JEOL ECZ600 (600 MHz for *H NMR) spectrometer. Chemical shifts are denoted
in 8 (ppm) relative to residual solvent peaks as internal standard (CDCls, *H & 7.25, 3C § 77.2, CDsOD, *H § 3.31, *C
8 49.0, DMSO-dg, H & 2.50, 3C § 39.5). ESI-MS and LC-MS experiments were recorded on a Shimadzu LCMS-IT-
TOF. Optical rotations were recorded on a JASCO P-2200 polarimeter. The IR spectra were run on a JASCO FTIR-4100
spectrometer equipped with a ZnSe ATR plate. UV spectra were recorded in MeOH on a Hitachi U-2910. CD spectra
were measured on a JASCO J-715 circular dichroism spectrometer with a 1 mm path length cell. High performance liquid
chromatography (HPLC) experiments were performed with a SHIMADZU HPLC system equipped with a LC-20AD
intelligent pump. All reagents were used as supplied unless otherwise stated. Analytical thin-layer chromatography (TLC)
was performed using E. Merck Silica gel 60 F2s4 pre-coated plates. Column chromatography was performed using 40-50
pm Silica Gel 60N (Kanto Chemical Co., Inc.).
1.5.2 Identification and Cultivation of the Actinomycete Amycolaptosis sp. 26-4

16S ribosomal RNA gene was used to identify the strain 26-4. This sequence was then used in BLAST search and
strain 26-4 showed a similarity of 99.3% to sequence obtained from Amycolatopsis vancoresmycina strain ST101170.
Therefore, strain 26-4 was identified as an Amycolatopsis sp. The strain was cultured on shakers (180 rpm) at 28 <C for
1 week in 1 L Erlenmeyer flasks containing 300 mL of liquid culture medium, composed of glucose (10.0 g/L), soluble
starch (5.0 g/L), soytone (10.0 g/L), peptone (2.0 g/L), NaCl (2.0 g/L), KaHPQO4 (0.5 g/L), MgSQOa4 (0.5 g/L) and yeast
extract (2.0 g/L).
1.5.3 Extraction and Isolation

10 L of the culture broth was filtered, which was extracted with EtOAc (2 <10 L) and concentrated in vacuo to give
crude extract (2.30 g). The extract was subjected to the ODS Cig column using a gradient elution of MeOH/H;0 (10%,
30%, 50%, 70%, 100% MeOH in H20) stepwise to give 8 fractions. Every fraction was dissolved in methanol and
centrifuged at 8,000 rpm for 5 min. Fraction 6 was separated by semi-preparative HPLC (Cosmosil ODS SP100 (Nacalai

Tesque, Kyoto), @10 x 250 mm, MeCN:H>0=40:60, 2 mL/min) to give compound thioamycolamide E (0.50 mg, tr 12.5
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min) and compound thioamycolamide B (2.68 mg, tr 32.0 min). Fraction 7 was separated by preparative HPLC (Cosmosil
ODS SP100 (Nacalai Tesque, Kyoto), ®20 x 250 mm, MeOH:H.0=70:30, 8 mL/min) to give thioamycolamide A (22.20
mg, tr 31.0 min), thioamycolamide C (4.22 mg, tr 28.0 min) and thioamycolamide D (2.54 mg, tr 43.5 min).

Thioamycolamide A (1): white, powder, [¢]®p = -75.0 (¢ 0.48, CH30H), UV/vis (CH30H) Amax (l0ge) 205 (4.55),
252 (3.65), IR vmax 3289, 2925, 2856, 1651, 1530, 1435, 1074, 1029 cm™%, CD (c 1.11 <107 mol/L, MeOH) Amax (Ag):
222 (+10.8), 254 (-9.0), *H and 3C NMR, Table 1.1.1; HRMS (ESI) calcd for C2;H3,N303S,* [M + H]* 450.1880, found
450.1853.

Thioamycolamide B (2): white, powder, [a]?°%> = -91.9 (¢ 0.27, CH3OH) , UV/vis (CH30H) Amax (loge) 205 (4.51),
252 (3.64), IR Vmax 3286, 2956, 2927, 2870, 1648, 1534, 1266, 1025 cm™*, CD (c 1.15 %107 mol/L, MeOH) /max (Ag):
222 (+12.7), 253 (-10.7); *H and 3C NMR, Table 1.1.1; HRMS (ESI) calcd for C21H3oN303S2* [M + H]*436.1723, found
436.1708.

Thioamycolamide C (3): white, powder, [a]?% = -54.1 (¢ 0.42, CH30OH) , UV/vis (CH30H) Amax (loge) 204 (4.33),
252 (3.50), IR vmax 3266, 2918, 1648, 1528, 1266, 1023 cm™%, CD (c 1.11 %10 mol/L, MeOH) Amax (Ag): 221 (+7.3),
253 (-6.2), *H and *C NMR, Table 1.1.1, HRMS (ESI) calcd for C22H32N303S2* [M+H]* 450.1880, found 450.1856.

Thioamycolamide D (4): white, powder, [a]%p = -94.1 (¢ 0.25, CH30H) , UV/vis (CH30H) Amax (loge) 205 (4.73),
252 (3.81), IR vmax 3296, 2922, 2867, 1655, 1541, 1455, 1366, 1029 cm ™, CD (c 1.08 %10 mol/L, MeOH) Amax (Ag):
221 (+15.1), 253 (-12.7), *H and C NMR, Table 1.1.1, HRMS (ESI) calcd for C23sH34N303S,* [M + H]* 464.2036, found
464.2017.

Thioamycolamide E (5): white, powder, [¢]®p = -114.1 (¢ 0.05, CH30H) , UV/vis (CH30H) Amax (loge) 205 (4.65),
252 (3.83), IR Vmax 3296, 2970, 2925, 2853, 1655, 1541, 1022 cm™?, CD (¢ 1.04 %103 mol/L, MeOH) Amax (Ag): 222
(+17.9), 254 (-15.5), 'H and *C NMR, Table 1.1.1, HRMS (ESI) calcd for C23H34N304S,* [M + H]* 480.1985, found
480.1977.
1.5.4 Cytotoxicity Assay

Cytotoxicity of 1-5 against HT1080 and HelLa S3 cell lines was evaluated by a WST-8 colorimetric assay (Cell
Counting Kit-8, Dojindo). Briefly, cells were cultured in 96-well plates (3,000 cells/well) for 24 h followed by exposure
to a sequential dilution of test compounds for 72 h, and then the viability was assessed by WST-8. The absorbance was
measured at 450 nm using an iMark microplatereader (BIO-RAD). Adriamycin was evaluated as a positive control. ICsp
values are shown as the mean £SD (n=4).

1.5.5 Synthesis of Bromobenzoate 7 from 1
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An analytical amount of 1 (1.0 mg, 2.22 umol) was hydrolyzed with 6 M HCI1 (200 uL) for 12 h at 105 °C in oil
bath, and then dried in vacuo. The obtained hydrolysate was dissolved in MeOH (100 uL), to which SOCl, (20 pL) was
added at 0<C. After 30 min the solution was dried in vacuo. The residue was mixed with 4-bromobenzoyl chloride (20
mg, 0.091 mmol) and DMAP (1 mg) in pyridine (0.2 mL), which was stirred at 40 °C for 12 h. The reaction was quenched
with MeOH. The mixture was subjected to reversed-phase HPLC (Cosmosil ODS SP100 (Nacalai Tesque, Kyoto), ®10
250 mm, H20/MeOH (10/90), 2mL/min) to yield 7 (0.89 mg, tr 24.0 min, 65% over three steps) as a white powder.

7: *H NMR (600 MHz, CD30D): 6 7.91 (m, 2H), 7.69 (m, 2H), 7.62 (m, 4H), 4.58 (m, 1H), 4.54 (dd, J = 11.0, 4.5
Hz, 1H), 4.43 (dd, J = 11.0, 6.7 Hz, 1H), 3.63 (s, 3H), 3.11 (m, 1H), 2.94 (dd, J = 13.7, 6.2 Hz, 1H), 2.83 (dd, J = 13.7,
7.8 Hz, 1H), 2.61 (qd, J = 15.6, 7.1 Hz, 2H), 1.57 (m, 2H), 1.38 (m, 2H), 1.27 (m, 2H), 0.84 (t, J = 7.3 Hz, 3H); CD (c
0.96 % 10 mol/L, MeOH) Amax (Ag): 238 (-3.5), 254 (+2.5), HRMS (ESI) calcd for CzsH2NOsSBroNa* [M + Na]*
636.0025, found 636.0010.

200 250 300 350 400

Wavelength (nm)

Figure 1.1.4 Experimental ECD spectra of bromobenzoate 7 from thioamycolamide A (1) in MeOH.
1.5.6 Acid Hydrolysis of 1 and Marfey’s Method

Thioamicolamide A (1) (0.1 mg) was hydrolyzed with 2 M HCI1 (100 pL) for 4 h at 90 °C in oil bath under N>, and
then dried in vacuo. The obtained hydrolysate was dissolved in H>O (100 uL), to which 1 M NaHCO3 (20 pL) was added.
The hydrolysate added L- or D-FDLA (0.5% w/v in acetone, 20 pL), and the mixtures were stirred for 2 h at 50 °C under
N>. The solution was cooled to room temperature, neutralized with 2 M HCI (20 uL), evaporated, and then dissolved in
MeCN (100 uL). The derivatives were analyzed by LC-MS; LC separation was performed on a reversed-phase column
(UnisonUK-Phenyl (Imtakt Corp, Kyoto), ®3.0 x 150 mm) with an isocratic elution system of H,O/MeCN containing
0.05% TFA (40:60 for 30 min, 0.2 mL/min).
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Figure 1.1.5 LC-MS analysis of Marfey’s derivatives
1.5.7 Synthesis of Bromobenzoates 7a and 7b

(6] (0] OH O
K
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S-Ketoester 8 (3 mL, 18.9 mmol) was dissolved in MeOH/Et,O (20/20 mL), to which NaBH4 (710 mg, 18.9 mmol)
was added at -78 <C, then the reaction mixture was stirred for 10 min. The reaction was quenched by addition of aqueous
solution of NH4CI (40 mL). The mixture was extracted with EtOAc (60 mL x<2). The combined organic layer was washed
with brine (100 mL), dried over anhydrous MgSQs, filtered, and concentrated in vacuo. The residue was purified by
column chromatography (EtOAc : hexanes =1 : 4) on silica gel to give hydroxyl ester S1 (2.688 g, 90%) as a colorless
oil.

S1: *H NMR (500 MHz, CDCls): § 3.91 (m, 1H), 3.60 (s, 3H), 2.41 (dd, J = 16.2, 3.5 Hz, 1H), 2.32 (dd, J = 16.2,
8.9 Hz, 1H), 1.38 (m, 3H), 1.22 (m, 3H), 0.80 (t, J = 7.1 Hz, 3H); 13C NMR (125 MHz, CDCls) § 173.3, 67.9, 51.6, 41.3,
36.3, 27.6, 22.5, 13.9; HRMS (ESI) calcd for CgH1s0sNa* [M + Na]* 183.0991, found 183.0973.

OH O OTs O
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TsCl (1.65 g, 8.66 mmol) was added to an ice-cooled solution of S1 (462.5 mg, 2.89 mmol, mixture of isomers) and
in pyridine (8 mL). Stirring was continued at room temperature for 12 h. The reaction was quenched by addition of
aqueous solution of NH4CI (20 mL). The mixture was extracted with EtOAc (20 mL = 2). The combined organic layer
was washed with brine (40 mL), dried over anhydrous MgSO., filtered, and concentrated in vacuo. The residue was
purified by column chromatography (EtOAc : hexanes =1 : 15) on silica gel to yield tosylate 9 (816.3 mg, 90%) as a
colorless oil.

9: IH NMR (500 MHz, CDCls): § 7.70 (d, J = 8.3 Hz, 2H), 7.26 (d, J = 8.1 Hz, 2H), 4.79 (m, 1H), 3.50 (s, 3H), 2.65
(dd, J = 15.8, 6.1 Hz, 1H), 2.50 (dd, J = 15.8, 6.7 Hz, 1H), 2.35 (s, 3H), 1.55 (m, 2H), 1.09 (m, 4H), 0.71 (t, J = 7.1 Hz,
3H); 3C NMR (125 MHz, CDCls) § 169.9, 144.7, 133.8, 129.6, 127.7, 79.2, 51.7, 39.4, 34.1, 26.5, 22.0, 21.4, 13.6;
HRMS (ESI) calcd for C15H220sSNa* [M + Na]* 337.1080, found 337.1082.
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AcSK (862 mg, 7.55 mmol) was added to a solution of 9 (790 mg, 2.52 mmol) in DMF (8 mL). The mixture was
heated in oil bath to 50 <C for 1 h, cooled, diluted by addition of brine (20 mL). The mixture was extracted with Et,O (20
mL x 2). The combined organic layer was washed with brine (40 mL), dried over anhydrous MgSQOs, filtered, and
concentrated in vacuo. The residue was purified by column chromatography (silica gel, hexane/EtOAc, 40:1) to yield
thioester 10 (380 mg, 70%) as a yellowish oil.

10: 'H NMR (500 MHz, CDCls): & 3.81 (m, 1H), 3.65 (s, 3H), 2.61 (m, 2H), 2.29 (s, 3H), 1.62 (m, 2H), 1.30 (m,
4H), 0.86 (t, J = 7.1 Hz, 3H); 13°C NMR (125 MHz, CDCl3) § 195.2, 171.4, 51.7, 40.3, 39.6, 33.8, 30.6, 29.0, 22.3, 13.9;
HRMS (ESI) calcd for C10H1s03SNa* [M + Na]* 241.0868, found 241.0861.

SAc O SH O
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Thioester 10 (199 mg, 0.91 mmol) and 2 M HCI in MeOH (3 mL, prepared from 1.5 mL MeOH and 1.5 mL 4 M
HCI in dioxane) was stirred at room temperature for 12 h. The solvent was removed at reduced pressure to yield thiol 11
(160 mg, 100%) as a yellowish oil, which was used without further purification.

11: *H NMR (500 MHz, CDCls): & 3.68 (s, 3H), 3.17 (m, 1H), 2.66 (dd, J = 15.9, 5.3 Hz, 1H), 2.50 (dd, J = 15.8,
8.8 Hz, 1H), 1.66 (d, J = 7.2 Hz, 1H), 1.61 (m, 1H), 1.46 (m, 2H), 1.32 (m, 3H), 0.88 (t, J = 7.1 Hz, 3H); 13C NMR (125
MHz, CDCl3) § 172.0, 51.8, 44.2, 38.0, 36.6, 29.3, 22.4, 14.0; HRMS (ESI) calcd for CgH170,S* [M + H]* 177.0944,
found 177.0896.
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Thiol 11 (50 mg, 0.28 mmol) was mixed with (R)-MPA (2-methoxy-2-phenylacetic acid) (51.8 mg, 0.31 mmol) in
dry CH2Cl> (2 mL) under N2, followed by EDCI HCI (59.8mg, 0.31mmol) and DMAP (3.5 mg, 0.03mmol) at 0 <C. The
resulting mixture was allowed to warm up to rt and stirred 1 h. The reaction was quenched with 0.2 M HCI (3 mL). The
combined organics were washed with brine (5 mL), dried over anhydrous MgSQyg, filtered, and concentrated in vacuo.
The residue was subjected to reversed-phase HPLC (CHIRALPAK IC 10 x 250 mm (Senshu Scientific Co. Ltd.),
H>O/MeOH (25/75)) to yield MPA derivatives 12a (33.4 mg, tr 44.0 min, 36%) and 12b (37.6 mg, tr 47.0 min, 41%) as
a colorless oil.

