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R-(—)-2-(3'-Benzoylphenyl) propionic acid [R-(—)-ketoprofen] was produced from racemic 2-(3'-benzoylphe-
nyl)propionamide (keto-amide) by the isolated bacterial strain Comamonas acidovorans KPO-2771-4. Sodium
fumarate as the carbon source and 2-azacyclononanone or isobutyronitrile as the enhancer in the culture
medium were effective for bacterial growth and the enhancement of R-(—)-ketoprofen-producing activity.
R-(—)-Ketoprofen produced from the keto-amide by resting cells was present in 99% enantiomeric exess. C.
acidovorans KPO-2771-4 has an R-enantioselective amidase for keto-amide because the purified amidase from
the bacterium hydrolyzed keto-amide, producing optically pure R-ketoprofen and ammonia.

Optically active 2-arylpropionic acids are useful, active sub-
stances pharmaceutically, especially the nonsteroidal anti-in-
flammatory drugs “profens.” Although the various profen en-
antiomers have different biological activities, most (except
naproxen) are used as racemic compounds because there are
few industrial processes for producing the enantiomers. There
is an increasing demand for these enantiomers because they
are more effective for therapy (6). The R-enantiomer of 2-(3'-
benzoylphenyl)propionic acid (R-ketoprofen) also has been
developed from racemic ketoprofen as a chiral drug (24). We
therefore investigated a new process for producing optically
active 2-arylalcanoic acids from racemic 2-arylalcanenitriles or
2-arylalcanoic acid amides by the action of microorganisms
(22, 23). Other groups have proposed the production of S-2-
arylpropionic acids from 2-arylpropionamides by enantioselec-
tive S-amidases (3, 8) but not a process for producing R-keto-
profen from ketoprofen’s amide or nitrile compound.

We report here the screening of microorganisms that enan-
tiometrically hydrolyze racemic 2-(3’'-benzoylphenyl)propion
amide (keto-amide) to produce R-(—)-2-(3'-benzoylphenyl)
propionic acid [R-(—)-ketoprofen] (Fig. 1). One of them, Co-
mamonas acidovorans KPO-2771-4, was studied in detail with
regard to its activities and its enzyme.

MATERIALS AND METHODS

Chemicals. R,S-2-(3'-Benzoylphenyl)propionic acid (R,S-ketoprofen) was pur-
chased from Sigma-Aldrich Japan K. K. R,S-2-(3’-Benzoylphenyl)propionitrile
(keto-nitrile) was purchased from Hamari Chemicals Ltd. (Yonezawa, Japan).
R,S-2-(3’-Benzoylphenyl)propionamide (R,S-keto-amide) was synthesized by the
reaction of the keto-nitrile and concentrated HCI (1:1) at 25°C for 17 h, the
organic layer being recovered after ethyl acetate extraction at pH 11 to remove
the ketoprofen (86% yield). The analytical findings matched those reported
previously (19). R-Keto-amide was synthesized from racemic keto-amide and
Rhodococcus maris BP-479-9 (containing S-amidase) in a reaction mixture con-
taining 15% methanol and 10 mM potassium phosphate (pH 7.8), at 28°C for 29
h. It was recovered by the removal of the S-ketoprofen produced by dichlo-
romethane extraction at pH 11 (46% yield). The analytical data matched those
reported previously (19).

Peptone, yeast extract D-3, and agar were purchased from Wako Pure Chem-
ical Industries, Ltd. (Osaka, Japan). DEAE-cellulose (DE-52) was from What-
man BioSystems Ltd., and Sephacryl S-400 and Phenyl Sepharose CL-4B were
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from Pharmacia Fine Chemical Co., Ltd. All the other chemicals used were
obtained from commercial sources.

Media. The minimal medium for the isolation of the R-keto-amide-utilizing
microorganisms contained (per liter) 4 g of glucose, 1 g of KH,PO,, 1 g of
K,HPO,, 1 g of NaCl, 0.2 g of MgSO, - 7TH,0, 0.03 g of FeSO, - 7H,O, 1 mg of
biotin, 1 mg of thiamine hydrochloride, and 1 g of R-keto-amide. The medium
was adjusted to pH 7.0 with NaOH and then autoclaved. The minimal-medium
plates were prepared by adding 18 g of agar to 1 liter of medium.

