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Abstract: A new telomycin-like cyclic depsipeptide, ambobactin (1), was isolated from
the metabolites of Streptomyces ambofaciens F3, an endophyte of Platycladus orientalis.
Its structure was elucidated on the basis of extensive spectroscopic analysis and advanced
Marfey’s method. Ambobactin is structurally related with telomycin, except that the
configuration of the 3-methyltryptophanes in their structures is different. It exhibited strong
antibacterial activity against both Gram-positive and Gram-negative bacteria. Furthermore, this
investigation revealed that S. ambofaciens F3 is a new producer of telomycin-like antibiotics.
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1. Introduction

Cyclic peptides produced by microorganisms are polypeptide chains that adopt cyclic ring structures.
Over the decades, a large number of natural cyclic peptides have been isolated and identified by chemists,
and some of them exhibit a variety of bioactivities, including immuno-suppressive, antibacterial, antifungal
and antitumor activities [1-3]. Several naturally occurring cyclic peptides, such as cyclosporin A and
vancomycin, have been used in the clinic [4]. Telomycin, an antibacterial cyclic depsipeptide, was
firstly isolated by Misiek et al. from the fermentation broth of an unidentified Streptomyces [5]. This
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natural undecapeptide consists of aspartic acid, serine, threonine, allo-threonine, alanine, glycine, cis-
and trans-3-hydroxyproline, B-hydroxyleucine, f-methyltryptophan and a,B-didehydrotryptophan [6].
In recent years, telomycin has also been isolated from the metabolites of Streptomyces canus and
Micromonospora schwarzwaldensis [7,8]. Besides, antibiotic LL-AO341f1, an analogue of telomycin,
was also obtained as a product of Steptomyces canidus in 1993 [9,10]. Telomycin and antibiotic
LL-AO341B1 share certain structural features. For example, both of them contain the rare naturally
occurring B-methyltryptophan, hydroxylated proline and leucine, and all their constituent amino acids
display L-configurations [11]. This type of cyclic depsipeptides exhibited selective antibacterial activity
against Gram-positive bacteria and their primary target is the cytoplasmic membrane [12].

In a program of screening antimicrobial agents from microorganism, we isolated a cyclic depsipeptide
(ambobactin, 1) from the culture broth of Streptomyces ambofaciens F3, an endophyte of Platycladus
orientalis. The results of NMR, HR-TOF-MS and ESI-MS/MS analysis revealed that the composition
and sequence of ambobactin was identical with those of telomycin. The absolute configuration of the
constituent amino acids in ambobactin was further determined using the advanced Marfey’s method.
It appears that the 3-methyltryptophan in ambobactin has a D-configuration, whereas all the constituent
amino acids of telomycin have L-configurations. This implied that ambobactin is a novel cyclic
depsipeptide different from telomycin. Here we report the isolation, structural elucidation and antibacterial
activities of this novel telomycin-like cyclic depsipeptide.