12a: [a]?°%o = 24.8 (c 0.33, MeOH); 'H NMR (500 MHz, CDCls): & 7.42 (m, 2H), 7.34 (m, 3H), 4.72 (s, 1H), 3.80
(m, 1H), 3.64 (s, 3H), 3.45 (s, 3H), 2.63 (M, 2H), 1.64 (m, 1H), 1.55 (m, 1H), 1.23 (m, 4H), 0.80 (t, J = 7.0 Hz, 3H); 13C
NMR (125 MHz, CDCls) 6 200.1, 171.6, 136.3, 128.8, 128.7, 127.1, 89.0, 58.2, 51.9, 39.8, 39.4, 34.0, 29.0, 22.4, 14.0;
HRMS (ESI) calcd for C17H2404SNa* [M + Na]* 347.1287, found 347.1286.

12b: [a]*°p = -9.2 (¢ 0.33, MeOH); 'H NMR (500 MHz, CDCls): § 7.41 (m, 2H), 7.34 (m, 3H), 4.73 (s, 1H), 3.81
(m, 1H), 3.52 (s, 3H), 3.46 (s, 3H), 2.55 (d, J = 6.8 Hz, 2H), 1.68 (m, 1H), 1.59 (m, 1H), 1.31 (m, 4H), 0.86 (t, J=7.1

14



Hz, 3H) NMR (125 MHz, CDCl3) 6 200.1, 171.5, 136.3, 128.8, 128.7, 127.1, 89.0, 58.2, 51.7,39.9, 39.4, 34.0, 29.1, 22.5,
14.0; HRMS (ESI) calcd for C17H2504S* [M + H]* 325.1468, found 325.1429.

Thioester 12a (16.7 mg, 0.05 mmol) and 2 M HCI in MeOH (1 mL, prepared from 0.5 mL MeOH and 0.5 mL 4 M
HCI in dioxane) was stirred at room temperature for 24 h. The solvent was removed at reduced pressure. The residue was
purified by column chromatography (silica gel, hexane/EtOAc, 10:1) to yield thiol 11a (2.50 mg, 28%) and starting
material 12a (9.35 mg, 56% was recovered) as a yellowish oil.

11a: [a]®b = -9.6 (¢ 0.04, MeOH); *H NMR & 3C NMR signals are identical to those of 11.

12b
Thioester 12b (18.8 mg, 0.06 mmol) and 2 M HCI in MeOH (1 mL, prepared from 0.5 mL MeOH and 0.5 mL 4 M
HCI in dioxane) was stirred at room temperature for 24 h. The solvent was removed at reduced pressure. The residue was
purified by column chromatography (silica gel, hexane/EtOAc, 10:1) to yield thiol 11b (2.36 mg, 23%) and starting
material 12b (11.31 mg, 60% was recovered) as a yellowish oil.
11b: [a]?°> = 15.6 (c 0.03, MeOH); *H NMR & 3C NMR signals are identical to those of 11.

0 o}
BocHN \:)J\O - BocHN \.)LO -

-

HO TsO
Boc-L-Ser-OMe (13) s2

TsCI (437.8 mg, 2.30 mmol) was added to a stirred solution of Boc-L-Ser-OMe (13) (250 mg, 1.14 mmol) in pyridine
(3 mL) at 0 <C. The resulting mixture was allowed to warm up to rt and stirred overnight. The reaction was quenched by
addition of aqueous solution of NH4CI (10 mL). The mixture was extracted with EtOAc (10 mL > 2). The combined

7~

organic layer was washed with brine (20 mL), dried over anhydrous MgSQsg, filtered, and concentrated in vacuo. The
residue was purified by column chromatography (EtOAc : hexanes =1 : 5) on silica gel to give tosylate S2 (270.1 mg,
65%) as a colorless oil.

S2: [a]®p = 4.1 (c 0.44, MeOH). *H NMR (500 MHz, CDCls): § 7.72 (d, J = 6.8 Hz, 2H), 7.31 (d, J = 6.8 Hz, 2H),
5.32 (d, J = 7.4, 1H), 4.47 (d, J = 6.4, 1H), 4.35 (d, J = 10.1, 1H), 4.25 (d, J = 10.1, 1H), 3.64 (s, 3H), 2.40 (s, 3H), 1.37
(s, 9H); 3°C NMR (125 MHz, CDCls) 6 169.0, 155.0, 145.2, 132.3, 130.0, 128.0, 80.5, 69.5, 53.0, 52.9, 28.2, 21.7; HRMS
(ESI) calcd for C16H23NO7SNa* [M + Na]* 396.1087, found 396.1097.
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NaBHa (82 mg, 2.17 mmol) was added to the solution of tosylate S2 (270 mg, 0.72 mmol) in THF (1 mL) at 0 <C,
followed by LiCl (92 mg, 2.17 mmol) and MeOH 3 mL. The reaction mixture was stirred at 0 <C for 0.5 h then allowed
to warm to rt for 1h. The reaction was quenched by addition of citric acid aqueous solution (10%, w/v 10 mL). The
mixture was extracted with CH.Cl> (10 mL % 2). The combined organics were washed with saturated aqueous solution
of NaHCOg3 and brine (20 mL for each), dried over anhydrous MgSQsg, filtered, and concentrated in vacuo to give alcohol
14 (249 mg, 99%) as a colorless oil without further purification.

14: [a]?°> = 12.4 (c 0.61, MeOH); *H NMR (500 MHz, CDCls): 4 7.76 (d, J = 8.0 Hz, 2H), 7.33 (d, J = 7.9 Hz, 2H),
5.06 (s, 1H), 4.09 (m, 2H), 3.82 (m, 1H), 3.71 (m, 1H), 3.59 (m, 1H), 2.42 (s, 3H), 1.38 (s, 9H); **C NMR (125 MHz,
CDCls) 8 155.6, 145.3, 132.4, 130.1, 128.0, 80.2, 68.4, 61.1, 50.9, 28.3, 21.7; HRMS (ESI) calcd for C1sH2sNOsSNa*
[M + Na]*368.1138, found 368.1135.
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An analytical amount of 11a (0.48 mg, 2.72 umol) and tosylate 14 (1.90 mg, 5.45 umol) were added in MeCN (200
uL) under Ny, to which K2COs (0.80 mg, 5.79 pumol) was added at room temperature for 24 h, then filtered and
concentrated in vacuo to give crude thioether 15a, which was used in the next reaction without further purification.

Thioether 15a and 4 M HCI in dioxane (0.2 mL) were stirred at room temperature for 1 h. The solvent was removed
invacuo. The obtained hydrolysate was mixed with 4-bromobenzoyl chloride (6.00 mg, 27.3 umol) and catalyst DMAP
(0.04 mg, 0.3 pmol) in pyridine (300 uL), which was stirred at 40 °C in oil bath for 24 h. The reaction was quenched with
MeOH and concentrated in vauo. The residue was subjected to reversed-phase HPLC (Cosmosil ODS SP100 ID or ®20
x 250 mm, H,O/MeOH (10/90)) to yield bromobenzoate 7a (0.77 mg, tr 30.0 min, 46% over three steps) as a white
powder.

7a: 'H NMR (600 MHz, CD3sOD): § 7.90 (m, 2H), 7.70 (m, 2H), 7.62 (m, 4H), 4.55 (m, 2H), 4.44 (m, 1H), 3.61 (s,
3H), 3.10 (m, 1H), 2.90 (dd, J = 6.7, 1.4 Hz, 2H), 2.61 (qd, J = 15.7, 7.2 Hz, 2H), 1.58 (m, 2H), 1.39 (m, 2H), 1.28 (m,
2H), 0.86 (t, J = 7.3 Hz, 3H); 3C NMR (150 MHz, CD3s0OD) § 173.8, 169.4, 166.9, 134.7, 133.0, 132.8, 132.4, 130.3,
130.3,129.2, 127.2, 66.5, 52.2, 51.0, 43.7, 41.7, 35.9, 32.4, 30.2, 23.5, 14.3; HRMS (ESI) calcd for C2sH3oNOsSBr2* [M
+ H]*614.0206, found 614.0176.

Br

BocHN
SH O . " oH 0 s HN _~ A
\/\)\/ILO/ - H
11b T80 <o A A~ o s~
15b ~o 7b
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Bromobenzoate 7b (0.91 mg, tr 30.0 min, 55% over three steps from 11b) was synthesized by the same procedures
as those of 7a.

7b: 'H NMR (600 MHz, CD30D): 8 7.91 (m, 2H), 7.69 (m, 2H), 7.62 (m, 4H), 4.58 (m, 1H), 4.54 (dd, J=11.1, 4.5
Hz, 1H), 4.43 (dd, J = 11.1, 6.7 Hz, 1H), 3.63 (s, 3H), 3.11 (m, 1H), 2.94 (dd, J = 13.7, 6.2 Hz, 1H), 2.83 (dd, J = 13.7,
7.9 Hz, 1H), 2.61 (qd, J = 15.7, 7.2 Hz, 2H), 1.56 (m, 2H), 1.37 (m, 2H), 1.26 (m, 2H), 0.84 (t, J = 7.3 Hz, 3H); 13C NMR
(150 MHz, CDs0D) 6 173.9, 169.3, 167.0, 134.9, 133.0, 132.7, 132.4, 130.3, 130.3, 129.2, 127.0, 63.8, 53.3, 52.2, 43.1,
41.7,35.9, 32.4, 30.2, 23.5, 14.3; HRMS (ESI) calcd for C2sH3NOsSBr2* [M + H]* 614.0206, found 614.0140.
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2 Bioinspired Concise Total Synthesis of Thioamycolamide A

2.1 Introduction

As described in chapter 1-1, rare sulfur-containing cycliclipopeptide thioamycolamide A (1, Figure 1.1.1) along
with the minor analogues thioamycolamides B-E (2-5) were isolated.?® The peptide 1 shows moderate inhibitory activities
against several human cancer cell lines, and chemical structure of 1 was established by the combination of spectroscopic
analyses and chemical synthesis of their partial structure. Its cyclic skeletal structure bears a D-configured thiazoline, a
thioether bridge, a fatty acid-side chain, and a reduced C-terminus. Although its biosynthetic gene cluster has not been
identified, these structural features suggest that the cytotoxin 1 was assembled by a nonribosomal peptide synthetase
(NRPS) as illustrated in Scheme 1.1.3.

The highly modified structure of 1 would gain much attention from chemists, though the reported biosynthetically
unusual structures are sometimes turned out to be structural missassignments, and therefore its unprecedented structure
demands to be confirmed by chemical synthesis before launching programs on the biosynthetic study. | completed the
concise total synthesis of 1 based on its putative biosynthetic pathway. Furthermore, the highly sensitive labeling reagent
was efficiently utilized for the structural confirmation of natural 1 and synthetic compounds.

The major obstacle in the total synthesis of 1 was arose from the highly epimerizable nature of thiazoline moiety
(Scheme 1.2.1a).2%%7 In addition, although the late stage thiazoline formation (Scheme 1.2.1b) seemed to be a plausible
alternative, the synthesis of thioamide 25 is a puzzle due to the formation of thiazolinone 30 in the peptide chain
elongation (Scheme 1.2.1c).?2 Moreover, another approach for preventing the above thiazolinone formation, namely,
thioamidation after the peptide elongation requires site-selective thioamidation. Accordingly, in this study, linear peptide
16 was planned to be synthesized with limited reactions which suppress the isomerization of thiazoline. On the other

hand, linear peptide 16 would be cyclized to 1 without isomerization through a thio-Michael addition.

(0] c)
N/g PG PG

L]
P P | ]
ok gl : :
- b <
NH NH ;
N\AM 21 L-configuration hnr 22 M{NH M(NH O NP6
27 2

base D-configuration H base 0
coupling reagent

W /g amd/base Q /S)k /g PG o
o
S— Sﬁo\
C \ - PG
N
HO__ / ‘ﬁ{NH H O WNH
s ST 4 29 5 30
N/\]?O \N/\f activated intermediate thiazolinone
H HN OH HN OH
—|

NH HH/ —_— NH 8““/
O:Q_\_i» OZ(_\_\»
— S-PG =\ SP¢
25 PG: protecting group 26
Scheme 1.2.1 (a) Epimerization of thiazoline; (b) An alternate approach; (c) Thiazolinone formation.
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2.2 Retrosynthesis of 1

The retrosynthesis of 1 is summarized in Scheme 1.2.2. The chemical synthesis based on the putative biosynthesis
often gives efficiency in its synthesis and insights into the biosynthesis. Consequently, in light of its plausible biosynthesis,
the macrolactam 1 was retrosynthetically acyclized to 16. The linear peptide 16 would be synthesized by the assembly of

the components 17-20 with the isomerization-suppressed procedures.

peptide OH HO HoN OH
Q—(l\ ~ % B o o N oL
+ + OH +
= H N/ﬁ( 2 o}
i)f;omu:et:c o th/azolme NH, SH
t
T — Pl S formation 5_peptenoic acid (17)  L-Phe-OH (18)  D-Ser-OH (19) L-Cys-OH (20)

Scheme 1.2.2 Retrosynthesis of 1.
2.3 Total Synthesis of 1

The total synthesis of 1 started from the chemical construction of thiazoline moiety using Wipf’s cyclodehydration?
of p-thioamide as a key reaction (Scheme 1.2.3). Initially, Boc-L-Phe-OH (31) was amidated with 32 to give 33. The
hydroxy function of 33 was protected by TBS group to form 34, and then dipeptide 34 was transformed into corresponding
thioamide 35 by the action of Lawesson’s reagent.?® In order to avoid the acid-promoted epimerization of thiazoline
(Scheme 1.2.1a), the fatty acid was attached at this timing, namely, Boc group of 35 was selectively removed in the
presence of TBS group by the treatment of TMSOTT,% and then liberated amine 36 was condensed with acid 17. At this
stage, we then attempted to the transformation of thioamide into thiazoline to prevent the thiazolinone formation (Scheme
1.2.1c). The undesired 1,4-additions to o,f-unsaturated amide3! of 37 should also be avoided. TBS group of 37 was
cleaved by TBAF/AcOH, followed by the cyclodehydration utilizing DAST (diethylaminosulfur trifluoride) successfully
led to thiazoline 39. Finally, 39 was converted to carboxylic acid 40 by Nicolaou’s method®? without no significant
thiazoline isomerization in the reaction. However, it is noteworthy that the epimerization of acid 40 was observed during

silica gel column chromatography. Therefore, 40 had to be used immediately without chromatographic purification.
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Scheme 1.2.3 Total synthesis of 1 via one-pot reduction/cyclization.

