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The structure of a germination inhibitor, hypnosin, isolated from phytopathogenic Streptomyces sp.
causing root tumor of melon was determined to be 3-acetylaminopyrazine-2-carboxylic acid (1) by
mass spectrometry, computational chemical prediction of UV spectrum, and synthesis of candidates.
The structure—activity relationship of hypnosin and anthranilic acid was examined, and it was concluded
that pyrazinecarboxylic acid or pyridine-2-carboxylic acid was the fundamental structure with activity,
that methylation of the carboxyl group or decarboxylation destroyed activity, and that the presence
of an amino group was inhibitory to the activity, whereas acetylation or deletion of an amino group
enhanced activity. Hypnosin inhibited spore germination of some Streptomyces spp. in addition to
the species with which it was isolated.
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INTRODUCTION

The life cycle of microorganisms is often controlled by
regulatory substances (/). The life cycle of Streptomyces has
two important steps. One is the differentiation of aerial mycelia
from substrate mycelia and subsequent sporulation. Aerial
mycelia are clearly distinguishable from substrate mycelia in
Streptomyces spp. Substrate mycelia are translucent and hydro-
philic, while aerial mycelia show various colors and possess a
characteristic hydrophobic surface structure called a sheath.
Thus, the differentiation of aerial mycelia is a dramatic change
and is easily distinguishable with the naked eye. Another reason
why this step has received a lot of attention is that the
differentiation of aerial from substrate mycelia and sporulation
are closely related to secondary metabolite production. These
characteristics have led many investigators to clarify the
regulatory mechanism for differentiation; several regulatory
substances control aerial mycelium formation, antibiotic produc-
tion, or both in Streptomyces spp. Pamamycin induces the
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formation of aerial mycelia and regulates the production of
antibiotics or pigment in S. alboniger and other Streptomyces
spp. (2—4). A butyrolactone, A-factor, restores streptomycin
production in a nonproducing mutant of S. griseus (5). Many
other butyrolactones were subsequetly identified from various
Streptomyces spp. and are recognized as quorum sensing signals
(6).

Germination of spores is the other important event in the life
cycle of Streptomyces spp. Ensign et al. reported that a gentle
heat shock or treatment with some detergents eliminated the
lag period preceding germination of S. wiridochromogenes
spores (7, 8) and found the germination inhibitor in the filtrate
of germinating spore suspension and submerged cultured
material (9). The inhibitor was isolated from the submerged
cultured material by Petersen et al. and was determined to be
3-ethyl-4-hydroxy-6-(1-methylpropyl)-2H-pyran (germicidin)
(10).

Yoshida et al. reported that about 10-20% of the spores of
Streptomyces sp. B-9-1, the pathogen causing root tumor of
melon, were ungerminated, that a heat-shock treatment increased
the colony-forming rate to 110-115% compared to an untreated
control, and that heat shock was more effective when the spores
were placed in a sodium dodecyl sulfate solution (/7). These
observations led to the assumption that the spores contain some
inhibitory factor to germination. We searched for the germina-
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tion inhibitor in the liquid-cultured material of Streptomyces
sp. B-9-1 and isolated anthranilic acid as a candidate inhibitor
(12). However, its activity and content in the spores were not
sufficient to explain the dormancy of the spores. We therefore
re-examined the germination rate of spores and the activation
conditions for spore germination with four strains of Strepto-
myces sp. that cause root tumor of melon and succeeded in
isolating another germination inhibitor from strain CB-1-1 (/3).

Here, we report on the structural elucidation and structure—
activity relationship of this germination inhibitor, hypnosin,
isolated from Streptomyces sp. CB-1-1 and its effect on other
Streptomyces spp.

MATERIALS AND METHODS

General Procedures. High-performance liquid chromatography
(HPLC) analysis was performed with a Shimadzu LC-10 system
equipped with a SPD-M10Avp photodiode array (PDA) detector. Liquid
chromatography—electrospray ionization—time-of-flight mass spec-
trometry (LC—ESI—TOF MS) was performed with an Agilent 1100
LC system and a JEOL JMS-T100LC AccuTOF spectrometer. Chro-
matographic separation by HPLC and LC—MS was carried out on a
reversed-phase column (Develosil ODS-UG, 5 um particle size, 150
x 2.0 mm; Nomura Chemical, Seto, Japan) using isocratic elution with
10% aqueous MeOH at a flow rate of 0.1 mL min~'. The ESI interface
was operated in positive or negative mode [needle voltage of 2.0 kV,
orifice 1 voltage of 40 V (100 V for collision-induced dissociation (CID)
experiments], orifice 2 voltage of 5 V, ringlens voltage of 10 V, ion
guide voltage of 500 V, desolvation temperature at 250 °C, orifice
temperature at 100 °C, nebulizing gas flow rate of 1.0—-1.5 L N, min™',
and drying gas flow rate of 1.0-1.5 L N, min™ ).