2. Results and Discussion
2.1. Structural Elucidation

Ambobactin (1) was obtained as a white powder. The IR spectrum of 1 exhibited the typical absorption
bands of amides at 1643 cm ™. Its molecular formula was established as CsoH77N13019 by HRMS (m/z
1272.5549, [M + HJ"; calcd for CsoH78N13019, 1272.5537). The '*C-NMR and DEPT spectra (Table 1) of
1 showed the presence of 59 carbon signals, which were recognized as six methyls, seven methylenes,
sixteen sp> methines, eleven sp? methines, seven sp® quaternary C-atoms, and twelve carbonyl carbons.
'H and *C chemical shift assignments were made by standard 1D and 2D NMR techniques, such as
DEPT, HSQC, 'H-'H COSY and HMBC. The long-range couplings (HMBC) from the methyl protons
(6 1.05) to methine carbon (& 48.5) and carbonyl carbon (6 172.4), as well as the cross peak between
methine proton (6 4.45) and NH (0 7.73), revealed the presence of alanine. The correlation between
methyl protons (6 0.79, 0.84) and methine carbons (6 29.2, 75.2) observed in HMBC spectrum and the
cross peak between two methine protons (6 3.32, 4.49) indicated the presence of 3-hydroxyleucine
(3-HyLeu). The signals observed at § 4.46, 4.99 and 1.15 in "TH-NMR spectrum were assigned to the a,
B, and A protons of one threonine (Thri) based on the HSQC and HMBC spectra. Another threonine
(Thr2) could also be recognized according to the correlation signals of 2D NMR. The characteristic
signals of ten aromatic methines and six aromatic quaternary carbons revealed that ambobactin
incorporated two 3-substituted-indole moieties. The correlations of the methyl protons (6 1.24) with
C2 (6 60.2), C3 (6 33.2) and C4 (6 117.5) in HMBC spectrum, as well as the cross peak between the
methyl protons (6 1.24) and Hs (& 3.65), indicated the presence of 3-methyltryptophan. Meanwhile,
the o,B-dehydrotryptophan moiety was established by the correlations of sp? methine proton (8 7.46)
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with Cioa (6 127.7) and carbonyl carbon (& 163.9). Similarly, aspartic acid, serine, glycine and
3-hydroxyproline were detected by their expected spin systems. Because the chemical shifts of several
a-H are too similar to be distinguished, or no correlations were observed between a-H and carbonyl
carbons in HMBC spectrum, some carbonyl carbons were impossible to assign. The NMR data of
ambobactin are similar to those reported in the literature for telomycin except for the variation of
chemical shifts of several carbon and hydrogen atoms [7].

Table 1. NMR data for ambobactin (1) recorded in DMSO-ds.

Ambobactin (1) Telomycin
dc (ppm) * ou (ppm, J=Hz) * HMBC 'H, 'TH-COSY dc (ppm) *  &u (ppm) *
Aspartic Acid (Asp)
COOH 170.6 170.07
Ca 51.5 3.93 (m) 170.6 2.33,2.74 48.65 4.17
2.33(d,J=10.5Hz) 168.8
Cp 383 3.93 34.24 2.82
2.74 (t,J=10.5Hz) 168.8
COy 168.8 168.55
Serine (Ser)

CO 169.0 170.70

Ca 57.8 4.11 (m) 169.0 3.64,3.74, 8.67 54.00 4.61
Cp 61.5 3.64,3.74 (m) 4.11,4.46 61.66 3.46,3.68
NH 8.67 (s) 4.11 8.43
OH 4.46 (s) 3.64,3.74

Threonine; (Thr)

CO 168.9 168.28

Ca 57.9 4.46 (m) 168.9 4.99,7.76 58.3 425
Cp 712 4.99 (m) - 4.46,1.15 71.0 4.98
Cy 15.9 1.15(d,J=6.0 Hz) 579,71.2 4.99 15.77 1.23
NH 7.76 (d,J=7.0 Hz) 4.46 8.10

3-Hydroxy-L-Proline (3-HyP1)

CO 171.3

Cz 67.5 4.19 (m) 73.6,171.3 421 66.8 421
G 73.6 4.21 (m) 1.96, 2.16,4.19, 5.78 73.07 422
Ca 339 1.96, 2.16 (m) 3.52,3.82,4.21 3332 2.00,2.19
Cs 44.9 3.52,3.82 (m) 1.96,2.16 4432 3.49,3.83
OH 5.78 (s) 421

0,3-Dehydrotryptophan (ATry)

CcO 163.9 163.57

C 122.9 - 122.17

Cs 122.9 7.46 (s) 127.7,163.9 7.62,7.08 122.67

Cs 109.0 - 108.38

Cs 1282 7.95 (s) 109.0, 127.7, 135.9 11.72 127.67 7.95
Cea 135.9 - 135.34

Cy 1123 7.38 (d,J=8.2 Hz) 120.6, 127.7 7.14 111.73 7.38
Cs 122.5 7.14 (t,J=17.6 Hz) 118.1,127.7, 135.9 7.38 121.97 7.13
Co 120.6 7.08 (t,J="7.6 Hz) 1123 7.62 120.08 7.08
Cio 118.1 7.62 (d,J=28.0 Hz) 109.0, 122.5, 127.7, 135.9 7.08 117.54 7.60
Cioa 127.7 - 127.67

