VOL. 47 NO. 9 THE JOURNAL OF ANTIBIOTICS 969

MICROBIAL METABOLITES WITH tip4 PROMOTER
INDUCING ACTIVITY

II. GENINTHIOCIN, A NOVEL THIOPEPTIDE PRODUCED
BY Streptomyces sp. DD841

BoNG-SI1K YuN, Tomomt HibakA, Kazuo FURIHATA T
and HARUO SETO*

Institute of Molecular and Cellular Biosciences, The University of Tokyo,
Bunkyo-ku, Tokyo 113, Japan
" Department of Agricultural Chemistry, The University of Tokyo,
Bunkyo-ku, Tokyo 113, Japan

(Received for publication May 13, 1994)

Geninthiocin was isolated from the mycelium of Streptomyces sp. DD84 as a tipA promoter
inducing substance. Based on various NMR studies, its structure was established as a thiopeptide
with oxazole and thiazole moieties, and several unusual amino acids.

Thiostrepton is a well known thiopeptide antibiotic which inhibits protein synthesis!. Recently,
TrHOMPSON and his colleagues reported that thiostrepton and structurally related substances (several members

of the thiopeptide group antibiotics) induced the expression of several genes of unknown function in

Streptomyces lividans*®. The gene tipA4 ,
Fig. 1. Structure of geninthiocin.
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compounds from microorganisms, a new thiopeptide, geninthiocin, was isolated from the mycelial cake
of Streptomyces sp. DD84 (Fig. 1). Its physico-chemical properties indicated geninthiocin to be of peptidic
nature. The UV, mass, IR and 'H NMR spectral properties of geninthiocin resembled those of neober-
ninamycin® except for its molecular formula established by HR-FAB mass. The structure of neober-
ninamycin remains still unknown. In this report, we describe the fermentation, isolation, structure
elucidation and some biological properties of a new thiopeptide geninthiocin which was produced by
Streptomyces sp. DD84.

Resuits

Fermentation

The stock culture of Streptomyces sp. DD84, which was isolated from a soil sample collected at
Izu-Oshima, Japan, was inoculated into test tubes containing 12 ml of the preculture medium consisting
of starch 1.0%, polypepton 1.0%, molasses 1.0% and beef extract 1.0% (pH 7.2 before sterilization). After
incubation at 27°C for two days on a reciprocal shaker, an aliquot of the broth (2ml) was transferred to
six 500-ml Erlenmeyer flasks each containing 100 ml of the seed medium consisting of glycerol 2.0%,
molasses 1.0%, casein 0.5%, polypepton 0.1% and CaCO, 0.4% (pH 7.2 before sterilization), and
cultivation was carried out at 27°C for two days on a rotary shaker. This seed culture was transferred to
a 50-liter jar fermentor containing 30 liters of the same medium as for the seed culture. The fermentation

was carried out at 27°C with aeration of 30 liters per minute and agitation at 400 rpm for 72 hours.

Isolation and Purification
Geninthiocin was isolated from the mycelium as shown in scheme 1 by monitoring the zip4 promoter
inducing activity. The harvested culture was
Scheme 1. Purification procedure of geninthiocin. collected with continuous centrifugation at 8,000
rpm and the mycelial cake was extracted with

Whole broth (30 liters) . i .
acetone. After concentration in vacuo, the resulting
centrifuged 3 .
aqueous solution was adjusted to pH 4.0 and
Mycelial cake

extracted with EtOAc. The solvent layer was dried
extracted with acetone
concentrated in vacuo

adjusted to pH 4.0
extracted with EtOAc Table 1. Physico-chemical properties of geninthiocin.
Organic layer Appearance White amorphous solid
" 4 MP 270 ~275°C (dec)
concentrated in vacuo Molecular formula ~ CsoHyoN,5045S
Silica gel column HRFAB-MS (m/z)
Found: 1132.329 M+ H)*
CHCl,-MeOH (20 1) Caled: 1132.333
Preparative-HPLC [Kaky +174.3° (¢ 0.1, CHCl; -
MeOH, 1:1)
Capeell-pak Cy, UV AE9H nm (e) 215 (76,000 sh),
eluted with CH,CN - H,0O 240 (85,000),
(40 : 60)/20 mm H,PO, 315 (13,000 sh)