With stereochemically pure 40 in hand, total synthesis of 1 was accomplished by the peptide chain elongation
followed by the bioinspired cyclization (Scheme 1.2.3). In this study, the dimeric cystine, which can release active thiol
function under mild reductive conditions, was used as an S-protectred cysteine. Boc-L-cystine (41) was converted to the
active ester, which was in situ reduced to alcohol 42 by NaBHa. Boc group of 42 was removed by HCI, and then another
building block 40 was attached to its N-terminus under the EDCI HCI/Oxyma2 conditions. After scrutinizing the reaction
conditions (Table 1.2.3) of the one-pot reduction/cyclization, the linear peptide 16 was successfully bridged by thioether
in pH 9 Na2CO3/NaHCOs3 buffer which contains TCEP HCl as a reductant. After reversed-phase ODS HPLC purification,
1 was obtained in 67% yield from 44. The highly modified cyclic peptide 1 was synthesized in only 10 longest linear
sequence from commercially available starting materials 31 and 32.
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Table 1.2.1 *H NMR data (600 MHz) and *3C NMR data (150 MHz) for natural 1 and synthetic 1 in DMSO-ds.

pos natural 1 _ pos synthetic 1 .
dc, type on (J in Hz) dc, type on (J in HZz)

1 34.9. CH, 2.79, dd (13.0, 8.8) 1 34.9. CH, 2.79, dd (13.1, 8.8)
3.10, dd (13.0, 4.3) 3.10, dd (13.0, 4.3)

2 50.6, CH 3.39,m 2 50.6, CH 3.39, m

3 6L9,CH,  >2bm 3 619,CH, 3:22,m
351, m 3.51,d (10.1)

4 170.2,C 4 170.3,C

5 77.7,CH 5.08,t(6.7) 5 77.7,CH 5.08, m

6 36.8, CH> 3.56,d (6.7) 6 36.8, CH» 3.56, m

7 177.7,C 7 177.7,C

8 54.3, CH 454, m 8 54.3, CH 454, m

9 37.6, CH» 2.96, dd (13.9, 9.9) 9 37.6, CH» 2.95, dd (13.9, 10.0)
3.03, dd (13.9, 5.0) 3.03, dd (13.9, 5.0)

10 137.4,C 10 137.4,C

11/15 129.1,CH 7.32,1(7.9) 11/15 129.1,CH 7.32,1(7.8)

12/14 128.3,CH 7.29,t(7.6) 12/14 128.3,CH 7.30,t(7.6)

13 126.6, CH 7.22,t(7.1) 13 126.7, CH 7.22, m

16 171.6,C 16 171.6,C

17 425, CH, 2.39, d(8.3) 17 425, CH, 2.39, m

18 457, CH 2.90, m 18 45.8, CH 2.90, m

19 36.8, CH> 1.42, m 19 36.9, CH» 1.42, m
154, m 155 m

20 28.8, CH» 1.35,m 20 28.8, CH» 1.35,m
1.45, m 1.45, m

21 21.8, CH» 1.28, m 21 21.9,CH» 1.28, m

22 14.0, CH3 0.87,t(7.3) 22 14.0, CH3 0.87,t(7.3)

2-NH 6.77,d (5.7) 2-NH 6.77,d (5.7)

3-OH 4.82,s 3-OH 4.82,s

8-NH 8.85,d (6.7) 8-NH 8.84, d (6.8)

2.4 Structural Confirmation of 1

Although the NMR spectra of synthetic 1 were well agreed to those of natural 1, the spectroscopic data of peptides
vary in the conditions (e.g. concentration, pH, and temperature), which often arise structural confusion of peptitidic
natural product.3* Consequently, having developed a rapid synthetic entry to 1, we then turned our attention to the
structural validation of chemically constructed 1.

The essential task at this stage is the structural confirmation of chemically constructed 1 because thio-Michael
addition in the present synthesis potentially gives 1 as a diastereomeric mixture, and the thiazoline moiety might be

isomerized not only in the chemical conversions but also in the purification steps. In addition, another important notice
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in the peptide chemistry is that the diastereomers of peptidic middle-sized moleculs often exhibit similar properties (e.g.
bioactivities and NMR spectra), and their separation are often laborious. In order to establish the efficiency of our
bioinspired total synthesis, we had to show the purity of synthesized 1, which would be readily isomerized as with natural
1.

In chapter 1-1, natural 1 was carefully hydrolyzed (2 M HCI, 90 <C, 4 h) to determine the stereochemistry of C5 by
Marfey’s method. Then the absolute configuration of C2 and C18 were evaluated by the combination of the spectroscopic
analyses (CD and NMR) and chemical synthesis. A multi-milligram scale of 1, which was totally consumed by the
chemical degradation, was required for CD and NMR analyses.

Recently, highly sensitive labeling reagent (1-fluoro-2,4-dinitrophenyl-5-L-valine-N,N-dimethylethylenediamine-
amide, FDVDA) was developed for structural evaluation of peptidic compounds in our group.®® In FDVDA, N,N-
dimethylethane-1,2-diamine was condensated with valine moiety, which could enhance sensitivity in mass spectrometry
analysis (Scheme 1.2.4b). The improved reagents enabled the detection of component amino acids resulting from under
milder chemical degradation using smaller amounts of peptide, which would be useful for the structural analysis of
peptide 1.

In this study (Scheme 1.2.4b), acid hydrolysates of natural/synthetic 1 were derivatized with labeling reagent L-
FDVDA, and the derivatives were chromatographically compared with the chemically synthesized standard samples. A

minute amount (<0.1 mg) of 1 were enough for the LC-MS-based chromatographic comparison of DVDA derivatives

(Figure 1.2.2).
a) b)
R a9 R 1.2 M HCI 1.6 MHCI, 105°C  L-DVDA
14 n ST\, 1.2 M HCI 69 90 °C 2.80Cl, MeOH 1\
< © 90°C _ L-DLA_ on tovoAL L _on [1] on
N\ 4 NS > L-FDLA N5 N 2.L-FDVDA — 3.L-FDVDA )
HN, OH < Lahco H o 4 049  NaHCO, NaHCO; O S
NH 3 3 acetone acetone - M
o=1s s— acetone R =S-.-DLA/Ph R = S-L.-DVDA/Ph H.0 o o 5
H,0 20 cus M2 50

O2N 0, O:N 0,

L-FDLA L-DLA

/\/ ~ /%)k
: NO, L-FDVDA : NO, L-DVDA

Scheme 1.2.4 (a) Structural studies on 1 in chapter 1-1; (b) Structural studies on 1 in this work.
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The synthesis of all four possible isomers of 50 is summarized in Scheme 1.2.5. Treatment of previously synthesized
thioethers 54a/54b with HCI liberated corresponding amines, which were labeled with L-FDVDA by nucleophilic
aromatic substitution (SnAr) reaction, leading to 50a/50b. On the other hand, in the first step for the synthesis of 50¢/50d,

the hydroxy function of 51 was protected with TBS group, which can be cleaved simultaneously with Boc group by HCI.
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Second, reduction of methyl ester of 55, followed by the tosylation of generated primary alcohol furnished 56. Then, 56
was converted to 50¢/50d by the same fashion as 50a/50b.

0
L 1. NaBHy, LiCl 53/ent-53 BocHN
BocHN j)k ome _ TBSCI, imidazole ~ BocHN I\OTBS THF, MeOH  BOcHN ]/\OTBS K,CO3, MeCN j/\OTBS
; DMF, 95% 2. TsCl o s
HO™ ' 51 MeO™ SO 55 pyridine TsO” 56 AAY
1. TsCl, pyridine\ o X
(Chapter 1-1) || 2. NaBH,, LiCl | H 57a: X =n-Bu, Y =H
THF, MeOH BocHN,, 2 _N,, 57b: X =H,Y =n-Bu
BocHN,, 53/ent-53 J/\ 1.4 M HCI L-DVDA J/\OH 1.4MHCI |2.L-FDVDA
J/\OH K:CO3 MeCN o o~ 1,4-dioxane o s 1,4-dioxane| NaHCOj,
_ ld4-dioxane
> Y acetone
150~ 52 N 18 2. L-FDVDA, NaHCO, Y
O)K/KX acetone, H,0 \OMX H H20
54a: X =n-Bu,Y=H 50a: X =n-Bu,Y =H _N
O SsH 54b: X = H, Y = n-Bu 50b: X = H, Y = n-Bu L-DVDA j/\OH
\OM‘)‘(Y o s
Y
53: X = n-Bu, Y = H \OMX

ent-53: X = H, Y = n-Bu 50c: X =n-Bu, Y =H

50d: X =H, Y =n-Bu
Scheme 1.2.5 Synthesis of four possible isomers of 50.

Finally, the key labeled thioether 50 derived from natural/synthetic 1 were chromatographically compared with the
standard thioethers 50a-d by LC-MS experiments. The retention time of authentic 50 was matched with that of 50a,
confirming the structure of natural and synthetic thioamycolamide A as depicted in 1 (Figure 1.2.1). Moreover, no
detectable peaks of 50b-50d were observed in the LC-MS experiments of authentic samples even in the use of the highly
sensitive labeling reagent, showing the stereochemical purity of 1. The thioether bridge have been stereoselectively
constructed in this study, which strongly supports our proposed thio-Michael addition pathway for its thioether
biosynthesis.
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Figure 1.2.1 LC-MS analysis of L-DVDA derivatives 50a-50d and authentic 50.
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2.5 Cytotoxicity

A preliminary bioassay of synthetic 1 was carried out using two human cancer cell lines, HT1080 and HelLa S3,
which displayed well-agreed bioactivities between synthetic and natural 1.

Table 1.2.2 Cytotoxic activities (ICso) of natural and synthetic 1

Sample Cytotoxic activity (uM)

HT 1080 Hela S3
natural 1 9.60+1.03 15.4743.54
synthetic 1 11.61+1.44 14.7445.16
Adriamycin 0.3040.05 0.3740.06

2.6 Experimental Section

2.6.1 General Procedures

See 1.5.1
2.6.2 Cytotoxicity Assay

Cytotoxicity of compounds against HT1080 and HelLa S3 cell lines was evaluated by a WST-8 colorimetric assay
(Cell Counting Kit-8, Dojindo). Briefly, cells were cultured in 96-well plates (3000 cells/well) for 24 hours followed by
exposure to natural and synthetic 1 for 72 hours, and then the viability was assessed by WST-8. The absorbance was
measured at 450 nm using an iMark microplatereader (BIO-RAD). Adriamycin was evaluated as a positive control. ICsp
values are shown as the mean +SD (n=4).
2.6.3 Total Synthesis of 1

OH OH
- ~
o o 7
OH +  +A__OMe — > *__OMe
BocHN HaNﬂ( Hﬁ(
o o NHBoc O
31 32

33

To a solution of Boc-L-Phe-OH (31) (1 g, 3.77 mmol) and H-D-Ser-OMe hydrochloride (32) (645 mg, 4.15 mmol)
in DMF (15 mL) were added N-methylmorpholine (467.6 pL, 4.17 mmol), Oxyma (589 mg, 4.14 mmol), and EDCI-HCI
(795 mg, 4.15 mmol) at 0 <C. After being stirred at room temperature overnight, saturated aqueous NH4CI (20 mL) was
added to the reaction mixture. The resulting solution was extracted with EtOAc (40 mL x2). The combined organic layer
was washed with saturated aqueous NaHCO3 (50 mL) and brine (50 mL), dried over MgSQg, filtered, and concentrated
under reduced pressure. The residue was purified by column chromatography (EtOAc : hexanes = 1 : 1) on silica gel to
give dipeptide 33 (1.31 g, 95%) as a white foam: [¢]?°> = 6.5 (c 0.14, MeOH); *H NMR (500 MHz, CDCls) 6 7.32 (t, J
= 7.3 Hz, 2H), 7.25 (m, 3H), 6.72 (d, J = 7.3 Hz, 1H), 5.12 (d, J = 6.5 Hz, 1H), 4.57 (m, 1H), 4.38 (d, J = 6.3 Hz, 1H),
3.78 (m, 1H), 3.74 (s, 3H), 3.06 (d, J = 7.2 Hz, 2H), 1.40 (s, 9H); *C NMR (125 MHz, CDCls) ¢ 171.3, 170.7, 155.8,
136.7, 129.4, 128.9, 127.3, 80.8, 62.7, 56.3, 54.8, 52.9, 38.8, 28.4; HRMS (ESI) calcd for C1gH2sN20gNa* [M + H]*

389.1683, found 389.1703.
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o /OH o /OTBS
A OMe — = ~_OMe
N N
NHBoc O NHBoc (o]
33 34

To a solution of 33 (760 mg, 2.07 mmol) in DMF (15 mL) were added TBSCI (469 mg, 3.11 mmol) and imidazole
(424 mg, 6.23 mmol) at 0 <C. After being stirred at room temperature for 30min, saturated aqueous NH4ClI (20 mL) was
added to the reaction mixture. The mixture was extracted with EtOAc (20 mL = 2). The combined organic layer was
washed with brine (40 mL < 2), dried over MgSQOy, filtered, and concentrated under reduced pressure. The residue was
purified by column chromatography (EtOAc : hexanes =1 : 4) on silica gel to yield 34 (990.6 mg, 99%) as a white foam:
[0]?°0 = -17.1 (c 0.63, MeOH); *H NMR (500 MHz, CDCls) ¢ 7.21 (m, 2H), 7.14 (m, 3H), 6.82 (d, J = 7.4 Hz, 1H), 5.23
(d, J=7.7 Hz, 1H), 4.56 (d, J = 7.7 Hz, 1H), 4.44 (d, J = 7.2 Hz, 1H), 3.93 (d, J = 9.7 Hz, 1H), 3.63 (s, 3H), 3.57 (d, J =
7.7 Hz, 1H), 3.10 (dd, J = 13.8, 6.5 Hz, 1H), 2.96 (dd, J = 13.4, 7.2 Hz, 1H), 1.32 (s, 9H), 0.78 (s, 9H), -0.06 (s, 3H), -
0.07 (s, 3H); *C NMR (125 MHz, CDCls3) 6 171.0, 170.5, 155.3, 136.8, 129.2, 128.4, 126.7, 79.8, 63.2, 55.5, 54.0, 52.2,
38.3,28.1, 25.6, 18.0, -5.6, -5.9; HRMS (ESI) calcd for C24H10N206SiNa* [M + H]* 503.2548, found 503.2541.