Synthesis of Candidate Compound 1. 3-Aminopyrazine-2-car-
boxylic acid (3, 13.9 mg, Sigma-Aldrich Japan, Tokyo, Japan) was
refluxed in a mixture of acetic acid (8 mL) and acetic anhydride (4
mL) for 3 h. The reaction mixture was mixed with toluene (ca. 10
mL) and concentrated in vacuo. The residue was suspended in water
(5 mL), and the suspension was passed through a SepPak C-18 cartridge
(360 mg). The cartridge was washed with H,O, and 1 was eluted with
40% aqueous MeOH (5 mL). The eluate was concentrated in vacuo to
obtain 3-acetylaminopyrazine-2-carboxylic acid (1, 18.4 mg, quant.).
Pale pink powder. UV (MeOH) Anax (€): 258 (41 900) and 321 nm
(33 300). LC—ESI—-MS: m/z 182 [M + H]"; m/z 180 [M — H] . 'H
NMR (600 MHz, CDCl3) 6: 2.42 (s, 3, CH3CO), 8.27 (d, 1, J = 2.2
Hz, H-6, =CH-), 8.69 (d, 1, J = 2.2 Hz, H-5, =CH-), 9.53 (s, 1,
NH), 10.78 (s, 1, CO;H). '*C NMR (CDCl;) 6: 26.0 (CH;CO), 136.5
(C-2), 140.1 (C-3), 141.7 (C-6), 148.0 (C-5), 168.6 (CO.H), 169.2
(CH3CO).

The other candidate 2 was also prepared from 3.

Determination of Calculated UV Spectra. UV spectra were
determined by the CAChe workgroup program version 7.5 (Fujitsu,
Tokyo, Japan) in the following procedure; the most stable conformation
of each compound was calculated by the CONFLEX program in a MM3
force field, and then its UV spectrum was determined by an improved
ZINDO program based on INDO/1 parameters. The reliability of the
calculated spectrum was confirmed by a comparison of the observed
spectrum with the calculated one in tryptophan and anthranilic acid.

Microorganisms and Media. Streptomyces sp. A-1, B-9-1, CB-1-
1, and KM-2-1 had been previously isolated from diseased melons by
Yoshida et al. (/4). Reference strains listed in Table 1 were obtained
from The National Institute of Technology and Evaluation, Biological
Resource Center (NBRC, Kisarazu, Japan) or The Japan Collection of
Microorganisms (JCM), RIKEN BioResource Center (Wako, Japan).
S. coelicolor A3(2) was supplied by Dr. Keith Chater of the John Innes
Centre, U.K.

Bioassay of Germination Inhibitory Activity. Germination inhibi-
tory activity of samples was examined at eight concentrations from
1000 to 0.0128 ug/mL by 5-fold serial dilution. Spores were incubated
in the presence or absence of a sample in a 96-well microplate at 28
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Table 1. Germination Inhibitory Activity of Hypnosin (1) on Streptomyces
sp.

spore germination
inhibition rate
by hypnosin (%)

8 40 200

germination
strain ug/mL ug/mL  ug/mL  rate (%)
Strains Causing Root Tumor of Melon
Streptomyces sp. A-1 12 37 80 84
Streptomyces sp. B-9-1 14 28 67 87
Streptomyces sp. CB-1-1 90 100 100 52
Streptomyces sp. KM-2-1 32 65 99 64
Other Species
S. acidiscabies JCM 7913 30 70 93 69
S. alboniger NBRC 12738 37 54 100 72
S. coelicolor A3(2) 23 66 81 70
S. griseus NBRC 3237 14 51 77 86
S. ipomoeae NBRC 14508 12 43 52 85
S. scabiei NBRC 13767 25 79 100 72
S. turgidiscabies NBRC 16080 0 7 32 77
S. viridochromogenes ~ JCM 4265 0 0 89 87

°C for 48 h. The absorbance at 595 nm was measured with a microplate
reader, and the germination inhibition rate was calculated as previously
reported (/2).