IR v, (KBr)em™' 3400 (br), 3000, 2950,
1690 ~ 1630, 1590,

CHCl,-MeOH (2: 1) 1550 ~ 1490, 1430,

1200, 1100, 890

Sephadex LH-20 column

Geninthiocin (71 mg)
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over anhydrous Na,SO,, concentrated in vacuo, and the residue was subjected to silica gel column
chromatography. After washing with CHCl;-MeOH (50:1), the active substance was eluted with
CHCI; - MeOH (20:1). Further purification was achieved by preparative HPLC with Capcell-pak C,g
(20 x 250 mm), eluting with a mixture of CH;CN-H,O (40:60)/20mm H,PO, at a flow rate of
18 ml/minute. The active compound detected by UV absorption at 254 nm produced a peak with a retention
time of 18 minutes. The active eluate was concentrated in vacuo and the resulting aqueous solution was
extracted with EtOAc. After concentration of the organic layer in vacuo, the residue was applied to a
Sephadex LLH-20 column which was developed with CHCl;-MeOH (2:1) to yield a white amorphous

Table 2. *3C and 'H NMR data for geninthiocin in DMSO-dj.

position dc Oy position dc¢ Oy
Thiazole Dehydroalanine (2)

C-2 163.2 NH 9.36

C-4 149.4 aC 133.9

CH-5 126.9 8.49 pCH, 105.9 6.36, 5.76

CO 159.9 CO 162.7
Threonine Oxazole (2)

NH 8.00 (d, 9.0) NH 9.77

aCH 57.8 4.60 (dd, 9.0, 3.0) oC 129.3

SCH 67.3 4.29 (m) BCH, 111.2 5.70, 5.71

yCH, 20.5 1.14 (d, 6.2) C-2 158.1

OH 498 (d, 5.5) C-4 139.2

CO 168.8 CH-5 140.5 8.68
Oxazole (1) Pyridine

NH 9.60 C-2 149.2

aC 123.1 C3 130.2

pCH 129.6 6.55(q, 7.3) CH-4 141.0 8.50 (d, 8.0)

yCH, 13.8 1.74 (d, 7.3) CH-5 121.5 8.23 (d, 8.0)

C-2 159.4 C-6 146.8

C-4 136.1 CO 161.6

CH-5 142.7 8.70 Dehydroalanine (3)

CO 158.4 NH 10.53
Dehydroalanine (1) «C 134.7

NH 9.39 BCH, 1062 6.42,5.83

oC 1334 CcO 162.0

pCH, 103.7 6.46, 5.88 Dehydroalanine (4)

CO 163.7 NH 9.44
Hydrovaline aC 135.1

NH 8.23 (d, 8.5) BCH, 1060  6.03, 5.69

aCH 61.8 4.64 (d, 8.5) CO 165.1

pC 71.0 NH, 7.93, 7.50

yCH, 273 1.22

yCH3 26.1 1.20

OH 5.17

CO 169.4
Oxazole (3)

NH 9.61

aC 128.5

SCH, 105.6 6.13, 5.65

C-2 155.2

C-4 129.2

C-5 154.6

CH;-5 11.5 2.62

CO 159.5

* Proton signal multiplicity and coupling constant (J=Hz) in parentheses.
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solid (71 mg) of pure geninthiocin.

Structure Elucidation

The physico-chemical properties of geninthiocin are summarized in Table 1. Geninthiocin turned
brown at 270~275°C. The molecular formula of geninthiocin was determined as CsoHyoN;50,5S by
HR-FAB mass spectroscopy using m-nitrobenzyl alcohol-glycerol matrix (obsd: 1132.329, calcd: 1132.333
(M+H)*) and by 'H and !3C NMR spectroscopic analyses. The IR absorption at 3400, 1690 ~ 1630 and
1550~ 1490 cm ™! suggested that this compound is a peptide.

The 'H and '*C NMR spectral data of geninthiocin are summarized in Table 2. The 13C NMR
spectrum of geninthiocin revealed the presence of 50 carbons while its 'H NMR spectrum showed 49
protons including 13 exchangeable ones. DQF-COSY®, HSQC?” and FG-HMBC experiments® revealed
the presence of four partial structures including six terminal methylenes as shown in Fig. 3.