6-NH 11.72 (s) 109.0, 127.7,135.9 11.70

NH 10.08 (s) 163.9,122.5,128.2 10.14
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Table 1. Cont.
Ambobactin (1) Telomycin
dc (ppm) *  du (ppm, J=Hz) * HMBC IH, 'H-COSY dc (ppm) *  du (ppm) *
3-Methyl-Tryptophan (3-MeTry)

Cco 171.8

Cz 60.2 4.46 (m) 332,171.8 7.56, 8.69 60.0 4.47
Cs 332 3.65 (m) 112.0 1.24,4.46 3249 3.61
Cs 117.5 - - 116.6

Cs 1233 7.08 (s) 112.0,117.5,126.3, 137.2 10.75 122.87

Coa 1372 - - 136.56

Cy 112.0 7.28 (d,J=8.2 Hz) 126.3, 118.7 10.75, 7.00 111.43 7.27
Cs 121.2 7.00 (t,J=7.6 Hz) 119.5,121.2,126.3, 137.2 7.28 120.63 7.01
Co 118.7 6.93 (t,J=7.6 Hz) 112.0, 126.3 7.56 118.17 6.92
Cio 119.5 7.56 (d,J=8.2 Hz) 117.5,121.2,126.3,137.2 6.93 119.01 7.58
Cioa 126.3 - - 125.56

Cn 19.8 1.24 (d,J=7.0Hz) 33.2,60.2,117.5 3.65 18.37

6-NH 10.75 (s) 117.5,126.3,137.2 7.08,7.28 10.75
NH 8.69 (s) 7.74
3-Hydroxy-Leucine (3-HyLeu)

Cco 171.6

Ca 524 4.49 (m) 171.6 3.32,6.62 51.60 4.54
Cp 75.2 3.32 (m) - 1.94,4.49,4.74 75.18 3.29
Cy 29.2 1.94 (m) - 0.79,0.84,3.32 28.78 1.94
Csi 20.6 0.84 (d,/J=6.6 Hz) 16.5,29.2,75.2 1.94 19.63 0.87
Cs2 16.5 0.79 (d,J=6.6 Hz) 20.6,29.2,75.2 1.94 17.19 0.84
OH 4.74 (s) 3.32

NH 6.62 (s) 4.49

3-Hydroxy-L-Proline (3-HyP2)

Cco 169.4

Cz 62.2 4.67 (m) 169.4 4.71 63.02 4.61
Cs 69.5 4.71 (m) 1.76,2.03, 4.67,4.49 69.35 4.61
Cs 32.1 1.76,2.03 (m) 3.74,3.93,4.71 33.43 1.90
Cs 45.0 3.74,3.93 (m) 1.76,2.03 45.25 3.61
OH 4.49 (s) 471

Glycine (Gly)

Cco 169.1

Ca 41.5 3.80, 4.44 (m) 169.1 8.86 41.0 3.84,4.42
NH 8.86 (s) 3.80, 4.44 8.66

Alanine (Ala)

CcO 172.4 171.4

Ca 48.5 4.45 (m) 172.4 1.05,7.73 47.85 445
Cp 17.5 1.05 (d, J= 6.0 Hz) 48.5,172.4 4.45 17.05 1.02
NH 7.73 (d,J=7.0 Hz) 4.45 8.05

Threoninez (Thrz)

CO 169.3

Ca 58.8 4.09 (m) 67.2,169.3 3.82,7.42 57.22 4.22
Cp 67.2 3.82 (m) 1.07, 4.09 66.91 3.64
Cy 21.5 1.07 (d, J= 6.0 Hz) 67.2,58.8 3.82 20.65 1.00
NH 7.42 (s) 4.09 7.53

* 1H and '*C measured at 500 and 125 MHz, respectively. NMR data of telomycin was also measured in DMSO-d; [7].
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The biggest chemical shift differences were observed in the aspartic acid and serine residues, where

the chemical shifts of Co and Cp of the aspartic acid residue in ambobactin were & 51.5 and d 38.3,

whereas the corresponding values in telomycin were 6 48.65 and 6 34.24, and the chemical shifts of Cq

of the serine residues in ambobactin and telomycin were 6 57.8 and 6 54.00, respectively.

Festive,

100
95
90-
e
g0
75
70
65
60
55
50

as

Relative AbLrdance

40

35

20

25

20-

15

1000

Y7

v

741

Ys

v

527

Y2 Y3

v

298

Ya

v

479 589
426

355 628

1254

1100 1200

(2)

Y8

828

o H‘!.”\ Ly |HH‘H

©

©

75
70

Abundance

Rela

l “.‘."“‘.

