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Phenazine 1-carboxylic acid (PCA) is an antifungal
antibiotic isolated from a culture filtrate of Bacillus sp. B-6
producing an acyl CoA synthetase inhibitor. This antibiotic
is reported as an inhibitor of an acyl CoA synthetase from
Pseudomonas sp.. Bacillus sp. B-6 was resistant to PCA up to
350 pg/ml. We investigated the mechanism of the resistance
of Bacillus sp. B-6 to PCA. The rate of growth in a medium
containing up to 100 pg/ml was as rapid as the PCA-free
medium. At a PCA concentration of 300 pg/ml, the growth
rate was more than half that of the control. In this work, we
purified acyl CoA synthetase from Bacillus sp. B-6 and
found that this acyl CoA synthetase was much less sensitive
to PCA than the acyl CoA synthetase from other source.
These findings suggested that the insensitivity of Bacillus sp.
B-6 acyl CoA synthetase plays an important role in the PCA
resistance of this bacterium.
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Long chain fatty acyl-CoA, an activated form of fatty acids is
essential for most organisms (Bar-Tana et al., 1971; Hosaka et
al., 1979; Kamiryo et al., 1976). It plays an important role as
metabolic intermediates in lipid biosynthesis and B-oxidation
of fatty acids (Paul et al., 1992; Watkins et al., 1998).
Recently, it was demonstrated that fatty acyl-CoA serves as a
regulator, not only in the above processes, but also in other
metabolisms (Konrad and Ronald, 1994; Kameda and Nunn,
1981). The conversion of free long-chain fatty acids to acyl
CoAs is catalyzed by acyl CoA synthetase (EC 6.2.1.3, Fontes
and Silero, 1998; Hiroshi ez al., 1991). In previous papers
(Kim and Kim, 1996; Kim and Kim, 1998), we reported
phenazine 1-carboxylic acid (PCA), a new acyl CoA
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synthetase (from Pseudomonas sp.) inhibitor (Aatoshi et al.,
1986; Hiroshi et al., 1987, Kathleen and Michael, 1992;
Masahiko et al., 1992; Sachiko et al., 1992; Salaha et al.,
1992) that was isolated from the culture filtrate of Bacillus sp.
B-6. PCA showed antifungal activity against C. albicans (Kim
and Kim, 1998). Bacillus sp. B-6 was resistant to PCA
(Messenger and Turner, 1983; Thomshow and Weller, 1988)
up to 350 ug/ml. We investigated the mechanism of the
resistance (Park, et al., 1998) of Bacillus sp. B-6 to PCA. In
this work, we purified acyl CoA synthetase from Bacillus sp.
B-6 and found that this acyl CoA synthetase was much less
sensitive to PCA than acyl CoA synthetase from other source.
This insensitivity of the enzyme to PCA may be responsible
for the protection of Bacillus sp. B-6 from inhibitory effects of
this antibiotic (McKay et al., 1994; Russell and Day, 1996).

Materials and Methods

Reagents Acyl CoA synthetase of Pseudomonas sp., enzyme
assay reagents and enzyme purification reagents were obtained
from Sigma Chemical Co. (St. Louis, USA).

Microorganisms and Growth Conditions The bacterial strain
used in this study was Bacillus sp. B-6, which is reported as a
PCA producer (Kim and Kim, 1998). The growth medium was a
chemically defined one with the following composition (in grams
per liter): KH,PO, (13.6), (NH,),SO, (2.0), MgSO,-7H,0 (0.25),
FeSO, TH,0 (0.0005), biotin (0.001), and octanoic acid (2.8). The
pH of this medium was adjusted to 7.0 with 50% KOH solution.
Incubations were carried out at 250 rpm and 30°C.

Spectrophotometric assay of PCA Chloroform extracts of
acidified bacterial cultures were clarified by centrifuging at
1000 g for 5 min, appropriately diluted with chloroform, and
spectra were obtained by using Jasco scanning spectrophotometer
at 252 nm. The concentration of PCA were assayed by using
extinction coefficient 6,000 at 252 nm (Messenger and Turner,
1983; Thomshow and Weller, 1988).