o :/OTBS 3 :/OTBS
3 OMe —— - OMe
N N
y Y
NHBoc O NHBoc O
34 35

To a solution of 34 (984.3 mg, 2.05 mmol) in THF (15 mL) was added Lawesson’s reagent (498.0 mg, 1.23 mmol)
at room temperature. After being stirred at 70 <C for 1 h, the reaction mixture was cooled to room temperature and
concentrated under reduced pressure. The residue was purified by column chromatography (silica gel, hexanes:EtOAc,
10:1) to give thioamide 35 as a light yellow oil (1.02 g, 100%): [«¢]*°o = —20.3 (c 0.69, MeOH); *H NMR (400 MHz,
CDCls) 6 8.17 (d, J = 7.8 Hz, 1H), 7.24 (m, 2H), 7.18 (m, 3H), 5.34 (d, J = 5.2 Hz, 1H), 5.07 (d, J = 4.3 Hz, 1H), 4.65
(d, J = 6.3 Hz, 1H), 3.95 (d, J = 9.9 Hz, 1H), 3.68 (s, 3H), 3.52 (m, 1H), 3.21 (dd, J = 13.3, 7.2 Hz, 1H), 3.10 (m, 1H),
1.35 (s, 9H), 0.79 (s, 9H), -0.05 (s, 6H); **C NMR (100 MHz, CDCls) 6 203.3, 169.4, 155.0, 136.8, 129.2, 128.6, 126.9,
80.1, 62.5, 62.2, 59.2, 52.5, 42.1, 28.2, 25.6, 18.1, -5.5, -5.8; HRMS (ESI) calcd for C24HioN20OsSiSNa* [M + H]*
519.2319, found 519.2301.

s :/OTBS s :/OTBS
A OMe — = “__OMe
N N

NHBoc O NH, o)
35 36

To a solution of 35 (1.02 g, 2.05 mmol) in dry CH2Cl, (20 mL) 2,6-lutidine (1.40 mL, 12.1 mmol) was added at
room temperature, followed by dropwise addition of TMSOTTf (1.46 mL, 8.08 mmol). The mixture was stirred at room
temperature for 8 h, then quenched by addition of MeOH (5 mL). The reaction mixture was concentrated under reduced
pressure. The residue was purified by column chromatography (silica gel, CHCl, : MeOH, 200:1, 0.05% triethylamine)

to give amine 36 as a light yellow oil (763 mg, 94%): [¢]?°> = -16.1 (c 0.33, MeOH); *H NMR (500 MHz, CDCls) 6 7.30
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(m, 2H), 7.22 (m, 3H), 5.25 (s, 1H), 4.11 (dd, J = 10.3, 2.6 Hz, 1H), 4.06 (dd, J = 10.1, 3.7 Hz, 1H), 3.97 (dd, J = 10.3,
3.1 Hz, 1H), 3.75 (s, 3H), 3.60 (dd, J = 13.8, 3.7 Hz, 1H), 2.60 (dd, J = 13.8, 10.1 Hz, 1H), 0.83 (s, 9H), 0.00 (s, 6H); 13C
NMR (125 MHz, CDCls) & 205.6, 169.7, 138.1, 129.2, 128.7, 126.9, 63.7, 62.3, 58.9, 52.4, 43.6, 25.6, 18.0, 5.6, -5.7;
HRMS (ESI) calcd for C1oHzsN205SSi** [M + H]* 397.1976, found 397.1990.
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To a solution of 36 (147.8 mg, 0.37 mmol) and 17 (52.5 mg, 0.41 mmol) in DMF (3 mL) were added Oxyma (58.3
mg, 0.41 mmol) and EDCI HCI (78.6 mg, 0.41 mmol) at 0 <T. After being stirred at room temperature for overnight,
saturated aqueous NH4CI (10 mL) was added to the reaction mixture. The mixture was extracted with EtOAc (10 mL x
2). The combined organic layer was washed with saturated aqueous NaHCO3 (20 mL) and brine (20 mL), dried over
MgSQy, filtered, and concentrated under reduced pressure. The residue was purified by column chromatography (EtOAC :
hexanes = 1 : 5) on silica gel to give 37 (170.6 mg, 90%) as a colorless oil.

[0]*°p = -29.5 (c 0.12, MeOH); *H NMR (500 MHz, CDCls): § 8.15 (d, J = 7.7 Hz, 1H), 7.23 (m, 2H), 7.18 (m, 3H),
6.80 (dt, J = 15.1, 6.9 Hz, 1H), 6.64 (d, J = 7.9 Hz, 1H), 5.77 (d, J = 15.3 Hz, 1H), 5.03 (m, 2H), 3.90 (dd, J = 10.2, 2.6
Hz, 1H), 3.67 (s, 3H), 3.43 (dd, J = 10.2, 3.4 Hz, 1H), 3.25 (dd, J = 13.4, 6.2 Hz, 1H), 3.08 (dd, J = 13.4, 8.1 Hz, 1H),
2.14 (td, J = 8.1, 1.2 Hz, 2H), 1.39 (m, 2H), 1.29 (m, 2H), 0.87 (t, J = 7.3 Hz, 3H), 0.79 (s, 9H), -0.05 (s, 6H) ppm; *C
NMR (125 MHz, CDCIs) ¢ 203.0, 169.3, 165.3, 145.8, 136.7, 129.3, 128.6, 127.0, 123.2, 62.2, 60.7, 59.4, 52.5, 42.1,
31.8,30.3,25.6, 22.3,18.1, 13.9, -5.5, -5.8; HRMS (ESI) calcd for C26H43N204SSi* [M + H]*507.2707, found 507.2724.
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To a solution of 37 (169 mg, 0.33 mmol) in THF (3 mL) were added AcOH (22.6 uL, 0.4 mmol) and TBAF (0.4
mL, 0.4 mmol, 1 M in THF) at 0<C. After being stirred at room temperature for 3 h, the reaction mixture was diluted with
EtOAc (10 mL) and washed with saturated aqueous NH.Cl and brine (10 mL for each). The combined organic layer was
dried over MgSO., filtered, and concentrated under reduced pressure. The residue was purified by column
chromatography (EtOAc : hexanes = 1 : 2) on silica gel to give 38 (121.8 mg, 93%) as a white foam: [a]*> = 0.9 (c
0.30, MeOH); *H NMR (400 MHz, CDCls) 6 8.95 (d, J = 7.3 Hz, 1H), 7.20 (m, 5H), 6.80 (d, J = 8.3 Hz, 1H), 6.73 (dt, J
=15.3, 6.9 Hz, 1H), 5.77 (dt, J = 15.3, 1.3 Hz, 1H), 5.18 (dt, J = 8.4, 6.7 Hz, 1H), 5.00 (m, 1H), 3.82 (dd, J = 11.8, 3.2
Hz, 1H), 3.66 (s, 3H), 3.56 (dd, J = 11.9, 3.1 Hz, 1H), 3.21 (dd, J = 13.1, 6.4 Hz, 1H), 3.06 (dd, J = 13.1, 8.6 Hz, 1H),
2.12 (m, 2H), 1.37 (m, 2H), 1.28 (m, 2H), 0.87 (t, J = 7.2 Hz, 3H); *C NMR (100 MHz, CDCls) 6 203.4, 169.7, 165.8,
146.4, 136.6, 129.6, 128.5, 127.0, 123.0, 61.5, 60.4, 60.1, 52.8, 42.5, 31.8, 30.2, 22.3, 13.9; HRMS (ESI) calcd for
C20H2sN204SNa* [M + Na]*415.1662, found 415.1661.
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To a solution of 38 (115 mg, 0.29 mmol) in CH2Cl, (3 mL) was added DAST (104 pL, 0.80 mmol) at —78 T. After
being stirred at —78 <C for 1 h, the reaction mixture was poured to ice-water (10 mL) and extracted with EtOAc (10 mL
% 2). The combined organic layer was washed with brine (10 mL), dried over MgSQOs, filtered, and concentrated under
reduced pressure to afford thiazoline 39 (107.1 mg, 98%) as a white powder, which was used without further purification:
[¢]®5 = =70.4 (¢ 0.11, MeOH); *H NMR (500 MHz, CDCls) & 7.23 (m, 3H), 7.17 (m, 2H), 6.84 (dt, J = 15.2, 6.9 Hz,
1H), 6.14 (d, J = 7.5 Hz, 1H), 5.74 (dt, J = 15.3, 1.4 Hz, 1H), 5.21 (dd, J = 12.3, 6.1 Hz, 1H), 5.01 (m, 1H), 3.78 (s, 3H),
3.58 (dd, J =11.2, 9.0 Hz, 1H), 3.51 (dd, J = 11.2, 9.5 Hz, 1H), 3.25 (dd, J = 14.0, 6.2 Hz, 1H), 3.12 (dd, J = 14.0, 5.7
Hz, 1H), 2.15 (m, 2H), 1.41 (m, 2H), 1.32 (m, 2H), 0.89 (t, J = 7.3 Hz, 3H); 13C NMR (125 MHz, CDCl3) 6 175.3, 171.0,
165.5, 146.2, 135.9, 129.7, 128.5, 127.1, 123.0, 77.6, 52.9, 52.7, 39.3, 35.7, 31.9, 30.4, 22.3, 14.0; HRMS (ESI) calcd
for CooH27N203S* [M + H]*375.1737, found 375.1736.
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To a solution of 39 (27.5 mg, 73.4 umol) in 1,2-dichloroethane (1 mL) was added trimethyltin hydroxide (40 mg,
0.22 mmol) at room temperature. The reaction mixture was heated at 80 <C for 1 h and then cooled to room temperature
and concentrated. The residue was dissolved in EtOAc (10 mL), washed with 0.01 M KHSO4 aqueous solution (5 mL x
5) and brine (10 mL), dried over MgSO, filtered and concentrated to afford 40 (26.4 mg, 100%) as a white foam, which
was used without further purification: [¢]*°> = —22.9 (¢ 0.04, MeOH); 'H NMR (500 MHz, MeOD-d4) 6 7.25 (m, 4H),
7.18 (m, 1H), 6.73 (dt, J = 15.2, 7.0 Hz, 1H), 5.88 (d, J = 15.4 Hz, 1H), 5.17 (t, J = 9.1 Hz, 1H), 5.08 (dd, J = 9.6, 5.1
Hz, 1H), 3.57 (dd, J = 9.1, 3.7 Hz, 2H), 3.27 (dd, J = 14.1, 5.1 Hz, 1H), 3.00 (dd, J = 14.1, 9.7 Hz, 1H), 2.17 (m, 2H),
1.42 (m, 2H), 1.33 (m, 2H), 0.92 (t, J = 7.2 Hz, 3H); 3C NMR (125 MHz, MeOD-ds) 6 179.0, 173.6, 168.4, 146.9, 138.3,
130.3, 129.4, 127.8, 123.9, 79.1, 54.7, 40.1, 35.7, 32.7, 31.5, 23.2, 14.2; HRMS (ESI) calcd for C19H25N203S* [M + H]*
361.1580, found 361.1568.
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To asolution of 41 (2.98 g, 6.8 mmol) in THF (40 mL) were added N-methylmorpholine (1.64 mL, 14.9 mmol) and
isobutyl chloroformate (1.95 mL, 14.8 mmol) at —10 <C. After being stirred for 15 min, NaBH, (1022 mg, 27.0 mmol)
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was added to the solution. After being stirred for further 15 min at —10 <C, saturated aqueous NH4ClI (40 mL) was added
to the reaction mixture. The mixture was extracted with EtOAc (50 mL = 2). The combined organic layer was washed
with brine (80 mL), dried over MgSQs, filtered, and concentrated under reduced pressure. The residue was purified by
column chromatography (EtOAc : hexanes = 2 : 1) on silica gel to give 42 (2.27 g, 81%) as a white powder: [«]*p = 85.1
(c 0.77, MeOH); *H NMR (500 MHz, MeOD-ds) § 6.55 (d, J = 8.3 Hz, 1H), 3.85 (m, 1H), 3.62 (dd, J = 11.1, 4.9 Hz,
1H), 3.57 (dd, J = 11.1, 5.5 Hz, 1H), 2.97 (dd, J = 13.7, 5.7 Hz, 1H), 2.82 (dd, J = 13.7, 7.8 Hz, 1H), 1.45 (s, 9H); 13C
NMR (125 MHz, MeOD-d4) ¢ 158.0, 80.2, 63.9, 53.4, 41.5, 28.8; HRMS (ESI) calcd for C16H32N206S:Na* [M + Na]*
435.1594, found 435.1587.
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To 42 (283 mg, 0.69 mmol) was added 2 M HCI in ethanol (3 mL) at room temperature. After being stirred for 1 h,
the reaction mixture was concentrated to afford 43 (196 mg, 100%) as a white foam, which was used without further
purification: [a]%p = -100.4 (¢ 0.29, MeOH); *H NMR (500 MHz, MeOD-d,) § 3.88 (dd, J = 11.8, 3.7 Hz, 1H), 3.76 (dd,
J=11.8,5.4 Hz, 1H), 3.60 (m, 1H), 3.12 (dd, J = 14.4, 6.6 Hz, 1H), 3.05 (dd, J = 14.4, 7.1 Hz, 1H); *3C NMR (125 MHz,
MeOD-ds) 6 61.2, 53.3, 37.0; HRMS (ESI) calcd for CsH17N20:S,* [M + H]* 213.0726, found 213.0730.

HsN ~oH & ,L/—< . /ﬁfl OH

To a solution of 43 (8.6 mg, 30.2 umol) and 40 (24 mg, 66.6 pmol) in DMF (0.5 mL) were added i-ProNEt (11.6 pL,
66.6 pmol), Oxyma (9.5 mg, 66.9 pmol), and EDCI-HCI (12.8 mg, 66.8 umol) at 0 °C. After being stirred at 0°C for 2 h
and at room temperature for 2 h, saturated aqueous NH4Cl (5 mL) was added to the reaction mixture. The resulting
solution was extracted with EtOAc (5 mL x2). The combined organic layer was washed with saturated aqueous NaHCO3
(10 mL) and brine (10 mL), dried over MgSQy, filtered, and concentrated under reduced pressure. The residue was
purified by column chromatography (CHCIs : MeOH =50 : 1) on silica gel to give 44 (25.6 mg, 94%) as a white foam:
[0]?% = -86.3 (c 0.50, MeOH); *H NMR (500 MHz, MeOD-d) J 7.26 (m, 4H), 7.20 (m, 1H), 6.75 (dt, J = 15.3, 7.0 Hz,
1H), 5.91 (dt, J = 15.4, 1.4 Hz, 1H), 5.09 (t, J = 8.9 Hz, 1H), 4.95 (dd, J = 9.3, 5.6 Hz, 1H), 4.22 (m, 1H), 3.68 (dd, J =
11.4, 4.8 Hz, 2H), 3.59 (m, 2H), 3.52 (dd, J = 11.2, 8.2 Hz, 1H), 3.31 (m, 1H), 3.06 (dt, J = 13.9, 7.7 Hz, 1H), 2.92 (dd,
J=13.8, 8.1 Hz, 1H), 2.18 (m, 2H), 1.43 (m, 2H), 1.34 (m, 2H), 0.92 (t, J = 7.3 Hz, 3H); 13C NMR (125 MHz, MeOD-
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ds) 6 178.6, 173.1, 168.7, 147.0, 138.5, 130.3, 129.5, 127.8, 124.0, 80.0, 63.4, 55.2, 52.3, 40.6, 39.7, 36.6, 32.8, 23.3,
14.2; HRMS (ESI) calcd for CasHsiNsOsS4* [M + H]* 897.3530, found 897.3527.