Three sp? methine proton signals at 8.70, 8.68 and 8.49 ppm indicated strongly the presence of oxazole
and/or thiazole rings. By the HSQC experiment, these protons were correlated to the carbons at 142.7,
140.5 and 126.9 ppm, respectively, suggesting the presence of two oxazole rings and a thiazole one. This
assumption was corroborated by HMBC experiments and by good agreement of these NMR chemical
shift values with those of known compounds. As shown in Fig. 2, an sp? proton signal at 8.70 ppm (Oxa(1),
5-H) showed long range couplings to quaternary carbons at 159.4ppm (Oxa(l), C-2) and 136.1 ppm
(Oxa(1), C-4), and another sp? proton signal at 8.68 ppm (Oxa(2), 5-H) to quaternary carbons at 158.1 ppm
(Oxa(2), C-2) and 139.2ppm (Oxa(2), C-4). The chemical shifts of proton and carbon signals showing
these long range correlations coincided with those of the corresponding signals of oxazoles in sulfomycin
I and A10255G'? (Fig. 2), and characteristic large coupling constants between 5-H and C-5 of Oxa(l)
and Oxa(2) confirmed the presence of two oxazoles (Jo_y=215Hz)!1.

A methine signal at 8.49 ppm (Thz, 5-H) showed long range correlations to quaternary carbons at
163.2ppm (Thz, C-2) and 149.4ppm (Thz, C-4). These correlations together with comparison of the
chemical shifts of proton and carbons with those of known compounds revealed the presence of a thiazole
ring (Fig. 2). The characteristic coupling constants between 5-H and C-5 of thiazole supported this
conclusion (Jo_x=194.2Hz)! V.

Fig. 2. Chemical shifts of oxazoles, thiazoles and methyloxazoles in geninthiocin and known compounds.

5H C2 C4 C5
SN Geninthiocin Oxa (1) 8.70 159.4 136.1 1427
\2

4! >—2 Oxa(2) 868 158.1 139.2 140.5
H \Sj Sulfomycin | Oxa (C) 8.64 158.1 138.8 139.9
A10255G Oxa (4) 8.60 159.4 136.0 141.9

SN 5H C2 C4 C5
(rl \>g_§ Geninthiocin Thz 8.49 163.2 149.4 126.9
H (j Sulfomycin | Thz (A) 8.53 162.3 1483 127.0
A10255G Thz (3) 8.51 163.6 149.4 127.1

SN 5CH;, C-4 C-5
;;[\>_§ Geninthiocin Oxa(3) 262 1292 154.6
H.o” 50 Sulfomycin | Oxa (A) 255 1286 153.2
3 Oxa(B) 256 1291 153.9

—» : HMBC correlations
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Fig. 3. Partial structures of geninthiocin elucidated by the HMBC experiments.

& Oxa (1) Thr
HyC, OH o

QWi
WD(
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of YL % YL w)ﬁr w* &3 '
158.4 CH o}
K’* 'k ....... Oxa (

)~

—: FG-HMBC correlations
--»: phase-sensitive 13C-decoupled HMBC correlations

A methyl signal at 2.62 ppm (Oxa(3), 5-CH;) showed long range correlations to quaternary carbons
at 129.2 ppm (Oxa(3), C-4) and 154.6 ppm (Oxa(3), C-5) indicating the presence of a methyloxazole residue
(Fig. 2).

Of the thiopeptide antibiotics, thioxamycin'?, berninamycin®, sulfomycin 1 and A1025519 possess
a substructure consisting of thiazole-pyridine-oxazole in the cyclic peptide core, while thiocillin I'®,
micrococcin P and GE2270 A'® possess a thiazole-pyridine-thiazole moiety, which was named as
sulfomycinamate in sulfomycin I. Two adjacent aromatic doublet protons at 8.50 ppm and 8.23 ppm in
geninthiocin (/=8 Hz), their long range connectivities with sp? carbons and comparison of the chemical
shifts with those of the corresponding pyridine moiety in sulfomycin I revealed the presence of a
2,3,6-trisubstituted pyridine. The *>C chemical shifts of the pyridine moiety in sulfomycin I? were 149.0,
130.5, 140.0, 121.5 and 146.6ppm for C-2, C-3, C-4, C-5 and C-6, respectively, which were in good
agreement with those of the corresponding carbons in geninthiocin (Table 2).