700

t\ Lh‘

P

800 651
miz

|
|

750

gl ‘J ;

h@
450 o

4
500

200 350 550

Yost-3HyLeu-3MeTry

723 l yosr-3HyLeu-3HyP,

m/z 810-3MeTry

'

610

l

810

741
m/z 810-3MeTry-delta-Try

426 527

I\l\\iwv
L A
800

LI R s e B
850 900 950 (l))

1034

Yost-3HyLeu-2H,O

921
891

996

873

300

700 800
miz

Ll \IHL\\ il
600

T P Y I
T T
500

Ll ] ‘ \“H‘

900 1000

(c)

Figure 1. Tandem MS spectra of characteristic ions. (a) Product ions of m/z 1272; (b)
Product ions of m/z 943; (¢) Product ions of m/z 1070.
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Tandem mass spectroscopy has become an important and frequently used technique for determining
the amino acid sequence of peptides [13]. Product ions observed in MS/MS spectrum of peptides are
usually formed by the cleavage of peptide bonds and loss of small neutral species like water, ammonia,
etc., but only b and y ions, produced by the cleavage of peptide bonds, provide structural information
about the amino acid sequence [14]. The sequence linkage of the amino acids in ambobactin could be
readily determined by comparison of the characteristic ions in the spectra of 1 with the structure of
telomycin. The MS/MS spectrum of 1 was illustrated in Figure 1. As shown in Figure 1a, the fragments
observed at m/z 1157 and 1070 are yioas and yost ions, and they are produced by the loss of aspartic acid
and serine residues in sequence. It’s regretable that no subsequent y ions were observed in the MS/MS
spectrum. The predominant m/z 943 fragment was a rearrangement yo ion produced by the simultaneous
loss of 3-methyltryptophan (—200 Da) and ao,B-dehydrotryptophan (—184 Da) from the quasi-molecular
ion. To obtain more structural information about the amino acid sequence, the m/z 943 ion was selected
as parent ion to perform tandem MS analysis, and its product ions are illustrated in Figure 1b. As shown
in Figures 1b and 2, a series of y ions such as ys (m/z 828), y7 (m/z 741), ye (m/z 628), ys (m/z 527), ya
(m/z 426), y3 (m/z 355), y2 (m/z 298) were observed in the spectrum. Meanwhile, the yost ion (m/z
1070) was also selected as the precursor ion for tandem MS analysis. As shown in Figures 1c and 3,
the predominant ions were produced by the loss of amino acid and water simultaneously, whereas the
expected sequential b or y ions were not observed in the spectrum, so the sequence linkage of the
amino acids was finally established by analyzing the fragments individually. The ion observed at m/z
921 was produced by the loss of 3-hydroxyproline (—113 Da) and two molecules of water (—36 Da).
The m/z 810 ion was formed by the loss of 3-hydroxyleucine (—129 Da), 3-hydroxyproline (=113 Da)
and water (—18 Da), and it produced ions m/z 610 and 426 by the loss of 3-methyltryptophan (—200 Da)
and o,B-dehydrotryptophan (—184 Da) in sequence. The fragment observed at m/z 741 was a b7 ion
produced by the simultaneous.loss of 3-hydroxyleucine and 3-methytryptophan from the parent ion.
These results indicated that the amino acid sequence of 1 was identical to that of telomycin (Figure 4).
Furthermore, the amino acid sequence could also be justified by the correlation signal between the amide
protons and a-H of adjacent amino acid residues in NOESY spectrum. For example, the presence
of a segment, Thr>-Thri-Ala-Gly, was deduced from NOESY cross-peaks for oH-Thr2/NH-Thri,
aH-Thri/NH-Ala, and aH-Ala/NH-Gly.
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Figure 2. Fragmentation pathway of the m/z 943 ion.
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The absolute configurations of the amino acids were determined by using the advanced Marfey
method [15]. The hydrolysate of 1 was analyzed by LC/DAD/MS after derivatization with L-FDAA and
D-FDAA, respectively. According to the principle of the advanced Marfey method, the relationship
between the L-FDAA derivative of D-amino acid (D-L type) and that of L-amino acid (L-L type) is
diastereomeric, and this pair of diastereoisomers has different retention times on chromatogram. On the
other hand, the L-D and D-L type derivatives, as well as the L-L and D-D type derivatives, are enantiomers,
and each pair of enantiomers has the same retention time. The selected ion chromatogram (SIC) of D-
and L-FDAA derivatives of the constituent amino acids of 1 was depicted as Figures S1-S3, and their
retention times were listed in Table 2. As shown in Table 2, the L-FDAA derivatives of aspartic acid,
serine, 3-hydroxyleucine, threonine, alanine and 3-hydroxyproline were eluted before their corresponding
D-FDAA derivatives, whereas only the pair of 3-methyltryptophan derivatives exhibited a different
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elution order. According to the validated separation mechanism, the retention times of L-D and D-L
type derivatives are shorter than those of L-L and D-D type derivatives. Thus, it could be deduced
that 3-methyltryptophan has a D-configuration, and all the other abovementioned amino acids have
L-configurations. However, the stereochemistry of Cp in several amino acid residues could not be
ascertained by the advanced Marfey method. The observed cross signals between He and Hp of 3-hyp2
in NOESY spectrum revealed that it was cis-3-hydroxyproline, and 3-hypi was determined as trans-3-
hydroproline because no cross peak was observed. Similarly, Thr. was determined as allo-threonine
based on NOESY spectrum. All of them are identical with those of telomycin. The stereochemistry of Cp
in Thri, 3-hyLeu and 3-methyl-tryptophan was not determined based on the above methods, so we
suppose they might have the same configuration with those of telomycin by comparison of the reported
natural analogues.