Soree 7 o
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To a solution of 44 (23 mg, 25.6 umol) in MeOH/aqueous buffer (pH 9, Na,CO3/NaHCO3) (10 mL/10 mL) was
added TCEP-HCI (22 mg, 76.8 umol) at room temperature. The reaction mixture was stirred for 30 min and then diluted
with pH 9 Na;COs/NaHCO3 buffer (20 mL). The reaction mixture was allowed to room temperature for an additional 2
days. The mixture was extracted with EtOAc (50 mL x2). The combined organic layer was washed with brine (80 mL),
dried over MgSO., filtered, and concentrated under reduced pressure. The residue was purified by reversed-phase HPLC
(Cosmosil ODS SP100 20 <250 mm, H.O/MeOH (30/70), 210 nm) to afford 1 (15.4 mg, tr 31.0 min, 67%) as a white
foam: [a¢]?°> = -70.4 (c 0.39, MeOH); 'H NMR (600 MHz, DMSO-ds) J 8.84 (d, J = 6.8 Hz, 1H), 7.31 (m, 4H), 7.22 (t,
J=7.1Hz, 1H), 6.77 (d, J =5.7 Hz, 1H), 5.08 (dd, J = 7.1, 6.2 Hz, 1H), 4.82 (s, 1H), 4.54 (td, J = 9.3, 5.6 Hz, 1H), 3.56
(d, J=6.8 Hz, 2H), 3.51 (d, J = 10.1 Hz, 1H), 3.39 (m, 1H), 3.21 (t, J = 7.1 Hz, 1H), 3.10 (dd, J = 13.0, 4.3 Hz, 1H), 3.03
(dd, J =13.9, 5.1 Hz, 1H), 2.95 (dd, J = 13.9, 9.9 Hz, 1H), 2.90 (m, 1H), 2.79 (dd, J = 13.1, 8.8 Hz, 1H), 2.39 (m, 2H),
1.55 (m, 1H), 1.41 (m, 3H), 1.27 (m, 2H), 0.87 (t, J = 7.3 Hz, 3H); 13C NMR (150 MHz, DMSO-ds) § 177.7, 171.6, 170.3,
137.4,129.1, 128.3, 126.7, 77.7, 61.9, 54.3, 50.6, 45.8, 42.5, 37.6, 36.9, 36.8, 34.9, 28.8, 14.0; HRMS (ESI) calcd for
C22H32N303S;* [M + H]* 450.1880, found 450.1892.

The solvent of cyclization step from 44 to 1 was investigated. Each entry was tested at same concentration (44, 1
mM) and room temperature for 48 h, the reaction mixture was analyzed by HPLC (Table 1.2.3). When the reaction was
performed in the presence of pH 9 NaHCO3/Na,COs buffer, the reaction speed could be significantly improved, while at
pH 10 buffer, the base condition would cause the epimerization in thiazoline and effect the yield of 1. Finally, reduction
of the disulfide by using TCEP and then followed by a Michael addition/cyclization in pH 9 Na,CO3/NaHCO3 buffer to
afford 1 in a good yield.
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Table 1.2.3 Optimization of the cyclization condition of 44

Entry Solvent Yield (%)?
1 0.1M PBS buffer, pH 8, 20% MeOH 5%

2 MeOH, 5% TEA <1%

3 0.1M NaHCOj3 solution pH 8.3, 20% MeOH 45%

4 0.1M Na,CO3/NaHCOs buffer, pH 9, 20% MeOH 71%

5 0.1M Na;COs/NaHCO3 buffer, pH 10, 20% MeOH 48%

[a] Estimated by HPLC
2.6.4 Structural Confirmation of 1

Natural 1 (0.1 mg) and synthetic 1 (0.1 mg) were hydrolyzed with 2 M HCI (100 pL) for 4 h at 90 <T under N2 and
then dried in vacuo, respectively. The each hydrolysate was dissolved in HO (100 uL), and then 1 M NaHCO3 (20 pL)
was added to the solution. To the resulting solution was added L-FDVDA (0.5% w/v in acetone, 20 pL), and then stirred
for 2 h at 50 <C. The solution was cooled to room temperature, neutralized with 2 M HCI (20 pL), evaporated, and then
dissolved in MeCN (100 pL), filtered through a membrane filter (SHIMADZU, TORAST™ DISC, PTFE 0.22 um), and
then analyzed by LC-MS [column: Cadenza CD-C18, 3.0 x 150 mm; eluent: MeCN/HO/formic acid = 50/50/0.1 to
100/0/0.1 (0—30 min), 0.2 mL/min; detection: ESI-positive].
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Figure 1.2.2 LC-MS analysis of L-DVDA derivatives
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To a solution of Boc-L-Ser-OMe (51) (500mg, 2.28 mmol) in DMF (10 mL) were added imidazole (466 mg, 6.84
mmol) and TBSCI (515.6 mg, 3.42 mmol) at 0 <C. After being stirred for 0.5 h at roomtemperature, saturated aqueous

NH4CI (20 mL) was added to the reaction mixture. The resulting solution was extracted with EtOAc (30 mL < 2). The
combined organic layer was washed with brine (50 mL), dried over MgSQy, filtered, and concentrated under reduced
pressure. The residue was purified by column chromatography (EtOAc : Hexanes =1 : 20) on silica gel to afford 55 (718.8
mg, 95%) as a colorless oil: [¢]?% = 7.0 (¢ 2.22, MeOH); *H NMR (500MHz, CDCls) & 5.33 (d, J = 8.5 Hz, 1H), 4.34
(dt, J=8.8, 2.7 Hz, 1H), 4.03 (dd, J = 10.0, 2.6, 1H), 3.81 (dd, J = 10.0, 3.0, 1H), 3.73 (s, 3H), 1.45 (s, 9H), 0.85 (s, 9H),
0.02 (s, 3H), 0.01 (s, 3H); **C NMR (125 MHz, CDCl3) 5 171.4, 155.6, 80.2, 63.9, 55.7, 52.4, 28.5, 25.8, 18.3, -5.4, -5.5;
HRMS (ESI) calcd for C15sH31NOsSiNa* [M + Na]* 356.1864, found 356.1845.
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To a solution of 55 (700 mg, 2.10 mmol) in THF (2 mL) were added NaBH4 (238 mg, 6.30 mmol), LiCl (267 mg,
6.30 mmol), and MeOH (6 mL) at 0<C. After being stirred at 0<C for 0.5 h and at roomtemperature for 1 h, aqueous citric

acid solution (10%, w/w, 20 mL) was added to the reaction mixture. The resulting solution was extracted with CH2Cl,
(20 mL x 2). The combined organic layer was washed with saturated aqueous NaHCO3 (40 mL) and brine (40 mL), dried
over MgSQy, filtered, and concentrated under reduced pressure to give S3 (664 mg) as a colorless oil, which was used in
the next reaction without further purification: [«]?°o =17.8 (¢ 1.02, MeOH); 'H NMR (500MHz, CDCl3) 6 5.13 (d, J =
6.3 Hz, 1H), 3.69 (m, 3H), 3.60 (m, 2H), 3.17 (s, 1H), 1.39 (s, 9H), 0.84 (s, 9H), 0.01 (s, 6H); *C NMR (125 MHz,
CDCls) 6 156.1,79.5, 63.6, 63.4, 52.8, 28.4, 25.9, 18.3, -5.5; HRMS (ESI) calcd for C14H3:NO4SiNa* [M + Na]* 328.1915,
found 328.1919.
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To a stirred solution of S3 (500 mg, 1.64 mmol) in pyridine (10 mL) was added TsClI (650 mg, 3.41 mmol) at 0 <C.
After being stirred at room temperature overnight, saturated aqueous NH4Cl (40 mL) was added to the reaction mixture.
The resulting solution was extracted with EtOAc (40 mL x2). The combined organic layer was washed with brine (80
mL), dried over MgSO., filtered, and concentrated under reduced pressure. The residue was purified by column
chromatography (EtOAc : Hexanes =1 : 10) on silica gel to afford 56 (581.2 mg, 77%) as a colorless oil: [a]*°p = 2.2 (c
0.05, MeOH); H NMR (400MHz, CDCl3) 6 7.73 (d, J = 8.1 Hz, 2H), 7.29 (d, J = 8.1 Hz, 2H), 4.75 (d, J = 8.3, 1H), 4.03
(m, 2H), 3.80 (s, 1H), 3.62 (dd, J = 10.0, 3.7 Hz, 1H), 3.48 (dd, J = 10.0, 6.2 Hz, 1H), 2.39 (s, 3H), 1.36 (s, 9H), 0.77 (s,
9H), -0.04 (s, 6H); 1*C NMR (100 MHz, CDCls) ¢ 155.1, 145.0, 132.6, 130.0, 128.0, 79.8, 67.9, 60.9, 50.4, 28.3, 25.8,
21.7,18.1, 14.2, 5.6; HRMS (ESI) calcd for C21H37NOsSiSNa* [M + Na]* 482.2003, found 482.1961.
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To a solution of 53 (0.6 mg, 3.40 pmol) and 52 (1.53 mg, 4.43 pmol) in MeCN (100 uL) was added K>CO3 (1mg)
at room temperature. After being stirred for 24 h, the mixture was filtered and concentrated under reduced pressure. To
the residue was added 4 M HCI in dioxane (0.2 mL). After being stirred at room temperature for 1 h, the solvent was
removed under reduced pressure. The obtained hydrolysate was mixed with L-FDVDA (5mg/mL in acetone, 40 uL) and
1 M NaHCO3 aqueous solution (20 pL) in H2O (100 pL), which was stirred at 50 °C for 2 h. The reaction was quenched
with 2 M HCI1 (20 pL), evaporated, dissolved in MeCN (100 pL), filtered through a membrane filter (SHIMADZU,
TORAST™ DISC, PTFE 0.22 um). Diastereomers 50b-50d were prepared by same way.

Natural 1 (0.1 mg) and synthetic 1 (0.1 mg) were hydrolyzed with 6 M HC1 (200 pL) for 12 h at 105 °C, and then
dried in vacuo. The obtained hydrolysate was dissolved in MeOH (100 pL), to which SOCI, (10 puL) was added at 0°C.
After 30 min the solution was dried in vacuo. The obtained mixture was dissolved in HO (50 uL), to which 1 M NaHCOs3
(20 pL) was added. The hydrolysate added L-FDVDA (0.5% w/v in acetone, 20 uL), and the mixtures were stirred for 2
h at 50 <C. The solution was cooled to room temperature, neutralized with 2 M HCI (20 uL), evaporated, in MeCN (100
ulL), filtered through a membrane filter (SHIMADZU, TORAST™ DISC, PTFE 0.22 um), and then analyzed by LC-MS
with 50a-50d [column: Cadenza CD-C18, 3.0 <150 mm; eluent: MeCN/H,O/formic acid = 60/40/0.1 (isocratic min),
0.2 mL/min; detection: ESI-positive] (Figure 1.2.1).
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Chapter 2

Studies on Combined-Culture of Amycolatopsis sp. 26-4 and Tsukamurella pulmonsis
TP-B0596.

1 Introduction

In 2011, Onaka reported mycolic acid-containing bacteria Tsukamurella pulmonis TP-B0596 can influence the
biosynthesis of cryptic natural products in Streptomyces lividans TK23. The subsequent research showed Tsukamurella
pulmonis TP-B0596 is an activator strain which could change secondary metabolism in ~90% of Streptomyces species in
combined-culture compared with single culture. This new coculture method was called “combined-culture”. Although
their biological roles in the complex microbial communities are still largely unknown, in recent years, “combined-culture”
fermentation method has been proved as a simple and powerful tool to search potential metabolites. Several novel
bioactive compounds produced by the combined-culture were discovered such as arcyriaflavin E, chojalactones,

dracolactams, catenulobactins, niizalactams, etc.3’

Arcyriaflavin E Chojalactone A Dracolactam A 5aTHQ-9i

3O
o \LIN Q o
OH Niizalactam A :\< j\ Catenulobactin A OH saccharothriolide C,

Figure 2.1 Structures of novel compounds produced by the combined-culture.

By applying combined-culture method, our laboratory priviously discovered several novel 5-alkyl-1,2,3,4-
tetrahydroquinolines (5aTHQs) from the combined-culture broth of Streptomyces nigrescens and Tsukamurella
pulmonis TP-B0596; saccharothriolide C, from Saccharothrix sp. A1506 and Tsukamurella pulmonis TP-B0596.17¢37f

Amycolatopsis sp. 26-4 exhibited the ability of producing structurally unique secondary metabolites in the
thioamicolamides research. In order to activate silent cryptic biosynthetic gene clusters and obtain more novel skeleton
metabolites, combined-culture method was applied to strain Amycolatopsis sp. 26-4 with Tsukamurella pulmonis TP-
B0596. Two novel nonapeptides, amycolapeptins A (58) and B (59), which were not produced in a single culture of
Amycolatopsis sp. 26-4, isolated from the combined-culture broth, with 22-membered depsipeptide, S-hydroxytyrosine,
and highly modified tryptophan moieties. The chemical structures including the absolute configuration were elucidated

by spectroscopic analysis, chemical synthesis of fragments, a highly sensitive Marfey’s method, and CD spectroscopy.
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Table 2.1 'H NMR data (600 MHz) and *C NMR data (150 MHz) for amycolapeptin A (58) and B (59) in CD3zOH.

pos amycolapeptin A (58) pos amycolapeptin B (59)
units dc, type on (J in Hz) dc, type dn (J in Hz)
Val 1 170.9,C 1 170.9,C

2 57.2, CH 4.65, dd (7.2, 3.0) 2 57.3,CH  4.64,dd (7.1, 2.9)

3 33.6,CH 2.06, m 3 33.6,CH 205 m

4 19.3, CH3 0.80, d (6.8) 4 19.2,CHsz 0.80, d (6.8)

5 17.7, CH3 0.70, d (6.8) 5 17.8,CHs 0.70,d (6.8)

NH 6.69,d (7.2) NH 6.74,d (7.2)
Pro/4-Me-Pro 1 173.1,C 1 173.0,C

2 62.8, CH 3.80, m 2 63.4,CH  3.83,m

3 32.9, CH; 1.67, m 3 40.6,CH2, 1.28, m

1.86, m 1.94,dd (12.2,5.8)

4 23.0, CH» 1.80, m 4 314,CH  2.25;m

1.87, m
5 47.7, CH, 3.46, m 5 54.5,CHz 2.96, m
3.68, m 3.80, m
6 17.2,CHs 1.02,d (6.3)
N-Me-Phe 1 173.7,C 1 173.6,C
2 55.6, CH 5.50, dd (8.3, 7.5) 2 55.3,CH 549, m
3 36.8, CH» 3.02,dd (13.4,7.0)0 3 36.8,CH, 3.02,dd (13.3, 6.9)
3.22,m 3.22,m

