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Valgamicin C, a novel cyclic depsipeptide containing
the unusual amino acid cleonine, and related
valgamicins A, T and V produced by Amycolatopsis sp.

ML1-hF4

Hideki Hashizume, Kiyoko lijima, Kazuma Yamashita, Tomoyuki Kimura, Shun-ichi Wada, Ryuichi Sawa and

Masayuki Igarashi

In the course of optimizing pargamicin A production in Amycolatopsis sp. ML1-hF4, we discovered novel cyclic depsipeptide
compounds in the broth and designated them valgamicins A, C, T and V. The structures of these molecules were determined by
spectroscopic studies, advanced Marfey’s method and X-ray crystal structural analysis. Valgamicin C contains the extremely rare
amino acid cleonine. To our knowledge, this is the first report of a cleonine-containing metabolite from a naturally isolated
microorganism without any breeding or mutation treatment. None of the valgamicins showed potent antibacterial activity against
either Gram-positive or -negative bacteria. Valgamicins A, C and T exhibited moderate cytotoxicity against human tumor

cell lines.
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INTRODUCTION

Actinomycetes bacteria are an important medicine source as they can
produce compounds with complex novel structures with useful
biological ~activity.!  Streptomycin,* kanamycin,®> bleomycin,®
avermectins’ and FK-506% are well-known metabolites of Actinomy-
cetes, which have contributed to considerable advances in the medical
field. Thus, it is of interest to discover further interesting and useful
compounds with new scaffolds and/or biological activity from the
metabolites of Actinomycetes.

During optimization of the productivity of the anti-Gram positive,
membrane-acting compound, pargamicin A produced by Amycola-
topsis sp. ML1-hF4,%10 we discovered the related antibacterial com-
pounds pargamicins B, C and D in the broth, as previously reported.!!
Pargamicin A is a structurally unique cyclic peptide consisting of
N-methyl-3-hydroxy valine, 4-hydroxy piperazic acid, sarcosine,
phenylalanine, N-hydroxy isoleucine and piperazic acid.’

We have also discovered new cytotoxic cyclic depsipeptides in this
broth and designated them valgamicins (VLGs) A, C, T and V, named
after their different amino acids, alanine, cleonine, threonine and
valine, respectively (Figure 1). VLG-C contains the extremely rare
amino acid, cleonine, 2-amino-2-(1-hydroxycyclopropyl) acetic acid.'?
Herein, we report the first example of a cleonine-containing bacterial
metabolite from a naturally isolated organism without any breeding or
mutation treatment. The fermentation, isolation, structural elucida-
tion, antimicrobial activity, cytotoxicity and structure—activity relation-
ship of the VLGs are described.

RESULTS AND DISCUSSION

Producing organism and fermentation

Amycolatopsis sp. ML1-hF4 strain was cultured for 3 days at 30 °C in
liquid media consisting of 2% galactose, 2% dextrin hydrate, 1%
soytone, 0.5% corn steep liquor, 0.2% ammonium sulfate and 1.0%
calcium carbonate (pH 7.0 before sterilization). This seed culture was
inoculated (3%) into media consisting of 0.33% galactose, 0.33%
dextrin hydrate, 0.17% glycerol, 0.17% soytone, 0.083% corn steep
liquor, 0.033% ammonium sulfate and 0.2% calcium carbonate (pH
7.0 before sterilization), and cultivated for 7 days at 27 °C with shaking
(180 r.p.m.). This media was sixfold diluted compared with that used
for pargamicin A discovery! and the same as that used for discovery of
pargamicins B, C and D.!!