Table 2. Retention times of L- and D-FDAA derivatives of the constituent amino acids.

Time (min)
Asp Ser 3-HyLeu Thr Ala 3-HyP 3-MeTry
L-FDAA 10.62 7.12 21.36 793 1886 10.47 44.11
D-FDAA 12.21  7.55 34.95 8.68 2699 12.13 41.59

Derivatives

2.2. Antibacterial Activity

As shown in Table 3, ambobactin exhibited strong antibacterial activity against B. subtilis, E. coli,
E. carotovora, P. syringae, A. solanacearum and X. oryzae, and their MIC values are no more than
6.25 ug/mL. Ambobactin also exhibited equivalent antibacterial activity against B. cereus and S. aureus.
In general, the bioassay results indicated that most of the tested Gram-negative bacteria were sensitive
to ambobactin except for P. aeruginosa.

Table 3. Antibacterial activity of ambobactin (1).

MIC (pg/mL)
BS BC SA EC PA ErC PS AS X0
Ambobactin  3.13 25 25 625 >100 6.25 625 625 6.25
Ampicillin 1.56 625 625 3.13 >100 6.25 625 625 6.25

BS, Bacillus subtilis; BC, Bacillus cereus; SA, Staphyloccocus aureus; EC, Escherichia coli; PA, Pseudomonas

Compounds

aeruginosa; ErC, Erwinia carotovora; PS, Pseudomonas syringae pv. actinidiae; AS, Alstonia solanacearum;

XO, Xanthomonas oryzae pv. oryzae.
3. Experimental Section
3.1. General Experimental Procedures

Melting points were measured on a WPR apparatus and are uncorrected (Shanghai Jingke Co.,
Shanghai, China). IR spectra were recorded on a Nicolet FT-IR 750 spectrometer (Thermo Fisher
Scientific, Waltham, MA, USA). UV spectra were obtained using a Shimadzu UV-2401A spectrometer
(Shimadzu Co., Kyoto, Japan). Optical rotations were measured with a Horiba SEPA300 polarimeter
(Horiba Ltd., Kyoto, Japan). The high resolution mass spectrum (HRMS) was obtained using an LC/MSD
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TOF instrument (Agilent Technologies Co., Santa Clara, CA, USA) equipped with an APCI source.
Direct tandem mass spectrometric analysis of peptide was performed on a Finnigan LCQ Advantage
ion-trap mass spectrometer (Thermo Fisher Co.) equipped with an ESI source. The LC-UV/MS/MS
analysis of the derivatives of degraded amino acids was performed on the Finnigan LCQ Advantage
ion-trap mass spectrometer (Thermo Fisher Co.) coupled with Surveyor LC pump and diode array
detector. 'H-, *C-NMR, DEPT, HSQC, HMBC, 'H,'H-COSY and NOESY spectra were obtained on
Bruker Avance III-500 NMR spectrometer (Bruker Daltonics Inc., Rheinstetten, Germany). Chemical
shifts were referenced to residual solvent signals. 1-Fluoro-2,4-dinitrophenyl-5-L-alanineamide (L-FDAA)
was purchased from TCI (TCI Co., Shanghai, China). D-FDAA was synthesized by the reaction of
1,5-difluoro-2,4-dinitrobenzene (DFDNB) and D-Ala-NH: according to a literature method [16]. Other
reagents were commercially obtained.