Enzyme purification Cells of Bacillus sp. B-6 were harvested
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in the late log phase. All subsequent operations were carried out
at 0-5°C. The cells were washed with 0.01M K,PO,, 10° M
mercaptoethanol, the pH 8.0 was suspended in 1.4 volumes of the
same buffer, and disrupted by 0.1 mm glass beads. The
supernatant obtained after centrifugation of the resulting
suspension at 15,000 xg for 15 minutes was centrifuged at
78,000 x g for 60 minutes. The resulting supematant (crude
extract) was adjusted to pH 6.3 with cold I M acetic acid. A
solution of protarnine sulfate (10 mg/ml, pH 5.0) was added so
that the bacterial protein-protamine ratio was 20 : 1. The resulting
solution was stirred for 10 minutes and the insoluble material was
removed by centrifugation at 15,000 x g for 10 minutes. To the
supernatant, 0.1 volume of 1 M K,PO,, pH 8.0 was added. The
extract was then treated with (NH,),80, in order to obtain the
protein fraction precipitating between 40 and 65% (NH,),SO,
saturation. The precipitated protein was dissolved in 0.05M
K,PO,, pH 7.5, and then dialyzed for 14-20 hours against 300-500
volumes of 0.01M K,PO,, 0.01 M mercaptoethanol, 10*M
EDTA, pH 7.0. After dialysis, an insoluble materials was removed
by centrifugation at 15,000x g for 15 minutes. Then the
supernatant was mixed with alumina Cy gel (gel to protein ratio,
1.0 : 0.62). The pellet obtained upon centrifugation of this mixture
was washed with 0.01 M K,PO,, pH 7.0, and extracted several
times with 0.1 M K,PO,, pH 7.0. The combined extracts were
dialyzed against 0.01 M K,PO,, 0.01 M mercaptoethanol, 10°*M
EDTA, pH7.0 for 1l hours. The dialyzed solution was
chromatographed on a DEAE-cellulose column using a linear
gradient apparatus containing 00lM K,PO,, 0.001 M
mercaptoethanol, pH75 and 08M K}PO,, 0001 M
mercaptoethanol, pH7.5. The fractions containing enzyme
activity were combined and concentrated by using an Amicon
pressure filtration stirred-cell with a PMI10 ultrafiltration
membrane.

Acyl CoA synthetase activity Acyl CoA synthetase activity
(Bar-Tana er al., 1971) was assayed at 37°C in a mixture
containing 150 mM Tris-HCI buffer, pH 7.4, 0.25 mg of Triton X-
100, 2 mM EDTA, 50 mM MgCl,, 20 mM ATP, 200 M linoleic
acid, 300 M CoASH and 5-15 g of enzyme protein in a total
volume 0.25 ml. Incubations were carried out for 10 min and
terminated by the addition of 0.75 ml of 0.5 mM 5,5"-dithiobis-(2-
nitrobenzoic acid) in 0.1 M potassium phosphate buffer, pH 8.0.
Addition of enzyme at the termination of the reaction served as a
blank. The decrease in E413 was measured in a spectro-
photometer. The molar extinction coefficient given by CoASH
under these conditions was assumed to be 1.36x10*cm™.
Enzyme inhibitiory activity was assayed as described previously
(Kim and Kim, 1998).

SDS-polyacrylamide gel electrophoresis and molecular weight
determination A SDS-slab gel electrophoresis in a 10% gel
was carried out according to Laemmli (1970). Protein samples in
10% (viv) glycerol, 1% (w/v) SDS, 2% (v/v) B-mercaptoethanol
and 0.0025% (w/v) bromophenol blue were heated in a boiling
water bath for 5min and then subjected to electrophoresis.
Electrophoresis was carried out at 4°C and the voltage applied was
70volts at stacking gel, 100 volts at running gel. A J-
galactosidase, E. coli (116,000), phosphorylase b (97,400), bovine

serum albumin (66,000), ovalbumin (45,000}, carbonic anhydrase
(29,000) were used as protein standards. Proteins were stained
with Coomassie brilliant blue R-250 and destained with 5%
methanol containing 7.5% acetic acid. For determination of the
native enzyme, gel filtration by Sepharose 6B column was carried
out. Reference proteins were bovine thyroglobulin (669,000),
horse spleen apoferritin (443,000), sweet potato B-amylase
(200,000, yeast alcohol dehydrogenase (150,000), bovine serum
albumin (66,000), and carbonic anhydrase (29,000).