Isolation of VLG-A, C, T and V

The 21 culture broth described above was then centrifuged (3000 g,
10°C, 15 min) and the supernatant was applied to a Diaion HP-20
column (Mitsubishi Chemical Co., Tokyo, Japan, 700 ml wet volume).
The column was washed with 21 each of distilled water, 40% aqueous
methanol, and 90% aqueous methanol and eluted with 90% aqueous
acetone. The acetone-eluted fraction was dried to give crude material
(390.6 mg) and subjected to silica gel column chromatography. The
column was washed with EtOAc and eluted with EtOAc/MeOH (10:1)
to give crude VLGs (219.6 mg) and was further purified by reverse-
phase HPLC. The HPLC conditions were as follows: column, Shiseido
CAPCELL PAK UG-120 (20%250 mm, Tokyo, Japan); flow rate,
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10 ml min~'; solvent, 40-60% CH3;CN aq + 0.01% trifluoroacetic
acid, linear gradient; column oven, 50 °C; detection, 205 nm. VLG-T
(1.6 mg), VLG-A (2.0mg), VLG-C (1.9 mg) and VLG-V (5.6 mg)
were eluted at 36-38, 52-54, 61-63 and 82-84 min, respectively.

Structural elucidation of VLGs-A, C, T and V

The physicochemical properties of VLG-A, C, T and V are summar-
ized in Table 1. The molecular formulae of VLG-A, C, T and V were
Cy9HygN4Og, C31H5oN4O9, C3oH50N4O9 and Cs1Hs,N4Og, respec-
tively, as determined by HRESI-MS and NMR spectra. ('H and 13C
NMR spectra; Supplementary Figures S1-S8, 2D-COSY spectra;
Supplementary Figures S9-S12, HMQC spectra; Supplementary
Figures S13-S16, heteronuclear multiple bond correlation (HMBC)
spectra; Supplementary Figures S17-S20, F1-selective HMBC of VLG-
C; Supplementary Figure S21, HRESI-MS; Supplementary Figures
§22-S25). NMR data are summarized in Table 2. The IR spectra of the
VLGs showed absorptions characteristic of peptide bonds (1658—1669
and 1542-1546 cm™~!) and lactone linkages (1737-1745 cm™'). The
IR and NMR spectral data for the VLGs indicated that they are related
peptide compounds.

Structure of VLG-C.  The planar structure of VLG-C was determined
as follows. The relationships between the proton and carbon signals of
VLG-C were established by H, 13C, DEPT and HMQC spectra. These
spectra revealed the presence of seven quaternary carbons, including
six carbonyls, 10 sp®> methines, five methylenes and nine methyl
groups. Analyses of 'H-'H COSY, 1D-TOCSY, HMBC and
Fl-selective HMBC!? spectra were performed to elucidate the struc-
ture. Two characteristic high magnetic field methylene signals (éy
0.52, 0.61) correlated in the 'H-'H COSY and coupled with a
hydroxyl-bonded quaternary carbon (8¢ 54.1) in the HMBC, revealed
the presence of a hydroxyl-cyclopropane moiety. The COSY correla-
tion from an NH (6 8.18) to an a-methine proton (5y 4.96) and a
long-range correlation from this a-methine to a carbonyl (5¢ 170.5)
and the quaternary carbon of B-cyclopropane indicated the presence of
2-amino-2-(1-hydroxycyclopropyl) acetic acid, the unusual amino
acid cleonine.'>'* The 'H-'H spin network from an a-methine (5
4.61) to 5-methylene (5y 3.54, 3.67) in the 'H-'H COSY and 1D-
TOCSY experiments (see Supplementary Figures S26-S29), and an a-
methine correlated to a carbonyl carbon (6¢ 169.9) revealed a proline
moiety. The COSY spectrum indicated correlations between dimethyl
protons (5y 0.85, 0.83) to NH (6y 8.15), and a long-range correlation
from an o-methine (6y 4.36) to the carbonyl at ¢ 170.4, that
indicated the presence of a valine moiety. The '"H~'H COSY and 1D-
TOCSY correlations from an oxymethine (6y 4.94, 6c 75.4) to the
isopropyl residue (6y 2.04, 0.92, 0.93) and the HMBC correlation
from the oxymethine to a carbonyl carbon (¢ 169.4) suggested the
presence of a 2-hydroxy-3-methyl-butanoic acid moiety (I). The
COSY correlations from the dimethyl protons (6y 0.79, 0.94) to an
a-methine (6y 4.67), together with the long-range couplings from the
a-methine to the carbonyl at 6 169.7 and from an N-methyl group
(6 3.06) to an a-methine (5c 60.8) indicated the presence of an N-
methylvaline moiety. Lastly, COSY correlations supported a connec-
tion between branched methyl protons (6y 0.84, 0.88) to an
oxymethine (6y 5.23, 8¢ 77.3) while a long-range correlation from
the oxymethine to the carbonyl at 6c 167.2 suggested another 2-
hydroxy-3-methylbutanoic acid moiety (II). The connectivity between
these residues was established by the HMBC correlations illustrated in
Figure 2 as follows: the NH proton (6y 8.18) of cleonine to the
carbonyl carbon (8¢ 167.2) of 2-hydroxy-3-methyl-butanoic acid (II)
with an amide linkage; the oxymethine proton (dy 5.23) of 2-hydroxy-
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3-methyl-butanoic acid (II) to the carbonyl carbon (6¢ 169.7) of N-
Me-valine with an ester linkage; the N-Me protons (5 3.06) of N-Me-
valine to the carbonyl carbon (6c 169.4) of 2-hydroxy-3-methyl-
butanoic acid (I) with an amide linkage, which is opposite to cleonine;
the oxymethine proton (6y 4.94) of 2-hydroxy-3-methyl-butanoic
acid (I) to the carbonyl carbon (6c 170.4) of valine with an ester
linkage; and the NH proton (éy 8.15) of valine to the carbonyl carbon
(6c 169.9) of proline with an amide linkage. In addition, the
correlation between the a-methine proton of proline and the carbonyl
carbon of cleonine was determined by selective inverse multiple bond
analysis (SIMBA, see Supplementary Figure S30), which was supported
by a 1D-NOE observed between the a-methine of cleonine and the &-
methylene of proline (see Supplementary Figure S31). The structure of
VLG-C elucidated from these results is a novel cyclic hexadepsipeptide
consisting of cleonine, two molecules of 2-hydroxy-3-methyl-butanoic
acid, N-methylvaline, proline and valine (Figure 1).