The partial structures shown in Fig. 3 were further connected by a new NMR technique, phase-sensitive
'*C-decoupled HMBC (D-HMBC)!®. This enabled the observation of long range '*C-'H couplings
separated by four or five bonds in addition to the very small long range couplings separated by two or
three bonds. The results of the D-HMBC experiments are shown in Fig. 3. A D-HMBC experiment
optimized for about 4.2 Hz with a delay time of 120 msec revealed a long range coupling of an sp? methine
proton at 8.49 ppm (Thz, 5-H) to a carbonyl carbon at 159.9 ppm. This indicated the connection of thiazole
and threonine residues. In addition, long range correlation from a pyridine proton at 8.50 ppm (Pyr, 4-H)
to C-4 of Oxa(2) established the linkage of pyridine and oxazole(2) moieties and this result unambiguously
revealed the presence of a thiazole-pyridine-oxazole moiety in the cyclic peptide core as seen in thioxamycin,
berninamycin A, sulfomycin I and A10255.

The D-HMBC experiment optimized for 1.0 Hz with a delay time of 500 msec showed a long range
coupling from the methyl proton at 2.62ppm (Oxa(3), 5-CH,) to the quaternary carbon at 155.2 ppm
(Oxa(3), C-2) that was correlated with one of terminal methylenes revealing the presence of the oxazole(3)
moiety (Fig. 3). By elimination, C-4 of Oxa(1) was connected to a remaining carbonyl carbon at 158.4 ppm
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and thus, the planar structure of geninthiocin was established as shown in Fig. 1. Geninthiocin was
structurally very similar to berninamycin®, the difference being that C-5 of Oxa(1) in geninthiocin was
methylated to give the methyloxazole ring in berninamycin.

The partial stereochemistries of geninthiocin were established by NOE experiments and hydrolysis
with 6N HCI at 110°C for 20 hours. The allylic methyl group of Oxa(l) was determined to be Z by the
NOE effect between the methyl proton and amide proton of Oxa(1). The configuration of L-threonine was
established by chiral-TLC plate (Merck, 14285-1M) with MeOH -H,0-CH,CN (1:1:4) as an eluent.

Biological Activity

Minimum induction concentration (MInC) of geninthiocin for tip4 promoter was 1.2ng/ml. In
addition, we investigated the MInCs of some thiopeptide antibiotics capable of inducing this promoter
by the agar dilution method (the previously reported values* for promothiocins A and B, 0.2 and 0.1 ug/ml,
respectively, were determined by the agar diffusion method) and the values were 19.5, 0.6, 1.2, 2.4 and
78.1 ng/ml for promothiocin A, promothiocin B, berninamycin, thiostrepton and thioxamycin, respectively.
Geninthiocin and its methylated derivative, berninamycin showed the same activities. Geninthiocin was
16- and 64-times as active as promothiocin A and thioxamycin, respectively. Among the thiopeptides

tested, promothiocin B showed the strongest activity.

Experimental

Spectral Analysis

Specific rotation was determined on a Jasco DIP-371 digital polarimeter. Mass spectra were measured
on a JEOL HX-110 spectrometer in the FAB mode using m-nitrobenzyl alcohol-glycerol matrix with
polyethylene glycol as internal standard. UV and IR spectra were recorded on a Shimadzu UV-300 and
a Jasco A-102 spectrophotometer, respectively.

NMR spectra were obtained on a JEOL JNM-AS500 spectrometer with 'H NMR at 500 MHz and
with 1*C NMR at 125 MHz. Chemical shifts are given in ppm using TMS as internal standard. All NMR
experiments were performed on 19mg of geninthiocin dissolved in 0.8 ml of DMSO-dj.

The FG-HMBC spectrum with a delay time of 80 msec resulted from a 512 x 512 (f; x f,) data matrix
with 64 scans per t; value. The spectral widths were 21,340 Hz for carbon and 5,208 Hz for proton. A
pulse repetition time of 1.4 second was used.

The phase-sensitive '*C-decoupled HMBC (D-HMBC) spectra optimized for about 4.2 and 1.0Hz
with delay times of 120 and 500 msec, respectively, were obtained from 512 x 1,024 (f; x f,) data matrices
for both. For each t, value, 80 and 64 scans for about 4.2 and 1.0 Hz, respectively, were recorded with a
pulse repetition time of 1 second.