4 137.4,C 4 137.4,C

5/9 130.0, CH 7.18,d (7.3) 5/9 130.0,CH 7.18,d(7.2)

6/8 130.0, CH 7.28,1(7.3) 6/8 130.0,CH 7.29,m

7 128.2, CH 7.23,m 7 128.2,CH 723, m

N-Me 32.2, CH3z 3.44,s N-Me 32.1,CHs  3.43,s
Trp 1 174.4,C 1 174.4,C

2 53.0,CH 4.61, m 2 53.0, CH 4.60, m

3 26.6, CH» 3.09, m 3 26.6,CH2 3.09, m

3.25, dd (14.8, 11.2) 3.25, dd (15.6, 12.3)

4 111.0,C 4 111.0,C

5 128.0,C 5 128.0,C

6 118.6, CH 7.49,d (7.8) 6 118.6,CH 7.48,d (7.8)

7 119.8, CH 6.99, m 7 119.9,CH 6.99, m

8 122.4,CH 7.06, m 8 122.4,CH 7.06, m

9 112.5, CH 7.32,d (8.0) 9 112.4,CH 7.31,d(8.0)

10 138.0,C 10 138.0,C

11 124.9, CH 6.83, s 11 1249,CH 6.82,s

2-NH 9.01, d (6.5) 2-NH 8.99, d (6.4)

11-NH 10.17,s 11-NH 10.17,s
4-OH-Pro 1 171.3,C 1 171.3,C

2 61.7, CH 3.79, m 2 61.8,CH 3.79,m
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N-Me-Tyr

Thr

p-OH-Tyr

Imhsa

13
11-NH

36.8, CH>

68.6, CH
52.6, CH>

173.8,C
58.5, CH
36.9, CH>

127.7,C
131.9, CH
116.9, CH
157.8,C
33.4,CHs
171.9,C
54.7, CH
71.8, CH
17.0, CHs

172.0,C
60.5, CH
73.6, CH
131.8,C
129.0, CH
116.2, CH
158.5,C

177.6,C
77.9,C
36.3, CH>

109.3,C
1295,C
119.8, CH
119.8, CH
122.1, CH
112.1, CH
137.7,C
125.9, CH
445, CH>

173.3,C

0.45, m
2.10, dd (11.7, 6.7)
3.60, m
2.46, dd (12.7, 8.0)
3.12,m

511, m
2.93, m
3.09, m

6.98, d (8.2)
6.71, d (8.9)

3.08, s

5.00, s
5.61, q (6.5)
1.05, d (6.5)
7.73,d (9.2)

4.88, m
513, m

7.23,d (8.1)
6.73, d (8.9)

8.09, d (8.4)

3.21,m
3.3, m

7.61,d(7.9)
7.01, m
7.08, m
7.32,d (8.0)

7.21,s
2.68, d (15.3)
2.82,d (15.3)

10.28, s

5/9
6/8

N-Me

(BN

w N

NH

5/9
6/8

NH

w N

13
11-NH

36.8, CH2

68.6, CH
52.5, CH>

173.8,C
58.5, CH
36.9, CH2

127.7,C
131.9, CH
116.9, CH
157.8,C
33.3,CHs
171.9,C
54.7, CH
71.8,CH
17.1, CHs

172.0,C
60.5, CH
73.6, CH
131.8,C
129.0, CH
116.2, CH
158.5,C

177.6,C
77.9,C
36.3, CH>

109.2,C
1295,C
119.8, CH
119.7,CH
1221, CH
112.1, CH
137.7,C
125.9, CH
44.4,CH;

1733,C

0.45, m
2.09, dd (11.5, 6.6)
3.60, dt (14.5, 7.3)
2.46, dd (12.6, 8.0)
3.12, m

511, m
293, m
3.09, m

6.97,d (8.1)
6.71,d (8.9)

3.08, s

5.00, m
5.61, q (6.5)
1.04,d (6.5)
7.72,d (8.9)

4.88, m
513, m

7.23,m
6.73,d (8.9)

8.08,d (8.1)

3.21,m
3.31,m

7.61,d (7.8)
7.01, m
7.08, m
7.31,d (8.0)

7.21,s
2.68, d (15.1)
2.82,d (15.1)

10.27, s
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2 Structure Elucidation of Amycolapeptins A and B

Fifteen liter of the combined-culture broth was filtered, extracted with EtOAc and concentrated in vacuo to give
crude extract (0.63 g). The extract was separated by ODS Cis column and semi-preparative HPLC to give two novel
compounds amycolapeptin A (58, 37.7 mg) and B (59, 11.9 mg).

N-Me-Tyr

HO
4—OH—Pro)\’ o /@.,OH
H

TN ;\KQ o
7 N H
G “NH
Qe =

B R = Me (59)

Figure 2.2 Structures of amycolapeptins A and B (58, 59).

The molecular formula of amycolapeptin A (58) was determined to be C72Hg2N10O17 by the analysis of HRMS data
(m/z 1359.6012 [M + H]* calcd. 1359.5932). The *C NMR spectrum in 58 showed the presence of 10 amide carbonyl
signals from 170.9 to 177.5 ppm, suggest that compound 58 is a peptide, and a large number of carbon signals from 109.3
to 158.5 ppm revealed that several aromatic amino acid units in 58. The 'H NMR spectrum of 58 displayed signals for
two N-Me groups (6n 3.44, 3.08). The UV spectrum showed an absorption band at Amax 280 nm and amino proton signals
at o4 10.17, 10.28, indicating the existence of two tryptophan (Trp) moieties. The carbon signals at 6c 158.5, 157.8, and
d¢ 117.0,116.2, showed two tyrosine (Tyr) moieties in 58.

Detailed analysis of the 1D NMR and 2D NMR spectra including COSY, HMQC, HMBC in CD3sOH allowed for
the complete spectral assignment of eight amino acids: four normal amino acid residues consisting of proline (Pro), valine
(\al), threonine (Thr), and tryptophan (Trp), together with four nonproteinogenic amino acid residues: -hydroxytyrosine
(B-OH-Tyr), N-methylphenylalanine (N-Me-Phe), N-methyltyrosine (N-Me-Tyr) and 4-hydroxyproline (4-OH-Pro). In
addition, a 2-((1H-indol-3-yl)methyl)-2-hydroxysuccinic acid (Imhsa) moiety was also established (Figure 2.2). NMR
assignments for amycolapeptin A (58) are listed in Table 2.1.

The amino acid sequence of 58 was assighed from ROESY correlations between a-protons and neighboring residue
NH or N-Me protons (Figure 2.3a), with the following correlations observed: the Pro H5/N-Me-Phe H2, the N-Me-Phe
N-Me/Trp H2, the Trp NH/4-OH-Pro H2, 4-OH-Pro H5/N-Me-Tyr H2, N-Me-Tyr N-Me /Thr H2, Thr NH/$-OH-Tyr H2,
and the f-OH-Tyr NH/Imhsa H12. The presence of an ester bond between the carbonyl group of Val and the hydroxy
group of Thr was suggested by chemical shift of the f-methine proton H-3 (8n 5.61 upfield shifted) and confirmed by the
presence of an HMBC correlation between this proton and the Val carbonyl carbon C-1 (¢ 170.9).
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Figure 2.3 (a) Key COSY, HMBC, and ROESY correlations for amycolapeptin A (58) and B (59); (b) The characteristic
product ions were assigned as a-, b-, and y-series of amino acid fragmentation; (¢) MS/MS analysis of linear 58 and 59.

Furthermore, the amino acid sequence of 58 was determined by MS/MS analysis. Alkali hydrolysis to cleave the
ester bond of 58. The sequence of 58 from the N-terminal was determined to be the following: Imhsa - -OH-Tyr - Thr -
N-Me-Tyr - 4-OH-Pro - Trp - N-Me-Phe - Pro - Val (Figure 2.3b, c).

The absolute configurations of the amino acid constituents of 58 were determined by acid hydrolysis and application
of the highly sensitive Marfey’s method. The comparison of the retention times between the standards and obtained
derivertives shed light on the presence of L-Val, L-Pro, L-N-Me-Phe, L-Trp, L-4-OH-Pro, L-N-Me-Tyr, and L-Thr in 58
(Figure 2.7). However, | did not detect S-OH-Tyr, which was destroyed by hydrolysis. This property has been reported
in litereture.®®

In order to determine the absolute configuration of S-OH-Tyr unit, amycolapeptin A (58) was submitted to
ozonolysis, followed by hydrogen peroxide workup, transforms into the acid-stabile p-OH-Asp.®® The oxidized
amycolapeptin A (58) was hydrolyzed, derivatized with L-FDAA. Standards of f-OH-Asp were prepared from trans-
epoxysuccinic acid and cis-epoxysuccinic acid, respectively, according to literature protocols.®® Although synthetic S-
OH-Asp were mixture of isomers (Scheme 2.1), previous research has been established that the elution order with Cis
reversed phase conditions for L-FDAA-f-OH-Asp diastereomers is 2R,3R (61a) — 2S,3S (61b) — 2R,3S (61c) — 2S,3R
(61d).3%40 The subsequent LC-MS analysis revealed the presence of (25,3R)-5-OH-Asp (61d) in the hydrolysate, and
thus (2S,3S)-4-OH-Tyr in amycolapeptin A (58) (Figure 2.4).
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Scheme 2.1 Synthesis of f-OH-Asp derivatives
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Figure 2.4 LC-MS analysis of f-OH-Asp Marfey’s derivatives

H
S)-butylcarbinol /\l/\
o EDCI
HO)HNO DMAP /\I/\ )Hm \mCPBA )m ~ dndole _ .\
o) 64% 79% SnCly
84% brsm
62 ° 65a
2M HCl l MeOH 2M HCl l MeOH
(e}
OH o
~ ~
, HCl o
Amycolapeptin A (@]
58 eOH NS
66a

Scheme 2.2 Synthesis of 66 isomers.
The chirality of C2 in Imhsa moiety was determined by the combination of the chemical synthesis and LC-MS
analysis. Hydrolysis of amycolapeptin A (58) yield methy ester of Imhsa moiety (66). The required standard samples for

the comparison, namely, the 2R and 2S enantiomers of 66, were prepared by the chemical synthesis and optical resolution
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(Scheme 2.2). Monomethyl itaconate (62) was treated with (S)-butylcarbinol, EDCI HCI, and DMAP led to the ester 63.
The epoxidation by m-CPBA (meta-Chloroperoxybenzoic acid) furnished mixture of diastereomers 64. The coulping
reaction between indole and 64 delivered diastereomixture of 65a/65b, which could be separated by reversed-phase
HPLC.#

8 8
6 6
4 4 |
2 - 2

5 R & -
2 2970/ 250 300 350 400 2 200 250 30% 350 400
. Wavelength (nm) - Wavelength (nm)
-4 4 -
-6 - A -6 - B
-8 - -8 -

Figure 2.5 A: m062x/def2tzvp calculated ECD spectra (c = 0.2 eV) of 2R of 65 (black), and the experimental ECD
spectrum (red) for 65a. B: calculated ECD spectra (c = 0.2 eV) of 2S of 65 (black), and the experimental ECD spectrum
(red) for 65b.

The absolute configuration of the 65a and 65b were defined by comparison of the quantum chemical calculated and
experimental ECD spectra (Figure 2.5). Hydrolysis of 65a/65b led to optically pure 66a/66b, respectively. Finally, the
methy ester 66 derived from amycolapeptin A (58) was chromatographically compared with the standard compounds 66a
and 66b by LC-MS, LC separation was performed on a chirality column. The retention time of 66 was matched with that
of 66b, confirming S configuration at C2 (Figure 2.8).

Amycolapeptin B (59) was isolated from the same fraction and exhibited almost same NMR data in the main
skeleton (Table 2.1). The amino acid sequence of 59 was also determined by ROESY spectra and MS/MS analysis (Figure
2.3), only the Pro unit in 58 was changed to 4-Me-Pro, which suggests that they may originate from a similar biosynthetic
pathway. The optical rotation of 58 ([a]p?® = -40.9 ) is close to those of 59 ([«]o? = -30.2 ). The ECD spectrum of 58
showed one positive Cotton effect at 230 nm and two negative Cotton effects at 215 and 274 nm, which were in good
agreement with the experimental curve of analogue 59, indicating the same absolute configurations at the chiral center
of 59 (Figure S118). Therefore, 4-Me-Pro unit in 59 was confirmed to L type. The ROESY across peak of H2 (8w 3.83)/H4
(dH 2.25) indicated that H2 and H4 were located at the same side of the molecule, suggest the configuration of 4-Me-Pro

in 59 was assigned as 2S,4S.

3 Cytotoxicity

The cytotoxicities of amycolapeptins A (58) and B (59) were evaluated with HeLa S3 cells. Adriamycin was used
as a positive control. Both of them showed no significant cytotoxicity even at 100 uM, respectively.

4 Exprimental Section

4.1 General Procedures

See 1.5.1
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4.2 Cultivation of the Amycolatopsis sp. 26-4 and Tsukamurella pulmonsis TP-B0596

Amycolatopsis sp. 26-4 was cultured on shakers (180 rpm) at 28 <C for 4 days in 500 mL Erlenmeyer flasks
containing 200 mL of seed culture medium (ISP2), composed of glucose (4.0 g/L), malt extract (10.0 g/L) and yeast
extract (4.0 g/L). Tsukamurella pulmonsis TP-B0596 was cultured on shakers (180 rpm) at 28 <C for 2 days in 500 mL
Erlenmeyer flasks containing 200 mL of seed culture medium (ISP2), composed of glucose (4.0 g/L), malt extract (10.0
g/L) and yeast extract (4.0 g/L). 1 mL Amycolatopsis sp. 26-4 and 1 mL Tsukamurella pulmonsis TP-B0596 seed culture
broth were inoculated in 1 L Erlenmeyer flasks containing 400 mL of culture medium (ISP3), composed of oatmeal (20.0
g/L), FeSO4 7H20 (1.0 mg/L), MnCl; 4H,0 (1.0 mg/L) and ZnSO4 7H20 (1.0 mg/L), shaken 180 rpm at 28 <C for 5
days. As controls, two strains were cultured at the same condition individually.

uV (x1, 000, 000)
1.50 - |

1.25 {4%%
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Figure 2.6 HPLC data comparison of EtOAC extracts of each single culture and combined-culture broths. (a)
Tsukamurella pulmonsis TP-B0596; (b) Amycolatopsis sp. 26-4; (c) Amycolatopsis sp. 26-4 + Tsukamurella pulmonsis
TP-B0596 (Cosmosil PEGASIL ODS SP100 @ 4.6 < 250mm, 20-100% MeOH 40min + 100% MeOH 15min + 20%
MeOH 10min, 1.0 mL/min, 210nm)

4.3 Extraction and Isolation

Fifteen liter of the combined-culture broth was filtered, which was extracted with EtOAc (2 <15 L) and concentrated
in vacuo to give crude extract (0.63 g). The extract was subjected to the ODS Cis column using a gradient elution of
MeOH/H20 (10%, 30%, 50%, 70%, 100% MeOH in H,0) stepwise to give 7 fractions. Every fraction was dissolved in
methanol and centrifuged at 8,000 rpm for 5 min. Fractions 5 and 6 was separated by semi-preparative HPLC (Cosmosil
n-nap (Nacalai Tesque, Kyoto), ®20 x 250 mm, MeCN:H,0=45:55, 0.05%TFA, 8 mL/min) to give compound
amycolapeptin A (37.7 mg, tr 36.0 min) and compound amycolapeptin B (11.9 mg, tr 46.0 min).