The rich medium used for the multiplication of cells contained (per liter) 10 g
of glucose, 10 g of yeast extract D-3, 5 g of peptone, 2 g of K,HPO,, 0.2 g of
MgSO, * TH,,0, 0.03 g of FeSO, * 7H,0, 1 g of NaCl, and 1 g of &-caprolactam
(pH 6.8).

Isolation of bacteria. The bacteria used were isolated from soil samples by an
enrichment culture technique. A 1:10 dilution of each sample was made with
sterile water, and the suspension was incubated at 30°C for 1 h. One-hundred-
microliter samples of the suspension were inoculated into sterile Pyrex test tubes
that contained 5 ml of minimal medium, after which the tubes were incubated for
3 to 10 days at 30°C until they became turbid. This procedure was performed
sequentially three to five times, and then turbid samples were streaked onto
minimal-medium plates to isolate single colonies.

Screening for R-ketoprofen-producing strains. Microorganisms were grown
aerobically at 28°C for 1 to 2 days in rich medium. The cells then were centri-
fuged and suspended in 0.1 M potassium phosphate buffer (pH 8.0). The reaction
mixture used to the screen the R-ketoprofen-producing strains contained 100
wmol of potassium phosphate buffer (pH 8.0), 5 pmol of keto-amide as the
substrate, 0.05 ml of methanol, and the cells (final optical density at 610 nm, 5 to
100) in a total volume of 1.0 ml. The reaction was carried out at 30°C for 5 h with
reciprocal shaking (250 strokes per minute) and then terminated by centrifuga-
tion at 18,000 X g for 10 min. The amount of ketoprofen in the supernatant was
determined as described below.

Identification of the microorganisms. The bacteria were identified by using the
classification given in The Prokaryotes (2) and Bergey’s Manual of Systematic
Bacteriology (15).

Isolation of R-ketoprofen. C. acidovorans KPO-2771-4 was cultured at 30°C for
20 h in medium that contained (per liter) 10 g of sodium fumarate, 10 g of yeast
extract D-3, 5 g of peptone, 2 g of K,HPO,, 0.2 g of MgSO, - 7H,O, 30 mg of
FeSO, - 7TH,0, 1 g of NaCl, and 1 g of isobutyronitrile (pH 6.8). The cells (2.7 g
[dry weight]) were collected by centrifugation and suspended in 1,000 ml of 0.1
M potassium phosphate buffer (pH 8.0). A 500-mg portion of the keto-amide
dissolved in 5 ml of methanol was added to 95 ml of the cell suspension, and this
mixture was incubated at 30°C with stirring (150 rpm). The cells were removed
by centrifugation after 40 h. The pH was adjusted to 8.4 with 2 N NaOH, and the
supernatant was washed with 100 ml of ethyl acetate. After the pH of the water
layer was adjusted to 3.0 with 6 N HCI, the desired product was extracted with
100 ml of ethyl acetate. The extract was concentrated under reduced pressure
and yielded 232 mg of crystals, which were recrystallized from H,O (220 mg).

Analytical methods. The amounts of ketoprofen and keto-amide were assayed
by analytical high-pressure liquid chromatography (Tosoh CCPM system
equipped with a NovaPak Phenyl column [Waters Ltd.]) with the solvent system
0.05 M KH,PO, (pH 3.5)-acetonitrile (6:4, vol/vol) at a flow rate of 1.0 ml/min.
The A,s, was measured. The respective retention times for keto-amide, keto-
profen, and keto-nitrile were 1.4, 2.2, and 4.4 min. Alternatively, the ammonia
formed was measured by the method of Fawcett and Scott (9).

The optical purity of ketoprofen was determined by direct analysis of the
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FIG. 1. Enzymatic conversion of racemic keto-amide to R-(—)-ketoprofen.

enantiomers. The reaction solution was adjusted to pH 3.0 with 1 N HCI. The
ketoprofen produced was extracted with dichloromethane. The solution was
assayed by high-pressure liquid chromatography on an Optipak-TA column
(Waters Ltd.) with the solvent system hexane-isopropanol-acetic acid (92:8:0.3)
at a flow rate of 1.0 ml/min. The respective retention times for R-(—)- and
S-(+)-ketoprofen were 14.6 and 19.5 min. The A,s, was measured.