Acknowledgments

The authors wish to thank Dr. Naoko Morisakl of the Institute of Molecular and Cellular Biosciences, The
University of Tokyo, for measurements of FAB and HR-FAB mass spectra.

References

1) CunDLIFFE, E.: The mode of action of thiostrepton in vivo. Biochem. Biophys. Res. Commun. 44:912~917, 1971

2) MurakaMmy, T.; T. G. HoLt & C. J. THoMPsON: Thiostrepton-induced gene expression in Streptomyces lividans.
J. Bacteriol. 171: 1459 ~ 1466, 1989

3) Hormes, D. J; J. L. Caso & C. J. THOMPSON: Autogenous transcriptional regulation of a thiostrepton-induced
gene in Streptomyces lividans. EMBO J. 8: 3183~ 3191, 1993

4) Yun, B.-S.; T. HipAKA, K. FURIHATA & H. SETO: Promothiocins A and B, novel thiopeptides with a tip4 promoter
inducing activity produced by Streptomyces sp. SF2741. J. Antibiotics 47: 510~ 514, 1994



VOL. 47 NO. 9 THE JOURNAL OF ANTIBIOTICS 975

5)
6)
7
8)
9

10)

1)
12)
13)
14)

15)

16)

Biskuriak, J. E.; E. MEYERs, A. M. GiLLuM, L. Dean, W. H. Treso & D. R. KirscH: Neoberninamycin, a new
antibiotic produced by Micrococcus luteus. J. Antibiotics 41: 684 ~ 687, 1988

PIANTINI, U.; O. W. SORENSEN & R. R. ERNST: Multiple quantum filters for elucidating NMR coupling networks.
J. Am. Chem. Soc. 104: 6800~ 6801, 1982

BODENHAUSEN, G. & D. J. RUBEN: Natural abundance nitrogen-15 NMR by enhanced heteronuclear spectroscopy.
Chem. Phys. Lett. 69: 185~ 189, 1980

Bax, A. & M. F. SumMers: 'H and '3C assignments from sensitivity-enhanced detection of heteronuclear
multiple-bond connectivity by 2D multiple quantum NMR. J. Am. Chem. Soc. 108: 2093 ~ 2094, 1986

ABE, H.; K. KUSHIDA, Y. SHIOBARA & M. KoDAMA: The structures of sulfomycin I and berninamycin A. Tetrahedron
Lett. 29: 1401 ~ 1404, 1988

DesonNo, M.; R. M. MoLLoy, J. L. OccorLowitz, J. W. PascHAL, A. H. HUNT, K. H. MicHEL & J. W. MARTIN:
The structure of A10255B, -G and -J: New thiopeptide antibiotics produced by Streptomyces gardneri. J. Org.
Chem. 57: 5200~ 5208, 1992

KaLinowski, H.; S. BERGER & S. BRAUN: Carbon-13 NMR Spectroscopy, pp. 495~ 512, John Wiley & Sons Ltd.,
1988

MATSUMOTO, M.; Y. KAWAMURA, Y. Yasupa, T. TanMoTOo, K. MaTsuMoTOo & T. YosHIDA: Isolation and
characterization of thioxamycin. J. Antibiotics 42: 1465~ 1469, 1989

SHoi, J.; T. KATo, Y. YosHIMURA & K. Torr: Structural studies on thiocillins I, IT and III. J. Antibiotics 34:
1126~ 1136, 1981

BYCROFT, B. W. & M. S. GowLAND: The structures of the highly modified peptide antibiotics micrococcin P; and
P,. J. Chem. Soc., Chem. Comm. 1978: 256 ~ 258, 1978

SELVA, E.; G. BERETTA, N. MONTANINI, G. S. SADDLER, L. GASTALDO, P. FERRARI, R. LORENZETTI, P. LANDINI,
F. RiraMONTI, B. P. GOLDSTEIN, M. BERTI, L. MONTANARO & M. DENARO: Antibiotic GE2270 A: A novel inhibitor
of bacterial protein synthesis. J. Antibiotics 44: 693 ~701, 1991

FurmHATA, K.; B.-S. YUn, T. HipakA & H. SeT0: New application techniques of HMBC (D-HMBC, HMBC-COSY
and HMBC-HOHAHA). Symposium on the Chemistry of Natural Products, pp. 226 ~233, Kyoto, Oct. 11 ~13,
1993