Chemicals for Analysis of the Structure-Activity Relationship.
Chemicals were purchased from Wako Pure Chemical Industries
(Osaka, Japan), Sigma-Aldrich Japan (Tokyo, Japan), and Tokyo
Chemical Industry (Tokyo, Japan).

RESULTS

Structural Elucidation of the Inhibitor. The germination
inhibitor (0.25 mg) was isolated from agar cultured material of
Streptomyces sp. CB-1-1 (3500 plates containing 10 mL of
medium) by solvent extraction, silica gel column chromatog-
raphy, and ODS—HPLC (13).

The molecular weight of the inhibitor was determined to be
181 from the molecular-related ion at m/z 180 and 182 in
negative and positive mode, respectively, of LC—ESI—MS
analysis. Two possible molecular formulas, C7HgN3O3 (calcd.
180.0409) or C1,HgNO (calcd. 180.0449), were deduced from
high-resolution LC—ESI—MS (negative mode, m/z 180.0407).
A characteristic UV spectrum [Ay,x (10% aqueous MeOH) 263,
318, and 328 nm] was revealed by HPLC—PDA detector
analysis.

The inhibitor was reacted with CH,N», and the product was
analyzed by LC—MS (positive mode). The untreated inhibitor
showed a peak at a retention time of 3.7 min on the chromato-
gram monitored at m/z 182, which corresponded to the [M +
H]" ion, and no peak was observed on the chromatogram
monitored at m/z 196 (parts A and B of Figure 1). Analysis of
the reaction product showed a peak at a retention time of 4.4
min on the chromatogram monitored at m/z 196 but no peak at
m/z 210 (parts C and D of Figure 1). The in-source CID
spectrum of the [M — H] ™ ion (m/z 180) showed peaks at m/z
136.0533 and 94.0431, which were deduced to be due to [M —
CO;]” and [M — C3H,03 (CO, + C,H,0)]™, respectively
(Figure 3A). These data suggested that the inhibitor has one
carboxyl group with the molecular formula C;H;N303. We
measured a 'H nuclear magnetic resonance (NMR) spectrum;
however, the spectrum obtained was uninformative.

We listed 516 structures that have the molecular formula
C;H7N303 by searching the SciFinder database and our own
design. Among these, structures that have a carboxyl group and
an acetyl group or other functional group expected to produce
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Figure 1. Mass chromatograms of the natural germination inhibitor and
synthetic compound 1. Analyses of the natural germination inhibitor
monitored at m/z 182 (A) or m/z 196 (B). Analyses of the methylated
derivative of the natural germination inhibitor monitored at m/z 196 (C) or
m/z 210 (D). Analysis of synthetic 1 monitored at m/z 182 (E) and analysis
of the methyl ester of 1 monitored at m/z 196 (F).
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Figure 2. UV spectrum of the natural germination inhibitor and calculated
and actual UV spectra of selected structural candidates 1 and 2. The UV
spectrum of the natural germination inhibitor (A) was recorded with a
photodiode array detector during HPLC (elution solvent: 10% aqueous
MeOH). Calculated UV spectra (dotted line in B and C) were determined
by the CAChe program. Actual UV spectra (solid line in B and C) were
recorded in a MeOH solution.

a [M — C3H,03] fragment ion in an in-source CID spectrum
were selected, narrowing the candidates down to 14 structures.
UV spectra of these candidates were determined by the CAChe
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Figure 3. CID spectra of the natural germination inhibitor (A) and synthetic
compound 1 (B). Product ions derived from the [M — H]™ ion (m/z 180)
were observed.
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Figure 4. Germination inhibitory activities of the natural germination
inhibitor and synthetic compound 1.

program, and compounds that presented Am.x 250-280 and
300-340 nm with comparable intensity were selected. On the
basis of these results, two candidates, 3-acetylaminopyrazine-
2-carboxylic acid (1) and 3-(3-aminopyrazin-2-yl)-3-oxopropi-
onic acid (2) were selected (Figure 2).