The optical purity of keto-amide was determined by direct analysis of the
enantiomers. The reaction solution was assayed by high-pressure liquid chroma-
tography on a CHIRALCEL OD-R column (Daiceru Inc., Tokyo, Japan) with a
solvent of acetonitrile-H,O (2:8) at a flow rate of 1.5 ml/min. The respective
retention times for the S- and R-keto-amide were 42.6 and 49.0 min. The A,y
was measured.

Enzyme assay. Keto-amide-hydrolyzing activity (amidase) was assayed in a
reaction mixture (0.5 ml) containing 2.5 pmol of keto-amide, 0.025 ml of meth-
anol, 0.5 mg of bovine serum albumin, 25 mmol of potassium phosphate buffer
(pH 8.0), and an appropriate amount of the enzyme. The reaction took place at
30°C for 30 min and was stopped by an addition of 1.5 ml of methanol. The
amount of ketoprofen formed was measured by high-pressure liquid chromatog-
raphy as described above. One unit of enzyme activity was defined as the amount
of enzyme that catalyzed the formation of 1 pmol of ketoprofen per min in the
reaction mixture. The protein concentration was determined by the method of
Lowry et al. (16) with bovine serum albumin as the standard.

Purification of the enzyme that hydrolyzes keto-amide. C. acidovorans KPO-
2771-4 was cultured as described in “Isolation of R-ketoprofen.” All the purifi-
cation procedures were done at 0 to 5°C. The buffer solution used throughout
was 0.03 to 0.05 M potassium phosphate buffer (pH 8.0) containing 0.1 mM
EDTA and 5 mM dithiothreitol.

Step 1. Preparation of cell extract. Washed cells from 2 liters of culture broth
were suspended in 103 ml of 0.03 M buffer and then disrupted in a Sonic 300
Dismembrator (Artex Systems Co.) run at maximum amplitude for 30 min. Cell
debris was removed by centrifugation for 20 min at 15,000 X g

Step 2. Ammonium sulfate fractionation. Saturated ammonium sulfate solu-
tion in 0.05 M buffer was added to the enzyme solution to a concentration of
30%. After the mixture had been stirred for 1 h, the precipitate formed was
removed by centrifugation for 20 min at 15,000 X g and discarded. The ammo-
nium sulfate concentration was increased to 70% saturation, and the mixture was
again stirred for 1 h. The resulting precipitate was collected by centrifugation for
20 min at 15,000 X g, after which it was dissolved in 50 ml of 0.05 M buffer and
dialyzed overnight against the same buffer.

Step 3. Ultracentrifugation. The enzyme solution was centrifuged at 100,000 X
g for 2 h at 3°C with an RP50-2 rotor and a 55p-72 Himac centrifuge (Hitachi Co.,
Tokyo, Japan). The supernatant solution was collected.

Step 4. DEAE-cellulose column chromatography. The enzyme solution was
applied to a DEAE-cellulose column (2.5 by 41 c¢cm) equilibrated with 0.05 M
buffer. After the column had been washed with buffer containing 0.1 M NaCl, it
was flushed with a linear gradient of NaCl in the same buffer (0.1 to 0.5 M; 1,000
ml). The enzyme was eluted with buffer containing 0.22 M NaCl. The active
fractions obtained were combined.

Step 5. Phenyl Sepharose CL-4B column chromatography. The enzyme solu-
tion was applied to a Phenyl Sepharose CL-4B column (1.7 by 22 cm) equili-
brated with 0.05 M buffer. After the column had been washed with buffer
containing 20% ethylene glycol (100 ml), it was flushed with a linear gradient of
ethylene glycol in the same buffer (20 to 60%; 350 ml). The enzyme was eluted
with buffer containing 38% ethylene glycol. The active fractions obtained were
combined.

Step 6. Second DEAE-cellulose column chromatography. The enzyme solution
was applied to a DEAE-cellulose column (1.7 by 22 cm) equilibrated with 0.05 M
buffer, and the column was flushed with a linear gradient of NaCl in the same
buffer (0 to 0.5 M; 300 ml). The enzyme was eluted with buffer containing 0.2 M
NaCl. The active fractions were combined and then were concentrated by filtra-
tion on a YM10 membrane in a Diaflo Cell 8050 (Amicon Co., Danvers, Mass.).

Step 7. Sephacryl S-400 column chromatography. The concentrated solution
was applied to a Sephacryl S-400 column (1.4 by 74 cm) equilibrated with 0.05 M
buffer. The rate of elution was kept at 6 ml/h. The active fractions (140- to 168-ml
fractions) were combined.