Structures of VLG-A, V and T. The 'H and 3C NMR data of the
VLGs are shown in Table 2. Since the 'H and '*C NMR spectra of
VLG-A, T and V indicated that their structures were closely related to
each other, they were determined in a similar manner to VLG-C
(Supplementary Figure $32). The '"H-'"H COSY correlation in VLG-A
from an NH (6y 8.03) to an aliphatic methyl group (6y 1.15) and the
long-range coupling from an a-methine (6y 4.61) to an amide carbon
(8¢ 172.1) revealed the presence of an alanine moiety. The long-range
couplings from the NH of alanine to the carbonyl carbon (5¢ 167.2) of
2-hydroxy-3-methyl-butanoic acid (II) and the a-methine (6y 4.60) of
proline to the carbonyl carbon of alanine revealed VLG-A has an
alanine residue replacing the cleonine present in VLG-C.

The "H-'H COSY correlation in VLG-T from an NH (5y 8.67) to
an aliphatic methyl group (dy 1.08), combined with the downfield
shift of the carbon signal (§c 66.6) of the B-methine (6y 3.87)
indicated a threonine moiety. The long-range coupling from the NH
of threonine to the carbonyl carbon (6c 166.5) of 2-hydroxy-3-
methyl-butanoic acid (II) and from the a-methine (5y 4.58) of proline
to the amide carbon (6¢ 172.3) of threonine revealed that the structure
of VLG-T has a threonine replacing the cleonine in VLG-C.

The 'H-'H COSY correlation in VLG-V from an NH (g 8.36) to
the aliphatic dimethyl group (6y 0.82, 0.82) and the HMBC
correlation from an o-methine (6y 4.40) to the carbonyl at ¢ 170.4
suggested the presence of a valine moiety. The long-range couplings
from the NH of valine to the carbonyl carbon (6¢ 166.9) of
2-hydroxy-3-methyl-butanoic acid (II) and the a-methine (6y 4.63)
of proline to the carbonyl carbon of valine revealed that the structure
of VLG-V has a valine replacing the cleonine in VLG-C. These
correlations provided evidence that VLG-A, T and V have the identical
cyclic hexadepsipeptide planar structure of VLG-C, except for the
cleonine moiety. Hence, VLGs A, C, T and V are a family of novel
cyclic depsipeptides, each possessing one different amino acid, alanine,
cleonine, threonine and valine, respectively.