Protein assay The concentrations of protein were measured by
the method of Bradford (1976) and also estimated using the
average protein absorptibity of Az e = 0.15.

Results and Discussion

Effect of PCA on the growth of Bacillus sp. B-6. The
growth of Bacillus sp. B-6 reached the stationary phase after
about 4 days of cultivation. The phenazine 1-carboxylic acid
(PCA) that was detected in the culture filtrate after 5 days of
cultivation, and the amount of PCA, reached a maximum
(about 400 pg/ml) at 8 days of cultivation (Fig. 1). To reveal
the PCA resistance of Bacillus sp. B-6, growth of this
bacterium in a medium supplemented with PCA was carried
out and the results are shown in Fig. 2. Early (Fig. 2A) and
late (Fig. 2B) log phase cells were transferred to the medium
supplemented with PCA and the growth was followed by
measuring the absorbance at 600 nm. Both the length of the
lag phase and the rate of the growth were slightly affected by
the age of the inoculum, but the growth pattern were
essentially the same. The growth rate in the medium
containing up to 100 pg/ml PCA was as rapid as that in PCA-
free medium and even with 300 tg/ml PCA the growth rate
was more than half the rate in the controls. Since the growth
of PCA sensitive organisms was stopped completely at the
PCA concentration of 100 pg/ml, the above results suggested
that Bacillus sp. B-6 exhibited a higher resistance to PCA.
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Fig. 1. Relationship of growth and production of PCA of
Bacillus sp. B-6.
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Fig. 2. PCA effect on the growth of Bacillus sp. B-6. Cells
grown for 12h (A) and 60h (B) were inoculated into the
50 ml medium supplemented with various concentration of
phenazine-1-carboxylic acid (numbers indicate pg/ml). The
growth of E. coli cells which were inoculated into the same
medium supplemented with 100 pg/ml of PCA was indicated
as tringle ( & ).

Malik and Vinig (1971) studied the chloramphenicol
resistance of chloramphenicol producing Streptomyces and
observed that late log phase cells showed a higher resistance
to chloramphenicol than early log phase cells. To explain
these observations, they postulated that membrane
permeability for the antibiotic (Kim, et al., 1998) changed
after the exposure to chloramphenicol. In the case of Bacillus
sp. B-6, it is hard to consider such changes of membrane
permeability after exposure to PCA, because the growth
patterns were not dependent on the age of the inoculum.

Purification and properties of acyl CoA synthetase
Antibiotic-producing organisms should have appropriate
resistance to their own products (Francois et al, 1977;
Katsukiyo et al., 1994). There have been several studies on the
mechanisms of resistance that producing organisms display
toward their own toxic metabolites and three different
mechanisms were reported (Konstatin and Shahriar, 1995;
McKay et al., 1994; Ying er al., 1996). Permeability barriers
prevent access of antibiotics to their target sites. The second
mechanism, involving the resistance of the producers to their
own antibiotics depends on inactivating enzymes of the
antibiotics, such as streptomycin kinase, neomycin kinase,
kanamycin acetyltransferase and chloramphenicol hydrolase.
We could not obtain data on the presence of PCA-inactivating
enzymes in Bacillus sp. B-6. The third mechanism is the
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Fig. 3. Chromatogram of the acyl CoA synthetase on DEAE
cellulose. The column was eluted with 0.01 M K,PO,, 0.001
M mercaptoethanol, pH7.5 and 0.8M K,PO, 0.001M
mercaptoethanol, pH7.5 at a flow rate 25 ml/h; Fractions of
6.0 ml were collected.
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Fig. 4. SDS-polyacrylamide gel electrophoresis of of the acyl
CoA synthetase from Bacillus sp. B-6. A: Purified acyl CoA
synthetase, B: Molecular weight marker; myosin from rabbit
muscle (205 kDa), B-galactosidase from E. coli (116 kDa)
phosphorylase b (98 kDa), bovine serum albumin (66 kDa),
ovalbumin (45 kDa), carbonic anhydrase (29 kDa).

insensitivity of the target enzyme, or a lack of the target site
for the antibiotics. To reveal the PCA resistance of Bacillus sp.
B-6, the target enzyme, acyl CoA synthetase was purified.