Comparison of the Germination Inhibitor and Synthetic
Candidates. Candidate 1 was synthesized by refluxing of
3-aminopyrazine-2-carboxylic acid (3) in Ac;O/AcOH. The UV
spectrum of the synthetic 1 accorded well with that predicted
by the calculation and with that of the natural inhibitor (Figure
2B). The retention time of compound 1 in LC—MS analysis
was identical to that of the natural inhibitor (retention time of
3.7 min, Figure 1E). The methyl ester of synthetic 1 also
showed the same retention time as that of the natural inhibitor
(retention time of 4.4 min, Figure 1F). The in-source CID
spectrum of synthetic 1 was identical with that of the natural
inhibitor (Figure 3). These results suggested that the structure
of the germination inhibitor is 1.

The germination inhibitory activity of synthetic compound 1
was compared to that of the natural inhibitor (Figure 4). The
dose—response curve of synthetic 1 was similar to that of
the natural inhibitor, and the ICsy values of both compounds
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Figure 5. Structure—activity relationship of the natural germination inhibitor
hypnosin (1) and related compounds. Structures are displayed according
to their ICsq values.

were ca. 0.25 ug/mL. We, thus, concluded that the structure of
the germination inhibitor isolated from Streptomyces sp. CB-
1-1 is 3-acetylaminopyrazine-2-carboxylic acid (1). This is the
first finding of compound 1 as a natural product; thus, we named
it hypnosin.

Compound 1 was reported by Thurston et al. as a synthetic
intermediate of an antitumor agent (/5), which is the sole record
of 1 in the SciFinder database. The '"H NMR data of 1 that
they reported were in discord with those of ours, but their data
were coincident with those of 3. They prepared 1 by partial
hydrolysis of methyl 3-acetylamino-2-pyrazine carboxylate with
LiOH; thus, there is a possibility that they obtained 3, because
they did not show mass spectral data.

The other candidate 2 was also prepared from 3. Synthetic 2
showed a different UV spectrum from that of the natural
inhibitor and calculated spectrum in wavelength and intensity
of maxima (Figure 2C). Compound 2 eluted later than the
natural inhibitor (retention time of 8.5 min) in LC—MS analysis,
and it showed no activity.

Structure—Activity Relationship. The structural similarity
of hypnosin (1) and a previously identified germination inhibitor,
anthranilic acid (4) (12), led us to examine the germination
inhibitory activity of related compounds (Figure 5).

Picolinic acid (5) showed comparable activity to hypnosin
(1). The fundamental structures to show activity were pyrazi-
necarboxylic acids (such as 2, 3, and 6) and pyridine-2-
carboxylic acid (§); benzoic acid derivatives, such as anthranilic
acid (4), benzoic acid (7), and salicylic acid (8) and regioisomers
of pyridinecarboxylic acids (9 and 10) showed less than '/
the activity of the heterocyclic acids. Methylation (from 2 to
11, from 3 to 12, and from 4 to 13) or decarboxylation (from
3 to 14 and from 4 to 15) eliminated activity, which showed
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Figure 6. Relationship between the spore germination rate of Strepto-
myces sp. and the spore germination inhibition rate by hypnosin (1).

that the free carboxyl group is indispensable for germination
inhibitory activity. The correlation between the pK, value and
activity, however, depended upon the situation; a good correla-
tion was observed among carboxylic acids with various aromatic
rings [7 (pK, = 4.2), 6 (pK, = 2.9), and 5 (pK, = 0.9)] but not
among substituted benzoic acids [4 (pK, = 5.0), 7 (pK, = 4.2),
8 (pK, = 3.0), and 16 (pK, = 2.1)]. Nicotinic acid (10, pK, =
2.2) had /g9 the activity of hypnosin (1, pK, = 2.3). Acetylation
of the amino group (from 3 to 1 and from 4 to 17), conversion
of the amino group to a hydroxyl group (from 4 to 8), or
deamination (from 4 to 7) increased activity, which suggested
that a decrease in electron density in the aromatic ring increases
inhibitory activity. This idea was supported by the elevation of
activity in the derivative with an electron-withdrawing nitro
group (16) but was contradicted by the result that regioisomers
of anthranilic acid (18 and 19) were inactive. A ring nitrogen
or nitrogenous group adjacent to the carboxyl group may have
some contribution to activity. Dipicolinic acid (20) showed
relatively strong activity, but its regioisomers, quinolinic acid
(21) and cinchomeronic acid (22), had /1y and '/»5 the activity
of 20.