The absolute structures of the VLGs were determined by advanced
Marfey's analysis'®> and X-ray crystal structural analysis.

The stereochemistry of the constituent amino acids of VLG-A, C, T
and V were determined by the advanced Marfey’s method using
L-FDLA'" (see Supplementary Figures $33-538). The acid hydrolysates
of the VLGs, and authentic p- and r-amino acids, were derivatized by
treatment with 1-FDLA, and analyzed using extracted ion chromato-
grams by LC-HRESI-MS (Supplementary Table S1). It was revealed
that VLG-A contained 1-Pro, p-Ala and p-Val; VLG-C contained
L-Pro and p-Val; and VLG-T contained L-Pro, p-allo-Thr and p-Val;
and VLG-V contained 1-Pro and p-Val. The absolute structure of
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Valgamicins

A C

T v

Molecular formula
HRESI-MS Calcd:
Found:

C29H4gN40g
603.3364 (C29H48N408Na)
603.3362 (M+Na)*

[]3® +55.3°(c 0.08, MeOH)

UVAMEOH hm () end end

Appearance White powder

IRVmax (KBr) cm~1 3210, 3054, 2970, 2929,1741,

1661,1545,1461,1381,1334, 1265,
1196, 1127, 1018

C31H50N409

645.3470 (031H50N409Na)
645.3464 (M+Na)*
+76.7°(c 0.11, MeOH)

White powder
3230, 2966, 2924,1745,
1658, 1542,1462,1403,

1193, 1011, 676

C30H50N409
633.3470 (C30H50N409Na)

C31H52N40g
631.3677 (031H52N408Na)
633.3468 (M+Na)* 631.3680 (M+Na)*
+46.7°(c 0.05, MeOH) +72.6°(c 0.08, MeOH)
end end
White powder White powder
3243,3058, 2971, 2884,1741, 3375,3274,2966,2934,
1669, 1546, 1458,1418,1386, 2876,1737,1661,1542,
1131, 1014 1467,1448,1380,1308, 1267,1192,
1007,754

(0)
CH3 N
NH R
H3C 0]
O
HN 0]
(0) C|3H3 (0]
HsC N CH3
b g
CH; O CHs;
H3C CHs,
valgamicins R
A -Me (alanine)
c HO (cleonine)
T -CH(OH)-Me (threonine)
\Y -CH-Me; (valine)

Figure 1 Absolute structure of valgamicins A, C, T and V.

cleonine in VLG-C was determined from the elution patterns of the
p- and 1-FDLA-coupled derivatives of the VLG-C hydrolysates
(see Supplementary Figure S38). 2,4-dinitrophenyl-5-D-Leucineamide
(p-DLA)-cleonine (6.42 min) eluted faster than 1-DLA-cleonine
(7.84 min), indicating that the stereochemistry of cleonine is R.

The absolute configuration of VLG-A was determined by a single-
crystal X-ray diffraction analysis (Supplementary Figure S39). A crystal
of VLG-A was obtained in H,O/acetonitrile (1:1) at 4 °C for 5 days.
The crystal structure revealed that the absolute configuration of the
two 2-hydroxy-3-methyl-butanoic acids is S, and the absolute config-
uration of N-Me-valine is R. Marfey’s derivatives of N-Me-valine in
hydrolysates of VLGs-A, C, T and V exhibited the same retention time
in advanced Marfey’s analysis indicating that they have the same
stereochemistry (see Supplementary Figures S34-S37). The stereo-
chemistry of the other constituent amino-acid residues was in

accordance with the results of advanced Marfey’s analysis. The
absolute structures of the VLGs as determined are shown in Figure 1.

Biological activity

The antimicrobial activities of the VLGs are summarized together with
that of vancomycin in Table 3. None of the VLGs or vancomycin
exhibited antibacterial activity against Gram-negative bacteria. VLG-A
and T exhibited weak antibacterial activity against Gram-positive
bacteria, including Staphylococcus, Enterococcus and Bacillus sp., which
was much lower than vancomycin. VLG-C and V did not exhibit any
antibacterial activity against the Gram-positive bacteria tested.