Table 1. Purification steps of acyl CoA synthetase from Bacillus sp. B-6

Total protein Total activity Specific activity Yield . .

Step (mg) (mU) (mU/mg) (%) Purification fold
Crude extract 3,800 5,700 1.5 100 1
(NH,),S0, 950 4,275 45 75 3
Alumina Cy 70 3,969 56.7 69 378
DEAE-cellulose 10 1,060 106 18 70.6
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Fig. 5. Native molecular weight determination of acyl CoA
synthetase from Bacillus sp. B-6 by Sepharose 6-B gel
filteration. Molecular standards were A: bovine thyroglobulin
(669 kDa), B: horse spleen apoferritin (443 kDa), C:. sweet
potato B-amylase (200kDa), D: yeast alcohol dehydrogenase
(150 kDa), E: bovine serum albumin (66 kDa), F: carbonic
anhydrase (29 kDa). The arrow shows molecular weight of acyl
CoA synthetase purified from Bacillus sp. B-6.
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Fig. 6. Inhibition percentage of acyl CoA synthetases by PCA.
The symbols in the graph are: 1, Bacillus sp. B-6 acyl CoA
synthetase, @, Pseudomonas sp. acyl CoA synthetase. Assay of
acyl CoA synthetase was as described under Materials and
Methods.

Table 1. summarizes the results of the purification procedures
of acyl CoA synthetase from Bacillus sp. B-6. By the use of
40-65% saturated ammonium sulfate precipitation, Alumina
Cy, and DEAE-cellulose column chromatography (Fig. 3), the
acyl CoA synthetase was purified. The overall purification
was 70.6 fold, with a specific activity of 106 mU/mg protein.

Molecular weight determination Purified acyl CoA
synthetase runs in 10% SDS-PAGE as a single band
corresponding to a mass of 45 kDa (Fig. 4). This molecular
mass was confirmed by gel filtration with Sepharose 6-B
column calibrated with several proteins with known molecular
masses (Fig. 5). By this procedure, we estimated a mass of
132 kDa for acyl CoA synthetase. These results suggest that in

its native form, the enzyme is a trimer. A similar molecular
mass has been reported for the subunits of the acyl CoA
synthetase of Escherichia coli (Kameda and Nunn, 1981), and
acetyl CoA synthetases isolated from Methanothrix
soehngenii (Jetten et al., 1989), baker's yeast (Frenkel and
Kichens, 1977) and P chrysogenum (Martinez-Blank et al.,
1992), as well as for the acetyl-CoA ligase of Neuwrospora
crassa and Aspergillus nidulans (Connerton et al., 1990). The
molecular weight of acyl CoA synthetase 1 from Candida
lypolytica was reported as 84 kDa (Hosaka et al., 1979).

Inhibition of acyl CoA synthetase by PCA  Fig. 6. shows
the effects of PCA on acyl CoA synthetase purified from
Bacillus sp. B-6 and Pseudomonas sp. The enzyme from
Pseudomonas sp. was 50% inhibited by PCA at concentration
higher than 42 pug/ml. The activity of acyl CoA synthetase
from Bacillus sp. B-6 was not affected up to 15 pg/ml PCA
and inhibition was not complete even at a concentration of
350 pg/ml. The purified acyl CoA synthetase from Bacillus
sp. B-6 was much less sensitive to PCA than acyl CoA
synthetase from Pseudomonas sp. This insensitivity of the
enzyme to PCA may be responsible for the protection of
Bacillus sp. B-6 from inhibitory effects of this antibiotic.
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