3.2. Microorganism and Fermentation

The production strain Streptomyces ambofaciens F3 was isolated from the roots of a Platycladus
orientalis sample collected on the campus of Northwest A&F University, Shaanxi Province, China, and
identified by its morphology and 16S rRNA gene sequence (accession number: KT368940). The voucher
specimen of this streptomycete was deposited at the Institute of Pesticide Science, Northwest A & F
University, China.

The spores of S. ambofaciens F3 grown on Gause’s No. 1 agar were used to inoculate into a 250 mL
flask containing 50 mL of a sterile seed medium consisting of glucose 0.8%, soluble starch 0.8%, beef
extract 0.6%, peptone 1.0%, and NaCl 0.5%, pH 7.2. The flask was shaken on a shaker at 180 r.p.m.
for 24 h at 28 °C. Ten milliliters of the seed culture were transferred to 250 mL flasks containing
50 mL of a sterile producing medium consisting of glucose 3.0%, millet steep liquor 1.0%, peptone
1.5%, NaCl 0.5%, and CaCOs3 0.5%, pH 7.2. Fermentation was carried out at 180 r.p.m. for 7 days at
28 °C on a rotary shaker.

3.3. Extraction and Isolation

The culture of 25 liters was filtered with cheesecloth to separate the medium and culture liquid. The
filtrate was absorbed onto HPD100 macroporous resin (1.0 kg, Baoen Co. Ltd, Hebei, China), and then
eluted with methanol. After the methanol was evaporated under vacuum, and the concentrate (83 g)
was subjected to silica gel column chromatography (500 g, 200—-300 mesh, Qingdao Marine Chemical
Co. Ltd., Shandong, China) and eluted with the mixture of ethyl acetate and methanol. The active
fraction (740 mg) was then subjected to Sephadex LH-20 column chromatography with methanol as the
mobile phase. The obtained active ingredient was further purified on a Shimadzu 6AD HPLC apparatus
(Shimadzu Co. Ltd., Tokyo, Japan) equipped with a column of Hypersil ODS-BP (20 x 250 mm,
10 pm, flow rate 8.0 mL/min) and eluted with the mixture of methanol and 0.1% acetic acid (6:4) to
afford ambobactin (1) (19.8 mg).
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3.4. Acid Hydrolysis and Advanced Marfey’s Analysis

Approximately 1.0 mg of ambobactin was hydrolyzed with 200 pL of 6 N HCl in a sealed high-pressure
tube at 110 °C for 1 h [17]. The acid hydrolysate was evaporated to dryness and dissolved in 100 pL. of
distilled water. To each a half portion (50 pL) was added 80 pL. of 1 N NaHCO3 and 100 pL 1% L-FDAA
or D-FDAA (solution in acetone). The mixture was heated at 50 °C for 1 h. After cooling to room
temperature, the reaction mixture was neutralized with 40 pL 1 N HCI, and evaporated to dryness.
The residue was then dissolved in 0.2 mL acetonitrile and injected for HPLC-UV/MS/MS analysis. For
3-methyltryptophan analysis, ambobactin (0.2 mg) was treated with 6N HCI (0.1 mL) containing 0.05%
phenol and 2% mercaptoethanol at 150 °C for 1 h [18].