Amycolapeptin A (58): white, powder, [a]?°o=-40.9 (c 0.07, CH3OH), UV/vis (CH30H) Amax (loge) 200 (4.99), 221
(4.85), 279 (4.01) IR vmax 3293, 2926, 2853, 1734, 1627, 1517, 1455, 1228, 1211, 1094 cm™*, CD (c 2.87 <10 mol/L,
MeOH) Amax (A¢): 216 (-10.9), 231 (+11.6), 275 (-2.4), *H and *C NMR, Table 2.1; HRMS (ESI) calcd for C72HgsN10O17*
[M + H]* 1359.5932, found 1359.6012

Amycolapeptin B (59): white, powder, [«]?*°b = -30.2 (¢ 0.29, CH30H) , UV/vis (CH3OH) Amax (loge) 200 (4.98),
221 (4.87), 280 (4.05) IR vmax 3293, 2966, 2932, 1727, 1627, 1517, 1452, 1239, 1204, 1094 cm™ , CD (c 2.33 < 10*
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mol/L, MeOH) /max (Ag): 216 (-12.2), 231 (+10.7), 275 (-1.7), *H and 3C NMR, Table 2.1; HRMS (ESI) calcd for
C73HssN 10017+ [M + H]* 1373.6089, found 1373.6208
4.4 Cytotoxicity Assay

Cytotoxicity of 58 and 59 against HeLa S3 cell lines was evaluated by a WST-8 colorimetric assay (Cell Counting
Kit-8, Dojindo). Briefly, cells were cultured in 96-well plates (3,000 cells/well) for 24 h followed by exposure to a
sequential dilution of test compounds for 72 h, and then the viability was assessed by WST-8. The absorbance was
measured at 450 nm using an iMark microplatereader (BIO-RAD). Adriamycin was evaluated as a positive control. ICsp
values are shown as the mean +=SD (n=4).

4.5 Alkali hydrolysis

Amycolapeptins 58 and 59 (100 pg) were dissolved in 1 mL of a mixture of 50% methanol, 45% water and 5% NHs,
and incubated at room temperature for 48 h and evaporated. The obtained linear peptides were analyzed by LC-MS.
4.6 Acid Hydrolysis of 58 and highly sensitive Marfey’s Method

Amycolapeptin A (58) (0.1 mg) was hydrolyzed in 3 M HC1 (100 pL) with 0.1% phenol for 6 h at 100 <T under N,
and then dried in vacuo. The obtained hydrolysate was dissolved in H2O (100 pL), to which 1 M NaHCO3 (20 uL) was
added. The hydrolysate added L-FDVDA (0.5% w/v in acetone, 20 pL), and the mixtures were stirred for 2 h at 50 °C.
The solution was cooled to room temperature, neutralized with 2 M HCI (20 pL), evaporated, and then dissolved in
MeCN (100 pL). The derivatives were analyzed by LC-MS; LC separation was performed on a reversed-phase column
(Cadenza CD-C18, 3.0 x 150 mm) with a gradient elution system of H,O/MeCN containing 0.1% FA (20% MeCN 10
min, 20-90% MeCN 20 min, 90% MeCN 10 min, 0.2 mL/min).
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Figure 2.7 LC-MS analysis of Marfey’s derivatives
4.7 Synthesis of g-OH-Asp Diastereomer

Diastereomeric mixtures of f-OH-Asp were prepared by treatment of cis-epoxysuccinic acid (60a, 1 mg) and trans-
epoxysuccinic acid (60b, 1 mg) with 100 uL of 28% ammonia water. Reactions were allowed to proceed for 24 h at 50 <C.
Reaction mixtures were dried in vacuo. This material was used as standards without further purification.

4.8 Ozonolysis of g-hydroxy tyrosine in amycolapeptin A

Amycolapeptin A (58) (0.5 mg) was dissolved in MeOH (1 mL) at 0 °C. A stream of ozone was bubbled for 10 min
through the solution. Subsequently 200 uL of H,0O- (30%) were added to the reaction mixture which was then allowed to
stand at room temperature for 1 h. The solvent was removed in vacuo. The resiue was hydrolyzed in 3 M HCI (100 pL)
for 6 h at 100 <C under N2, and then dried in vacuo. The obtained hydrolysate and standards were dissolved in H20 (100
uL), to which 1 M NaHCOs3 (20 pL) was added. The hydrolysate added L-FDAA (0.5% w/v in acetone, 20 pL), and the

mixtures were stirred for 2 h at 50 °C. The solution was cooled to room temperature, neutralized with 2 M HCI (20 pL),
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evaporated, and then dissolved in MeCN (100 pL). The derivatives were analyzed by LC-MS; LC separation was
performed on a reversed-phase column (Cosmosil 5Cig-AR-1l, 2.0 x 250 mm) with a gradient elution system of
H20/MeCN containing 0.1% FA (10-30% MeCN 30 min, 30% MeCN 10min, 0.2 mL/min).

4.9 Synthesis of 66 isomers

o) (0]
(0]
Ho)mo\ . /\I/\O)m ~
o) o
62 63

Monomethyl itaconate 62 (500 mg, 3.47 mmol) was mixed with (S)-butylcarbinol (411 pL, 3.82 mmol) in dry
CHCl> (15 mL) under N2, followed by EDCI HCI (732 mg, 3.82 mmol) and DMAP (42.4 mg, 0.35 mmol) at 0 <C. The
resulting mixture was allowed to warm up to rt and stirred overnight. The reaction was quenched with 0.2 M HCI (15
mL). The combined organics were washed with brine (15 mL), dried over anhydrous MgSQy, filtered, and concentrated
in vacuo. The residue was purified by column chromatography (EtOAc : hexanes =1 : 4) on silica gel to yield easter 63
(473.5 mg, 64%) as a colorless oil.

63: [¢]*°% = 3.3 (c 1.54, MeOH); *H NMR (600 MHz, CDCls): § 6.26 (s, 1H), 5.63 (s, 1H), 3.98 (dd, J = 10.8, 5.9
Hz, 1H), 3.89 (dd, J = 10.8, 6.6 Hz, 1H), 3.61 (s, 3H), 3.27 (s, 3H), 1.66 (m, 1H), 1.36 (m, 1H), 1.16 (m, 1H), 0.85 (m,
6H); 13C NMR (150 MHz, CDCl3z) & 171.2, 166.2, 134.0, 128.4, 69.6, 52.0, 37.6, 34.2, 26.0, 16.4, 11.2; HRMS (ESI)
calcd for C11H1804Na* [M + Na]* 237.1097, found 237.1115.

o] o]
/\I/\O)WO\  —— /\l/\o)mo\
¢}
63 0 64 %

m-CPBA (75%) (513 mg, 2.23 mmol) was added to a solution of ester 63 (398 mg, 1.86 mmol) in CHCI3 (3 mL).
The mixture was heated in oil bath to 70 <C for 12 h, cooled, diluted by addition of CHCIs (10 mL). The mixture was
washed with agqueous solution of Na;SO3 (10%, 10 mL), NaHCO3 (10 mL) and brine (10 mL), dried over anhydrous
MgSQO,, filtered, and concentrated in vacuo. The residue was purified by column chromatography (silica gel,
hexane/EtOAc, 5:1) to yield epoxy 64 (337.5 mg, 79%) as a colorless oil.

64: 'H NMR (600 MHz, CDCls):  4.02 (m, 1H), 3.94 (m, 1H), 3.68 (s, 3H), 3.16 (d, J = 5.7 Hz, 1H), 2.92 (dd, J =
17.0, 4.7 Hz, 1H), 2.87 (d, J = 5.7 Hz, 1H), 2.79 (dd, J = 17.0, 4.2 Hz, 1H), 1.70 (m, 1H), 1.37 (m, 1H), 1.15 (m, 1H),
0.87 (m, 6H); 3C NMR (150 MHz, CDCl3) § 169.9, 169.5, 70.7, 70.6, 53.7, 52.2,52.0, 37.4,34.1,25.9, 16.4, 16.3, 11.3,
11.2; HRMS (ESI) calcd for C11H180sNa* [M + Na]* 253.1046, found 253.1062.

(0]
o OH o Q OH o
o /\l/\o N /\I/\O ~ /\I/\O
/\l/\o)m N N () —_— ~ 0 + ~
0 HN HN HN
64 65
65a

To asolution of 64 (111.6 mg, 0.48 mmol) and indole (62.5 mg, 0.53 mmol) in CCl4 (5 mL) were added SnCl4 (62.4
uL, 0.53 mmol) in 0.5 mL CClsat 0 <C. After being stirred at room temperature for 1 h, saturated aqueous NaHCO3 (10
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mL) was added to the reaction mixture. The mixture was extracted with EtOAc (10 mL x<2). The combined organic layer
was washed with brine (20 mL), dried over MgSO, filtered, and concentrated under reduced pressure. The residue was
purified by column chromatography (EtOAc : hexanes =1 : 2) to yield 65 (9.0 mg, 5%) as a yellow foam and starting
material 64 (104.5 mg, 94% was recovered).

65: *H NMR (600 MHz, CDs0D):  7.50 (d, J = 7.9 Hz, 1H), 7.32 (d, J = 8.1 Hz, 1H), 7.12 (s, 1H), 7.07 (t, J=7.5
Hz, 1H), 6.99 (t, J = 7.2 Hz, 1H), 3.88 (dd, J = 10.5, 6.1 Hz, 0.5H), 3.80 (dd, J = 10.6, 6.5 Hz, 0.5H), 3.71 (dd, J = 10.7,
5.7 Hz, 0.5H), 3.64 (dd, J = 10.6, 6.5 Hz, 0.5H), 3.62 (s, 3H), 3.21 (m, 1H), 3.13 (d, J = 14.5 Hz, 1H), 3.08 (m, 1H), 2.73
(d,J=16.0Hz, 1H), 1.49 (m, 1H), 1.25 (m, 1H), 1.04 (m, 1H), 0.81 (m, 3H), 0.75 (m, 3H); 33C NMR (150 MHz, CDs0D)
6176.1,172.6,137.8,129.4, 125.4, 122.2, 119.7, 119.6, 112.2, 109.4, 77.4,77.3,71.1, 71.0, 52.1, 43.8, 43.7, 36.7, 36.6,
35.1, 35.0, 26.9, 16.7, 16.5, 11.6, 11.5; HRMS (ESI) calcd for C19H260sN* [M + H]* 348.1805, found 348.1825.

One mg of 65 was subjected to reversed-phase HPLC (CHIRALPAK OD-RH 4.6 %150 mm (Daicel Chemical Co.
Ltd.), HoO/MeOH (35/65)) to yield 65a (0.22 mg, tr 35.0 min, 22%) and 65b (0.19 mg, tr 37.5 min, 19%).

65a: [¢]?° = 17.5 (¢ 0.02, MeOH); *H NMR (600 MHz, CDsOD): & 7.50 (d, J = 8.0 Hz, 1H), 7.32 (d, J = 7.9 Hz,
1H), 7.12 (s, 1H), 7.07 (t, J = 7.2 Hz, 1H), 6.99 (t, J = 7.6 Hz, 1H), 3.88 (dd, J = 10.5, 6.1 Hz, 1H), 3.64 (dd, J = 10.6,
6.5 Hz, 1H), 3.62 (s, 3H), 3.21 (d, J = 14.5 Hz, 1H), 3.13 (d, J = 14.5 Hz, 1H), 3.08 (d, J = 16.0 Hz, 1H), 2.73 (d, J =
16.2 Hz, 1H), 1.49 (m, 1H), 1.25 (m, 1H), 1.03 (m, 1H), 0.81 (t, J = 7.5 Hz, 3H), 0.76 (d, J = 6.6 Hz, 3H).

65b: [a]?°> = -10.0 (c 0.02, MeOH); *H NMR (600 MHz, CD30D): 6 7.50 (d, J = 7.7 Hz, 1H), 7.32 (d, J = 8.0 Hz,
1H), 7.12 (s, 1H), 7.07 (t, J = 7.5 Hz, 1H), 6.99 (t, J = 7.5 Hz, 1H), 3.81 (dd, J = 10.5, 6.6 Hz, 1H), 3.71 (dd, J = 10.6,
5.6 Hz, 1H), 3.62 (s, 3H), 3.21 (d, J = 14.5 Hz, 1H), 3.14 (d, J = 14.5 Hz, 1H), 3.08 (d, J = 16.2 Hz, 1H), 2.73 (d, J =
16.1 Hz, 1H), 1.49 (m, 1H), 1.26 (m, 1H), 1.05 (m, 1H), 0.82 (t, J = 7.5 Hz, 3H), 0.75 (d, J = 6.7 Hz, 3H).
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58

65a (0.01 mg) and 2 M HCI in MeOH (200 uL, prepared from 100 uL. MeOH and 100 uLL 4 M HCI in dioxane) was
stirred at room temperature for 12 h. The solvent was removed at reduced pressure to yield 66a, which was used for
further LC-MS analysis. Enantiomer 66b were prepared by same way.

Amycolapeptin A (0.1 mg) was hydrolyzed with 2 M HC1 in MeOH (200 pL, prepared from 100 uL. MeOH and 100
puL 4 M HCl in dioxane) for 12 h at 90 <C under N3, and then dried in vacuo. The obtained hydrolysate was dissolved in
MeOH (100 pL), and then analyzed by LC-MS with 66a/66b (column: CHIRALPAK OD-RH, 4.6 <150 mm,; eluent:
MeOH/H,0 = 75/25, 0.4 mL/min; detection: ESI-positive).
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66a/b: H NMR (600 MHz, CDsOD): § 8.18 (s, 1H), 7.58 (d, J = 7.8 Hz, 1H), 7.33 (d, J = 8.1 Hz, 1H), 7.16 (t, J =
7.9 Hz, 1H), 7.10 (t, J = 7.5 Hz, 1H), 7.07 (d, J = 2.2 Hz, 1H), 3.66 (s, 3H), 3.65 (s, 3H), 3.24 (d, J = 14.5 Hz, 1H), 3.13
(d, J = 14.5 Hz, 1H), 3.09 (d, J = 16.1 Hz, 1H), 2.80 (d, J = 16.0 Hz, 1H); *C NMR (150 MHz, CDs0OD) § 175.3, 171.5,
136.0, 128.0, 124.1, 122.1, 119.7, 119.1, 111.3, 109.0, 76.2, 53.0, 52.1, 42.9, 35.4; HRMS (ESI) calcd for C1sH150sN*
[M + H]* 292.1179, found 292.1186.
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Figure 2.8 LC-MS analysis of 66 and isomers 66a/66b
4.10 Computation Section

The absolute configurations of 65a/65b were determined by simulation of the ECD spectrum. The minimum energy
geometries of two conformers were optimized using DFT calculations at the m062x/def2tzvp level in the gas phase by
the GAUSSIAN 09.#2 Then Time-dependent DFT calculations were performed on the lowest-energy conformations for
each configuration using 30 excited states and under the CH3OH solution. The calculated ECD curves were drawn by
using SpecDis with a ¢ of 0.2 eV.*® The calculated ECD spectrum for 2R showed a negative Cotton effect at 210 nm and
two positive Cotton effect at 230 and 280 nm which is identical to the 65a experimental ECD spectra. The calculated
ECD spectrum for 2S showed an opposite curve which is identical to the 65a experimental ECD spectra (Figure 2.5).

