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Menaquinone (MK) is an essential compound because it is an
obligatory component of the electron transfer pathway in microorgan-
isms. In Escherichia coli, MK was shown to be derived from chorismate
by eight enzymes, designated MenA—H.!> However, we have revealed
that an alternative pathway (we named it the futalosine pathway;
Figure 1)~ was operating in some microorganisms including Helico-
bacter pylori, which causes gastric carcinoma. As humans and some
useful intestinal bacteria, such as lactobacilli, possess the classical
pathway, and MK biosynthesis is essential for survival of microorga-
nisms,* the futalosine pathway is an attractive target for the develop-
ment of specific anti-H. pylori drugs. In this study, we tried to
obtain such compounds from metabolites produced by actinomycetes
and fungi.

To identify compounds that specifically inhibit the futalosin path-
way, we developed a screening method. We previously showed that the
MqnA-D genes in the futalosine pathway were essential for survival, as
these gene-disrupted Streptomyces coelicolor strains required exogen-
ously added MK for their growth. Therefore, a compound that inhibits
the growth of S. coelicolor but does not inhibit its growth in the
presence of MK would become a candidate. However, this assay
method is laborious and the growth of S. coelicolor is too slow to
screen a mass of samples. Therefore, we employed a paper disk-agar
diffusion assay, which is based on the phenomenon that antibiotics will
diffuse from a paper disk into an agar medium containing test
organisms and form a growth-inhibitory zone. We used two kinds of
Bacillus strains as test organisms. One was Bacillus subtilis and the
other is B. halodurans C-125. By genome sequencing, the latter strain
was shown to be quite similar to the former strain in terms of genome
size, G+C content of genomic DNA and the physiological properties
used for taxonomical identification.’® Moreover, the phylogenetic

placement of B. halodurans C-125 based on 16S rDNA sequence
analysis indicated that this organism is more closely related to
B. subtilis than to other members of the genus Bacillus.® For example,
both strains showed similar MIC values against representative anti-
biotics except for clarithromycin (Table 1). The resistance to clarithro-
mycin was probably caused by the presence of an ermD gene that
encodes the ribosome-methylation enzyme in B. halodurans.” However,
judging from the genome database of these strains, B. subtilis and
B. halodurans C-125 use the classical pathway and the futalosine
pathway, respectively, for the biosynthesis of MK.® These facts sug-
gested that a compound inhibiting the biosynthesis of MK in the
futalosine pathway specifically represses the growth of only B. halodur-
ans C-12. Therefore, we first screened candidate compounds for their
ability to specifically inhibit B. halodurans C-125 using a paper disk
assay. We tested approximately 1800 culture broths (1000 actinomy-
cetes broths and 800 fungi broths). Of these, approximately 300 culture
broths (17%) formed growth-inhibitory zone against both B. subtilis
and B. halodurans C-125. However, we found that two actinomycetes
culture broths specifically inhibited the growth of B. halodurans C-125
(hit ratio, 0.1%) (Figure 2). Then we examined whether B. halodurans
C-125 could recover from this inhibition when MK (0.1 mgml~!) was
added into the culture broth during liquid cultivation. The growth of
B. halodurans C-125 was clearly inhibited in the presence of sample no.
AF50404, but this inhibition was reversed by adding MK, even in the
presence of sample no. AF50404. This result strongly suggested that
sample no. AF50404 contained a compound that specifically inhibited
the futalosine pathway. The other candidate (AF50573) also showed the
same inhibitory phenotype as that of no. AF50404, but it gradually lost
its activity, probably because of its instability. Therefore, we used
sample no. AF50404 in further analyses.
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Figure 1 Menaquinone biosynthetic pathway. (a) Known pathway, (b) futalosine pathway.

Table 1 MIC of some antibiotics against B. subtilis and B. halodurans

Compounds (MIC (ugmi~1))

Strain Clarithromycin Kanamycin Ampicillin Tetracycline Ciprofloxacin
B. subtilis 0.06 1 0.015 4 0.12
B. halodurans >128 4 0.25 0.12 0.06