3.5. HPLC-UV/MS Analysis

The LC-MS experiments were performed on the Finnigan LCQ Advantage Max ion-trap mass
spectrometer (Thermo Fisher Co.) coupled with a surveyor HPLC. Separations were carried out on a
Hypersil Gold column (150 x 2.1 mm) (Thermo Fisher Co.). Acetonitrile-0.1% trifluoroacetic acid was
used as the mobile phase under a linear gradient elution mode (acetonitrile, 15%—70%, 40 min). The
flow rate was 0.2 mL/min with UV detection at 340 nm. The sample solution from the outlet of the DAD
detector was injected to the ESI interface directly. The ESI voltage was 5.4 KV with the sheath and
auxiliary gas set at 60 and 5 arbitrary units, respectively, and the capillary was heated to 250 °C. A mass
range of m/z 200-850 was covered, and data were collected in negative mode.

3.6. Tandem MS Analysis

To verify the amino acid sequence of ambobactin, tandem mass spectrometric analysis was carried
out on the ion-trap mass spectrometer by a direct sample injection method. The quasi-molecular ion
and other characteristic fragments were selected as parent ions to perform tandem MS analysis. The
collision energy for MS/MS was adjusted to 35%, and the isolation width of precursor was set at
2.0 mass units.

3.7. Antibacterial Activity

The antibacterial activities of 1 against B. cereus, B. subtilis, S. aureus, E. coli, P. aeruginosa,
E. carotovora, P. syringae pv. actinidiae, A. solanacearum, X. oryzae pv. oryzae were evaluated by the
micro-broth dilution method in 96-well plates [17]. The inoculum was prepared by suspending several
colonies from an overnight culture of tested bacteria from 0.5% sheep blood agar media in Miiller-Hinton
broth (Hangzhou Microbial Reagent Co. Ltd., Zhejiang, China) and adjusting to a 0.5 McFarland standard
(approximately 1.5 x 10® colony-forming units per mL). A further dilution of 1:200 was made by placing
0.25 mL of the adjusted suspension into 49.75 mL of Miiller-Hinton broth. Compound 1 was firstly
dissolved in DMSO at the concentration of 1 mg/mL, and it was diluted with sterile water to give the
stock solution. Two-fold serial dilutions of the tested compound were prepared in Miiller-Hinton broth.
Then the dilutions and inoculated suspension of the bacteria were delivered to wells of a 96-well plate
at the ratio of 1:1. The final concentration of inoculum in each well was 3.7 x 10° colony-forming
units per mL. After incubation for 24 h at 30 °C, minimum inhibitory concentrations (MICs) were
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examined. Experiments were repeated triplicate and standard ampicillin sodium was used as the
positive control.

4. Conclusions

In summary, ambobactin (1), a novel cyclic depsipeptide, was isolated from the fermentation broth
of S. ambofaciens F3. The only structural difference between telomycin and ambobactin is that the
configuration of the 3-methyltryptophan moiety in these two compounds is different. Ambobactin
exhibited broad antibacterial activity against both Gram-positive and Gram-negative bacteria. To our
best knowledge, this is the first report that demonstrates S. ambofaciens is a producer of telomycin-like
cyclic peptides.

Supplementary Materials
Supplementary materials can be accessed at: http://www.mdpi.com/1420-3049/20/09/16278/s1.
Acknowledgments

This study was supported part by National Natural Science Foundation of China (31371973 and
31301700), the Program for New Century Excellent Talents in University from Education Ministry of
China (NCET-09-0655), and the Fundamental Research Funds for the Central Universities (QN2013009).

Author Contributions

Shaopeng Wei analyzed the absolute configurations and the sequence linkage of ambobactin.
Wenhao Zhang isolated and evaluated the antibacterial activities of ambobactin. Zhiqin Ji conceived
and designed the experiments as well as supervised the research.

Conflicts of Interest
The authors declare no conflict of interest.
References

Joo, S.H. Cyclic peptides as therapeutic agents and biochemical tools. Biomol. Ther. 2012, 20, 19-26.

2. Bockus, A.T.; McEwen, C.M.; Lokey, R.S. Form and function in cyclic peptide natural products:
A pharmacokinetic perspective. Curr. Top. Med. Chem. 2013, 13, 821-836.