Therefore, the absolute configurations of 65a were determined as 2R, 65b was determined as 2S.
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Conclusions

In this thesis, | summarized the complete research of novel cyclic sulfur-containing lipopeptides, thioamycolamides,
including isolation, structure elucidation, absolute configuration determination, total synthesis, biological evaluation and
plausible biosynthetic pathway. Moreover, two novel nonapeptides, amycolapeptins A and B, which were not produced
by a single culture of Amycolatopsis sp. 26-4, were successfully isolated from the combined-culture broth. The structures
of amycolapeptins were also confirmed.

In Chapter 1-1, | isolated the sulfur-containing cytotoxic cycliclipopeptidyl metabolites, thioamycolamides A-E
from the culture broth of actinomycete Amycolatopsis sp. 26-4. Their unprecedented structures were precisely elucidated
by the combination of extensive spectroscopic analyses, Marfey’s method and chemical synthesis of fragments. Putative
biosynthetic pathway of thioamycolamides is proposed to be assembled by non-ribosomal peptide synthetase (NRPS)
using a,B-unsaturated fatty acids, phenylalanine, cysteine as components. These compounds exhibited varying
cytotoxicities toward the growth of two human cancer cells. The differences in the activities seemed to be related to the
length and methylation/hydroxylation patterns of the C18 side chain, suggest that the length of side chain are crucial for
exhibiting the cytotoxicity presumably based on the difference of membrane permeability.

In Chapter 1-2, the first total synthesis of the cytotoxic cyclic lipopeptide thioamycolamide A (1) was accomplished.
The peptide chain was elongated by an isomerization-suppression procedure and the thioether linkage was constructed
by the bioinspired thio-Michael addition. Thioamycolamide A (1) was successfully synthesized in 10 steps in a linear
sequences from readily available starting materials. The structural identity of natural and synthetic 1 was confirmed by
LC-MS experiments using improved labeling reagent. In the LC-MS experiments, the stereochemical purity of
chemically constructed 1 was verified, which corroborates the efficiency of bioinspired synthesis and provides insight
into the proposal that the thioether bridge can be stereoselectively formed by thio-Michael addition.

In Chapter 2, combined-culture method was applied to strain Amycolatopsis sp. 26-4 with the mycolic acid-
containing bacterium (MACB) Tsukamurella pulmonis TP-B0596. Two novel nonapeptides, amycolapeptins A and B,
were isolated from the combined-culture broth. The chemical structures were elucidated by spectroscopic analysis,
chemical synthesis of the fragment, a highly sensitive Marfey’s method and CD spectroscopy. Combined-culture research
and discovery of amycolapeptins proved the potential of actinomycete Amycolatopsis sp. 26-4 for producing other
unprecedented structures.

The differences in the activities of thioamycolamides A-E suggests that further SARs study in the C18 side chain would
be helpful for possible anticancer development of this class of compounds. The biological roles of strains Amycolatopsis
sp. 26-4 and Tsukamurella pulmonis TP-B0596 in the microbial communities are unknown, further studies on combined-
culture may provide answers to these interesting questions. The biosynthetic mechanisms of thioamycolamides and
amycolapeptins in the producing organism are also of considerable interest, because of their highly modified skeletons.
I believe that my results in my thesis would be helpful for drug development, microorganism biosynthesis and microbial

communication research in the near future.
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Figure S1. Comparison of the *H NMR spectra of 1-5 in DMSO-ds (600 MHz).
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Figure S2. Comparison of the CD spectra of 1-5 in MeOH.
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Figure S3. 'H NMR spectrum (600 MHZ) of 1 in DMSO-ds.
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Figure S12. HMBC spectrum (600 MHz) of 2 in DMSO-ds.
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Figure S15. COSY spectrum (600 MHz) of 3 in DMSO-de.
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Figure S16. HSQC spectrum (600 MHz) of 3 in DMSO-ds.
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Figure S22. HMBC spectrum (600 MHz) of 4 in DMSO-ds.
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Figure S29. 'H NMR spectrum (500 MHz) of S1 in CDCls.
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g9eT’
P TE~
86Tz
059z
0THE~
vreE

89'TS—

06'9£+
9T 41~
Wil
916/

CLLCT~
t96ZT-"
SLEET

99rb1—

88691

OTs O

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

190

f1 (ppm)

Figure S32. 13C NMR spectrum (125 MHz) of 9 in CDCls.

65



197
€971
59°¢]
59
59°€]
99°€
[9°€
[9°€
BLE
08¢
18]
18°€]
£8°

—

SC'Lq
SC'Lt

SAc O

)
“ETe
Lty
66T

¥

EG6T
96T

786
koot

30 25 20 15 10 05 0.0 -05

50 45 40 35

90 85 80 75 70 65 60 55

9.5

105

f1 (ppm)

Figure S33. 'H NMR spectrum (500 MHz) of 10 in CDCls.

68 ET~
€282

S.mmd.
Y908
SLEE
S56E

Hm.ovv

89'15—

1691
9T LL
A A2

PTLT—

6T'S6T—

SAc O

80 70 60 50 40 30 20 10

170 150 130 110 90
f1 (ppm)

190

210

Figure S34. 13C NMR spectrum (125 MHz) of 10 in CDCls.

66



-

SH

FIv'E
y9E
60T
0T

40T

+C0'T
5STT
F00'T

=16

85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0.0 -05
f1 (ppm)

9.0

Figure S35. 'H NMR spectrum (500 MHz) of 11 in CDCls.

0rL—

mm.mm\
8¢67
959~
Y6 LE
ira .
%.F./

069L
9T'LL
Wi

86TLT—

SH

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

190

f1 (ppm)

Figure S36. 13C NMR spectrum (125 MHz) of 11 in CDCls.

67



E80€

Fiew

Fere

Feoe

=80€
=90'€
50T

=00T

SO0E
002

75 7.0 6.5 6.0 5.5 5.0 45 40 3.5 3.0 2.5 2.0 15 1.0 0.5 0.0
f1 (ppm)

8.0

Figure S37. 'H NMR spectrum (500 MHz) of 12a in CDCls.

66°ET-"
e,
1062+

T0TE
OF'6E"
6L6E-L

S8IS—
ST8G—

1694y
ITLL+
Wi

66'88—

0T 2T~
CLRETT
£8'8¢T/

ce9eT/

98 TLT—

0T'00C—

80 70 60 50 40 30 20 10

190 170 150 130 110 90
f1 (ppm)

210

Figure S38. 13C NMR spectrum (125 MHz) of 12a in CDCls.

68



o«

N O
iy

et

W

89T

E=60E

Feer
T
w%a

=€0¢

+=0T€
bro._”...m
F90'T

=00'T

OTE
0T

7.0 6.5 6.0 5.5 5.0 45 40 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

75

8.0

Figure S39. 'H NMR spectrum (500 MHz) of 12b in CDCls.

lyand
e,
ANTAN
I6°EE"
SEBE-
IR6EL

ELTS—
9T'85—

1694~
mﬁ.hh.p\.
WL

16'88—

TULETA,
YLRTT-T
regeT/

vE9ET

SPTLI—

€T00C—

80 70 60 50 40 30 20 10

90

f1 (ppm)

210 200 190 180 170 160 150 140 130 120 110 100

Figure S40. 13C NMR spectrum (125 MHz) of 12b in CDCls.

69



LET

LET

or'e
we

9T £
€L

'L
Nm.h%

QL
e

e

[

=168

=86C

=96C

00T
/60
680

580

=/6'T

=G6'T

8.5 8.0 75 7.0 6.5 6.0 55 5.0 4.0 3.5 3.0 25 2.0 15 1.0 0.5 0.0
f1 (ppm)

9.0

Figure S41. 'H NMR spectrum (500 MHz) of S2 in CDCls.

89TC—

44 o

16°¢S
96°CS

569 —
169£
9T'LL~
g}r&
St'08/

T09ZT~.
86'6CT—
ZECET

(44 4%

16'PST—

00'69T—

BocHN Jk o~

150~

170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

180

Figure S42. 13C NMR spectrum (125 MHz) of S2 in CDCls.

70



LET

8E'T

re—

15°€1
85°E
09°E)
19°€
0LET
ered
Z8'ed
S.J_w
80
0Tt

90'G—

BocHN\/\OH

50~

J

=206

=00€

=001
reot

beet

=E6'0

=86'T

=96'T

8.5 8.0 7.5 7.0 6.5 6.0 55 50 45 4.0 3.5 30 2.5 2.0 15 1.0 0.5 0.0

9.0

f1 (ppm)

Figure S43. 'H NMR spectrum (500 MHz) of 14 in CDCls.

PLTC—

vE'8e

06'05—

0TT9—

2€'89—
0691
9T LL
T LLr
8T 08/

10°8CT

AcT
oo 0T

lc4and

8CSrT—

€995 T—

BocHN\/\OH

1507

170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

180

Figure S44. 13C NMR spectrum (125 MHz) of 14 in CDCls.

71



807
98°0
180 #
6571
19
1971
297
6971
6871
0671
067
8z'€
8CE

-

8E°E
6 €
6 €
6 €
ne'e

0ge]
0gg-

T9€
SS
15
8
8
8
8|

T

A
€8]
€8

€8t
8]
€81’
091y
09°'£4
1949
1944
7914
291

Br

=E0€

F0ZT
|
Fete

“oe
=981
JS00T

=66C

»00T
90T

86
66T
=61

3.5 3.0 25 2.0 15 1.0 0.5

4.0

ppm)

e r=

<

5.0

5.5

6.0

6.5

7.0

7.5

8.0

Figure S45. 'H NMR spectrum (600 MHz) of 7a in CD30D.

ZETT~
6'€2-

L1087
SETE
06 mM
59T,

0LEY-

O TC

0'¢s—

1599

€6'99T~
SEB9T"
C8ELT

Br-

-10

90 80 70 60 S50 40 30 20 10
f1 (ppm)

190 170 150 130 110

210

Figure S46. 13C NMR spectrum (150 MHz) of 7a in CD3sOD.

72



€80y

mm.mjir

e0 o0
o
o
e

8C'EA|

6CE
6C°E"

43

62"
0E'€

0€e]
0€'E
0€'€
0€'E]

—_—

0€'E]
0€'€q
0ge

0g'e

€EE

€9°€

€9°€]
Sy
]
St
251
€51
SSTY

€8
09°L
T9°L
79°¢
9L
69°'L
0£4
06'L]
6L’

N

Br.

AM

| A
00T
€01
~OT'T

=80€

3.5 30 2.5 2.0 1.5 1.0 0.5 0.0

40

ppm)

e r=

<

8.0 75 7.0 6.5 6.0 5.5 50

8.5

Figure S47. 'H NMR spectrum (600 MHz) of 7b in CD3s0OD.

ZEVI~
05°€Z7

9T0g!
9ETE
265,
69T,
60—

SCES—

€8'€9—

02T,
€267
om.om%
£E0ET
orZET
0LZETY
mm.mmi__,
Z6PET!

S6'99T~
SCe9T-"
98°€LT

Br-

-10

90 80 70 60 S50 40 30 20 10
f1 (ppm)

190 170 150 130 110

210

Figure S48. 13C NMR spectrum (150 MHz) of 7b in CD3s0D.

73



Figure S49

Inten. (x1.000. 000)

. HRMS spectrum of 1.

1.5 450.1853
5.0
2.5
72.1694
o ldO 15‘0 2[‘)0 25‘0 360 3.‘;0 460 45;0 560 55;0 Edﬂ 65‘0 760 75‘0 HdO 85‘0 960 95‘0 m'z
Figure S50. HRMS spectrum of 2.
Inten. (x1, 000, 000)
436.1708
3.0
2.0
1.04
00 277.2229 74.1265
100 200 300 400 500 600 700 800 900 w2
Figure S51. HRMS spectrum of 3.
Inten. (x1.000. 000)
450.1856
3.0
2.0-
10 72.1701
0 | | 565.2819 921.3402
: ldO 15‘0 2[‘)0 25‘0 360 3.‘;0 460 45;0 560 55;0 Edﬂ 65‘0 760 75‘0 HdO 85‘0 960 95‘0 m'z
Figure S52. HRMS spectrum of 4.
Inten. (x1,000,000)
464.2017
4,09
3.04
2.04
104 86,%822
00 I 558.4132 949.3972
100 150 2o 2%0 abo 3% abo 450 500 550 600 690 100 75 800 850 a0 950 w2
Figure S53. HRMS spectrum of 5.
Inten. (x1, 000, 000)
480.1977
1.0
" 18.1530° > F871 981.3525
I e
o a0 Tsbo 4o 0 so e 70 8o 90 w2
Figure S54. HRMS spectrum of 7.
5 oInten. (x100, 000)
] 637.9908
2.5
616.0134
| Ul 653.9697
| T | | 1 | | | | | | T | T
600 610 620 630 640 660 n/z
Figure S55. HRMS spectrum of S1.
Inten. (x1, 000, 000)
537.3959
2.0
1o 183-097;,4 Lags 409.1639
oo 1430077 | T 368.1142 | Ll
10 180 200 280 300 3% ado 4% 500 b0 600 60 100 750  sdo s 9do 90 w2



Figure S56. HRMS spectrum of 9.
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Figure S86. 13C NMR spectrum (125 MHz) of 41 in CDsOD.
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Figure S87. *H NMR spectrum (500 MHz) of 42 in CD;OD.
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Figure S126. 'H NMR spectrum (600 MHZ) of 59 in CDsOH.
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Figure S127. 13C NMR spectrum (150 MHz) of 59 in CD3;OH.
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Figure S129. HMQC spectrum (600 MHz) of 59 in CD3OH.
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Figure S132. *H NMR spectrum (600 MHz) of 63 in CDCls.
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Figure S133. 1*C NMR spectrum (150 MHz) of 63 in CDCls.
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Figure S135. 13C NMR spectrum (150 MHz) of 64 in CDCls.
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Figure S137. 13C NMR spectrum (150 MHz) of 65 in CD3;OD.
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Figure S139. HMQC spectrum (600 MHz) of 65 in CD30D.
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Figure S147. HRMS for compound 63.
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