The cytotoxicities of the VLGs against human tumor cell lines are
summarized in Table 4. VLG-T exhibited the highest cytotoxicity of
the VLGs against the tested cell lines with ICsy values from 6.6 to
21.6 pm. VLG-A and C also exhibited cytotoxicity but this was weaker
than for VLG-T, ICs, values of 46.6-98.6 and 92.9-167.4 pwm,
respectively. VLG-V demonstrated almost no cytotoxicity with ICs
values from 187.0 to >250 pm. Although VLG-A and T exhibited
similar antibacterial activity, VLG-T exhibited much more potent
cytotoxicity against the tested cell lines than VLG-A. Despite having
almost no antibacterial activity, VLG-C had moderate cytotoxicity
against human tumor cell lines. The fact that the VLGs were more
effective against human tumor cell lines than bacterial strains indicates
that the VLGs might target mammalian-specific enzymes or
molecules.

We isolated and determined the absolute structures of four novel
metabolites designated VLG-A, C, T and V from the broth of the soil
bacterium Amycolatopsis sp. MLI1-hF4. These compounds differ
structurally only by one amino acid; the cleonine moiety in VLG-C
is replaced by different amino acids in the other molecules. However,
despite the structural similarities, the cytotoxicity of the VLGs showed
remarkable differences. These differences suggest that a hydrophobic
amino acid at the position occupied by cleonine in VLG-C is a
disadvantage for interaction with human cell lines.

To our knowledge, this is the first report of a cleonine-containing
metabolite from a naturally isolated microorganism without any
breeding or mutation treatment. Before discovery of VLG-C, cleomy-
cin, which is produced from a UV-irradiated mutant strain of
bleomycin-producing Actinomycetes, was the only known cleonine-
containing metabolite.'* The stereochemistry of cleonine in cleomycin
was proposed to be S because of the stereochemistry of L-f-
hydroxyvaline in the bleomycin analog, YA-56.1%!7 In contrast, the
stereochemistry of cleonine in VLG-C was revealed to be R according
to the results of advanced Marfey’s analysis. Thus, this is the first
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discovery of p-cleonine in a natural product. The biosynthesis
mechanism of VLG-C and new amino acid, cleonine, is quite
interesting.

EXPERIMENTAL PROCEDURES

General experimental procedures

The optical rotations of the purified compounds were measured using a P-1030
polarimeter (JASCO, Tokyo, Japan). The IR spectra were recorded with an FT/
IR-4100 Fourier transform infrared spectrometer (JASCO). The 'H and 3C
NMR spectra were measured with an AVANCE III 500 spectrometer (Bruker,
Billerica, MA, USA) and an ECZ600R spectrometer (JEOL RESONANCE,
Tokyo, Japan) at 25°C. All chemical shifts were referenced to the residual
solvent peak for DMSO-dy: 2.49 ppm for 'H and 39.5 ppm for 1*C. The mass
spectra were recorded using a LTQ Orbitrap XL mass spectrometer (Thermo
Fisher Scientific, San Jose, CA, USA).

Proline

3y

Cleonine %

— COSY
/"X HMBC
~~\ SIMBA

X NOE

(0]
2-0H3- t'SC Cg_'!? 2-OH-3-
methylbutanoic . methylbutanoic
acid (I) NMe-Valine acid (1)

Figure 2 NMR correlations of valgamicin C.

Table 3 Antimicrobial activities of valgamicins A, C, T and V
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Advanced Marfey’s analysis

VLG-A, C, T and V were treated with 6 M HCI at 110 °C for 18 h. For the
analysis of cleonine, VLG-C was treated with 6 M HCI at 80 °C for 24 h. The
resulting hydrolysates were dried and coupled with 1-fluoro-2,4-dinitrophenyl-
5-L- and p-leucineamide (1- and p-FDLA, Tokyo Chemical Industry Co. Ltd.,
Tokyo, Japan) as per the manufacturer’s instructions.