3. Kronenwerth, M.; Bozhiiyiik, K.A.J.; Kahnt, A.S.; Steinhilber, D.; Gaudriault S.; Kaiser, M.;
Bode, H.B. Characterisation of taxlllaids A—G: Natural products from Xenorhabdus indica.
Chem. Eur. J. 2014, 20, 17478-17487.

4.  Munar, M.Y.; Doyle, I1.C.; Meyer, M.M. Cyclosporine and vancomycin disposition during continuous
venovenous hemodiafiltration. Ann. Pharmacother. 1995, 29, 374-377.

5. Misiek, M.; Fardig, O.B.; Gourevitch, A.; Johnson, D.L.; Hooper, I.LR.; Lein, J. Telomycin, a new
antibiotic. Antibiot. Annu. 1957-1958, 5, 852—-855.



Molecules 2015, 20 16289

10.

11.

12.

13.

14.

15.

16.

17.

18.

Sheehan, J.C.; Mania, D.; Nakamura, S.; Stock, J.A.; Maeda, K. The structure of telomycin.
J. Am. Chem. Soc. 1968, 90, 462—470.

Fu, C.; Keller, L.; Bauer, A.; Bronstrup, M.; Froidbise, A.; Hammann, P.; Herrmann, J.;
Mondesert, G.; Kurz, M.; Schiell, M.; et al. Biosynthetic studies of telomycin reveal lipopeptides
with enhanced activity. J. Am. Chem. Soc. 2015, 137, 7692-7705.

Vela Gurovic, M.C.; Miiller, S.; Domin, N.; Seccareccia, I.; Nietzsche, S.; Martin, K.; Nett, M.
Micromonospora schwarzwaldensis sp. nov., a producer of telomycin, isolated from soil. Int. J.
Syst. Evol. Microbiol. 2013, 63, 3812-3817.

Whaley, H.A.; Patterson, E.L.; Dann, M.; Shu, P.; Swift, M.E.; Porter, J.N.; Redin, G. LL-AO341A
and B, new antibiotics. 1. Isolation and characterization. Antimicrob. Agents Chemother. 1966, 6,
587-590.

Whaley, H.A.; Patterson, E.L.; Kunstmann, M.P.; Bohonos, N. LL-AO341A and B, new antibiotics.
II. Chemical properties. Antimicrob. Agents Chemother. 1966, 6, 591-594.

Kumar, N.G.; Urry, D.W. Proton magnetic resonance assignments of the polypeptide antibiotic
telomycin. Biochemistry 1973, 12, 3811-3817.

Oliva, B.; Maiese, W.M.; Greenstein, M.; Borders, D.B.; Chopra, I. Mode of action of the cyclic
depsipeptide antibiotic LL-AO341 B1 and partial characterization of a Staphylococcus aureus
mutant resistant to the antibiotic. J. Antimicrob. Chemother. 1993, 32, 817-830.

Ngoka, L.C.; Gross, M.L. A nomenclature system for labeling cyclic peptide fragments. J. Am.
Soc. Mass. Spectrom. 1999, 10, 360-363.

Paizs, B.; Suhai, S. Fragmentation pathways of protonated peptides. Mass Spectrom. Rev. 2005,
24, 508-548.

Fujii, K.; Ikai, Y.; Oka, H.; Suzuki, M.; Harada, K. A nonempirical method using LC/MS for
determination of the absolute configuration of constituent amino acids in a peptide: Combination
of Marfey’s method with mass spectrometry and its practical application. Anal. Chem. 1997, 69,
5146-5151.

Bhushan, R.; Briickner, H. Marfey’s reagent for chiral amino acid analysis: A review. Amino Acids
2004, 27,231-247.

Ji, Z.Q.; Wei, S.P.; Fan, L.X.; Wu, W.J. Three novel cyclic hexapeptides from Streptomyces alboflavus
313 and their antibacterial activity. Eur. J. Med. Chem. 2012, 50, 296-303.

Uemoto, H.; Yahiro, Y.; Shigemori, H.; Tsuda, M.; Takao, T.; Shimonishi Y.; Kobayashi, J.
Keramamides K and L, new cyclic peptides containing unusual tryptophan residue from
Theonella sponge. Tetrahedron 1998, 54, 6719-6724.

Sample Availability: Samples of Streptomyces ambofaciens F3 and ambobactin are available from

the authors.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0/).