Effect of the Germination Inhibitor on Other Streptomyces
spp. Spore germination inhibitory activity of hypnosin (1) on
other strains of Streptomyces sp. causing root tumor of melon
and on other Streptomyces species was examined. Streptomyces
sp. CB-1-1, which was used for the isolation and bioassay of
hypnosin, was most sensitive to hypnosin; Streptomyces sp. B-9-
1, which was used in a previous study (/2) was less sensitive
(Table 1). Hypnosin also showed activity against other phyto-
pathogenic species, such as S. acidiscabies and S. scabiei, and
to a lesser extent against S. ipomoeae and S. turgidiscabies;
these are causative agents of potato scab and sweet potato soil
rot. Spores of typical actinomycetes S. coelicolor and S. griseus
were also affected.

The germination rate of the strain used in the experiment was
52-87% (Table 1), which showed that the formation of spores
that do not germinate easily is common in Streptomyces spp.
Spore germination inhibition rates in Table 1 were plotted
against germination rates (Figure 6). A close correlation was
observed between the spore germination inhibition rate by
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hypnosin and the spore germination rate (correlation coefficient,
R, at 40 ug/mL, —0.79; R, at 8 ug/mL, —0.86).

DISCUSSION

Spore formation-inducing substances and germination-
inhibitory substances are well-known in fungi (/, 16-19),
although their mode of action needs to be clarified. In
Streptomyces spp., inducers of differentiation of aerial
mycelia from substrate mycelia and subsequent sporulation
and their mode of action are well-studied (2, 6, 20). Inhibitors
of aerial mycelial differentiation have also beenreported (27, 22).
Hypnosin is the second germination inhibitor observed in
Streptomyces spp.

The structure—activity relationship study revealed that pi-
colinic acid (5) shows comparable activity to hypnosin. Picolinic
acid has been reported as a germination inhibitor of Pyricularia
oryzae, one of the most important phytopathogenic fungi in rice
(23); picolinic acid reversibly inhibits spore germination of P.
oryzae at 400 ug/mL. Spores of P. oryzae contain ca. 0.1% of
picolinic acid as spore dry weight, which is entirely discharged
from spores into water after 3 h of incubation, when the germ
tube is hardly visible. Tamari and Kaji showed that it acts as a
chelating agent (23, 24). This mode of action is relevant to our
finding that active substances have a ring nitrogen or a
nitrogenous group adjacent to a carboxyl group. However, in
considering the result that picolinic acid showed activity at less
than 1 ug/mL in Streptomyces sp. CB-1-1, another mechanism
should be developed.

Dipicolinic acid (DPA, 20) showed relatively strong activity.
DAP was originally thought to be the germination inhibitor in
Bacillus spp., but now, it is understood as a large depot for
Bacillus spores (ca. 10% of the dry weight), and release of
Ca?*—DPA from and alternate penetration of water into spores
is a crucial step in spore germination in Bacillus (25). Contrary
to the above understanding concerning DPA, 6-carbamoylpy-
ridine-2-carboxylic acid was isolated from Bacillus subtilis
culture broth as a germination inhibitor of Bacillus spp. (26).
However, it required a high concentration for inhibition (1 mg/
mL), and there was no mention of whether it was contained in
the spores, whether its activity was reversible, or whether it
was inactive on mycelia. Taking these findings with our results,
the action of hypnosin and related compounds on Gram-positive
bacteria, such as Streptomyces, Bacillus, etc., needs to be
reinvestigated.

Hypnosin showed inhibitory activity in many Streptomyces
species, and the spore germination rate closely correlated with
the spore germination inhibition rate by hypnosin. These results
indicate that germination of Streptomyces spores is regulated
by hypnosin or that hypnosin inhibits a common step of spore
germination in Streptomyces spp. We have preliminary results
that spores of some species contain hypnosin. The germination
inhibitor hypnosin, thus, will be a powerful tool for the study
of regulatory mechanisms in the germination of Streptomyces
spores and as a lead compound for agrochemicals that control
the germination of spores. We are now investigating the presence
of hypnosin in various Streptomyces spp. to confirm that
hypnosin is a universal germination inhibitor in Streptomyces
spp- and its mode of action.
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