We purified active compounds from sample no. AF50404 that
inhibited the futalosine pathway. The actinomycete that was used
for the preparation of sample no. AF50404 was cultivated in a 100-ml
Erlenmeyer flask containing 15 ml seed medium (starch 2.5%, glucose
2.0%, polypeptone 0.7%, wheat germ 0.6%, yeast extract 0.45%,
soybean meal 0.3%, Lab-Lemco-Powder (Merck) 0.3%, CaCO;
0.2%, pH 7.1) on a rotary shaker (200r.p.m.) at 28 °C for 4 days. A
portion of the medium was transferred into a 500-ml Erlenmeyer flask
containing 80 ml of production medium (malt syrup 4.0%, soybean
meal 2.0%, cotton seed lees 1.0%, FeSO, 0.001%, CoCl, 0.0001%,
NiCl, 0.0001%, pH 6.0) and cultivated for 8 days. After cultivation,
80 ml acetone was added into the flask and the flask was placed on
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shaker for 1h. After filtration, the acetone was removed by evapora-
tion and the resulting aqueous layer (in total, 51 broth) was used for
further purification. The aqueous layer was extracted with the same
volume of ethyl acetate at neutral pH and concentrated in vacuo. The
dried material was dissolved in a small volume of methanol and
subjected to Diaion HP20 resin (Mitsubishi Chemical Corporation,
Tokyo, Japan) column chromatography (bed volume, 200 ml); then
the column was washed with 70% methanol (21). The materials were
eluted with 400ml methanol and evaporated to dryness under
reduced pressure. The dried material was dissolved in a small volume
of methanol and then fractionated by preparative HPLC (column;
Merck Mightysil RP-18 column (250x20mm); mobile phase,
50-100% acetonitrile linear gradient; flow rate, 5 mlmin~!; detection,
210 nm). The combined active fractions underwent structural analysis.
The '"H-NMR spectrum indicated that the material was a mixture of
fatty acids branched at the alkyl terminus. The major component
showed one doublet at § 0.84 and one triplet at 6 0.85, and the minor
component showed one doublet at 3 0.86. These data, combined with
the triplet at 0 2.35 and multiplets at ¢ 1.0-1.7, supported the
argument that these compounds were branched fatty acids. GC-MS
analysis indicated that the compounds were two C15 saturated fatty
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Figure 2 Bioassay with paper disks. B. subtilis (a) and B. halodurans (b)
were used as test microorganisms.

Figure 3 Structures of

12-methyltetradecanoic
tetradecanoic acid (b) and menaquinone 4 (c).

acid (a), 13-methyl-

acids (8:2, MW 242). Therefore, we purchased the estimated C15
saturated fatty acids and compared their physicochemical properties
(retention time and mass spectral fragmentation patterns) by GC-MS
and antibacterial activities with those of the purified sample. Conse-
quently, we confirmed that the active compounds were 12-methylte-
tradecanoic acid (main component) and 13-methyltetradecanoic acid
(minor component) (Figure 3). The commercially obtained 12-
methyltetradecanoic acid alone showed almost the same growth-
inhibitory effect as the purified natural mixed products against
B. halodurans C-125. The same result was also obtained with the
purchased 13-methyltetradecanoic acid, suggesting that the growth-
inhibiting effect of the natural mixed products did not reflect a
synergistic effect of both compounds.

We next examined whether these two compounds indeed inhibited
the growth of H. pylori. H. pylori ATCC43504 was cultivated on
Mueller-Hinton agar (Becton Dickinson and Company, Franklin
Lakes, NJ, USA) containing 5% sheep defibrinated blood (MHA
agar) at 35°C for 72h. The cells were collected and adjusted to
McFarland standard turbidity no. 2 with saline. The prepared cells
were spread on MHA agar containing various concentrations of
12-methyltetradecanoic acid or 13-methyltetradecanoic acid, which were
dissolved in dimethyl sulfoxide to a concentration of 12.8 mgml~! and
serially diluted. As shown in Table 2, both compounds had an MIC of
32 ugml~!. These values were high when compared with clarithro-
mycin, which is usually used for treating H. pylori-positive patients,
but significantly lower than those of other fatty acids, such as palmitic
acid and stearic acid used as negative controls (> 128 pgml~!).

Table 2 MIC of various fatty acids against H. pylori ATCC43504

Compounds MIC (ugmi-1)
Clarithromycin 0.015
12-Methyltetradecanoic acid 32
13-Methyltetradecanoic acid 32
Pentadecanoic acid >128
Palmitic acid >128
Stearic acid >128

Clarithromycin and pentadecanoic acid/palmitic acid/stearic acid were used as positive and
negative control, respectively.

We next tried to examine which biosynthetic step in the futalosine
pathway was inhibited by the fatty acids. However, we did not have
sufficiently large amounts of the intermediate compounds in the
futalosine pathway. The only compound available for the experiment
was futalosine, the first intermediate compound in the futalosine
pathway. Therefore, we examined whether the growth of B. halodurans
C-125 recovered when futalosine (0.1 mgml~') was added in the
medium containing 12-methyltetradecanoic acid or 13-methyltetra-
decanoic acid. B. halodurans C-125 was not able to grow in the
presence of both the saturated fatty acid and futalosine. This result
suggested that the fatty acids probably inhibited a step after the
formation of futalosine. Considering the structural similarity between
the prenyl side chain of MK and 12/13-methyltetradecanoic acid
(Figure 3), a possible target might be an enzyme that catalyzes the
transfer of prenyl side chain into naphthoquinone moiety.

To date, several studies showing that some fatty acids inhibit the
growth of H. pylori have been reported.° However, their mode of
action remains unclear. In this study, it was shown that 12-methylte-
tradecanoic acid and 13-methyltetradecanoic acid perhaps inhibit a
step after the formation of futalosine.
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