LC-HRESIMS was performed using a Capcell Pak C18 MG, 2.1 mm i.d. X
150 mm, 5 pm column (Shiseido Co. Ltd., Tokyo, Japan) at 50 °C, with linear-
gradient elution from 20% aqueous acetonitrile containing 0.1% formic acid to
80% aqueous acetonitrile containing 0.1% formic acid over 15min and
maintained at 80% until 20 min at a flow rate of 0.4 ml min~!. The mass
spectra were obtained in ESI positive mode (m/z 100 to m/z 1000) and FDLA
derivatives were monitored using extracted ion chromatograms (5 ppm
tolerance) of the calculated exact mass for each protonated molecule.

Evaluations of antimicrobial activity and cytotoxicity

Minimum inhibitory concentrations against bacteria were determined as
previously reported.'® Cytotoxicity was assayed using human cancer cell lines
provided by the RIKEN BRC (Tsukuba, Japan) through the National Bio-
Resource Project of the MEXT, Japan. The cell lines GSS and NB16 were plated
on 96-well microplates at 5.4x 10* and 1.4x10° cells per 0.1 ml per well,
respectively, and other cell lines were plated at 2.7 x 10 cells per 0.1 ml per well
in Dulbecco’s modified Eagle medium with the supplements described
previously.!® After culturing at 37 °C for 24 h, the cells were treated with the
VLGs and further cultured for 48 h. The cell viability was assayed by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide assay.?’

Single-crystal X-ray analysis

Single-crystal X-ray data were collected on a Rigaku VariMax with a RAPID
imaging plate area detector with graphite-monochromated Cu-Ka radiation.
Data collection was conducted at 93 K. The structure was solved by direct
methods and refined by using full-matrix least-squares in SHELX. All non-
hydrogen atoms were refined anisotropically. All hydrogen atoms were placed
in standard calculated positions, and were refined isotropically.

MIC (ug mi=1)

133

Test organisms Valgamicin A Valgamicin C Valgamicin T Valgamicin V Vancomycin
Gram-positives
Staphylococcus aureus FDA 209P 32 64 16 64 0.5
Staphylococcus aureus Smith 32 >64 32 >64 0.5
Staphylococcus aureus MRSA No.17 64 >64 32 >64 1
Staphylococcus aureus Mu50 (VISA) >64 >64 >64 >64 2
Micrococcus luteus IFO 3333 64 >64 64 >64 0.25
Bacillus subtilis ATCC23857 (168) 32 >64 32 >64 0.25
Enterococcus faecium JCM 5804 32 64 32 >64 0.5
Enterococcus faecium NCTC12202 (VRE) 32 64 32 64 >64
Enterococcus faecium NCTC12204 (VRE) 32 64 32 64 >64
Mycobacterium smegmatis ATCC607 >64 >64 >64 >64 >64
Gram-negatives
Escherichia coli K-12 >64 >64 >64 >64 >64
Shigella dysenteriae JS11910 64 64 64 64 64
Salmonella enteritidis 1891 64 >64 >64 >64 >64
Proteus vulgaris 0X19 >64 >64 >64 >64 >64
Serratia marcescens B-0524 64 64 64 >64 64
Pseudomonas aeruginosa A3 64 64 64 64 64
Klebsiella pneumoniae PCI 602 64 64 64 >64 64
Yeast
Candida albicans 3147 64 64 64 64 64
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Table 4 Cytotoxicities of valgamicins A, C, T and V against human
tumor cell lines

/C50 (/JM)

valgamicins
Cell lines A C T v
MIA Paca 2 Pancreatic cancer 55.3 96.6 6.7 239.1
HGC-27 Gastric cancer 54.8 115.8 7.2 221.4
GSS Gastric cancer 54.8 92.9 7.4 201.8
5637 Bladder cancer 54.3 95.8 7.4 >250
NCI-H1650 Lung cancer 53.8 94.7 6.7 >250
Gl-1 Glioma 98.6 167.4 13.1 193.8
NB16 Neuroblastoma 70.3 119.5 21.6 187.0
ME-180 Cervical cancer 53.3 99.7 8.0 >250
HSC-4 Tongue cancer 46.6 94.4 6.6 >250
Data availability

The X-ray crystallographic data for VLG-A have been deposited at the
Cambridge Crystallographic Data Center (CCDC) under the deposition
number CCDC 1537061.
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