Analytical methods for the amidase. Sodium dodecyl sulfate (SDS)-polyacryl-
amide gel electrophoresis was done with 4 to 12% polyacrylamide slab gels by

using a Tris-glycine buffer system (21). The molecular weight of the subunit of
the enzyme was calculated from the relative mobilities of standard proteins.

RESULTS

Screening of microorganisms. The ability to produce R-(—)-
ketoprofen from keto-amide was examined for 54 strains iso-
lated during screening for the production of S-(+)-arylpropi-
onic acids from their corresponding amides (22) and for 350
type culture strains obtained from the American Type Culture
Collection, Rockville, Md., and the Institute for Fermentation,
Osaka, Japan. Forty-three distinct strains had ketoprofen-pro-
ducing activity. The optical purities of the products coincided
with the S$-(+)-conformation for all the microorganisms. The
same ability was examined for 563 strains isolated from 150
different soil samples. Fifty-nine strains had this activity. Re-
sults for representative strains are shown in Table 1. The op-
tical purity of the product varied with the microorganism used.
Of the active bacteria, KPO-2771-4 had both the highest level
of activity and enantioselectivity in the reaction that produced
the R-(—)-ketoprofen from racemic keto-amide.

A taxonomic study of strain KPO-2771-4 was done. The
strain was gram negative and aerobic and had rod-shaped cells
(0.6 to 1.3 by 1.4 to 2.7 pm). There was swimming motility, but
no spores formed. The growth temperature was 5 to 37°C. The
organism was oxidase and catalase positive. Tests for reduction
of nitrate and nitrite were negative. The organism was negative
for acid formation from glucose but positive for acid formation
from fructose. Tests for arginine dihydrolase and gelatin hy-
drolysis were negative, whereas tests for lipase (Tween 80
hydrolysis) and cytochrome oxidase were positive. The organ-
ism did not use glucose, arabinose, mannose, mannitol, /N-
acetylglucosamine, maltose, or caprate as a carbon source but
did use gluconate, acetate, adipate, malate, citrate, and phenyl
acetate. The organism was positive for alkalization with allan-
toin or tartarate. On the basis of these results, KPO-2771-4 is
considered to belong to C. acidovorans.

TABLE 1. Production of R-(—)-ketoprofen from racemic keto-
amide by selected bacteria and optical purity of the product

Amt of R-(—)-keto-
profen produced
from keto-amide®

0.46 (72.4)
1.19 (64.6)
20.0 (0.1)
0.96 (97.4)
e 0.89(98.7)
O B S 115 (99.9)

Strain

HP-1913..

“ Micromoles of ketoprofen produced per milligram of cells (dry weight) per
hour. Numbers in parentheses are the optical purities of the ketoprofen pro-
duced, calculated as [R/(S + R)] X 100, where R and § are the amounts of the
R and S enantiomers, respectively.
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TABLE 2. Purification of the amidase from
C. acidovorans KPO-2771-4°

Step Amt pf total Amt pf total  Spact  Yield

activity (U)  protein (mg) (U/mg) (%)

Cell extract 25.2 809 0.0311 100
(NH,),SO, fractionation 21.2 391 0.0542 84.1
Ultracentrifugation 19.1 311 0.0614  75.8
DEAE-cellulose 20.5 41.4 0.500 81.3
Phenyl Sepharose CL-4B 15.5 4.35 3.56 61.5
DEAE-cellulose 10.9 1.13 9.69 43.3
Sephacryl S-400 8.60 0.743 115 34.1

“ Enzyme activity was determined as described in Materials and Methods.

Effect of carbon source on growth and enzyme activity of C.
acidovorans KPO-2771-4. Because C. acidovorans KPO-2771-4
does not use typical sugars such as glucose, various carbon
sources such as ethanol, glycerine, acetate, actamide, citrate,
and fumarate were tested for their effects on its growth and
enzyme activity in rich medium without glucose. Sodium fu-
marate gave the best growth. Addition of the carbon sources
did not greatly alter the enzyme activity or optical purity of the
R-(—)-ketoprofen produced.

Effect of inducers on growth and enzyme activity. The effects
of inducers on growth and enzyme activity were tested in rich
medium with sodium fumarate as the carbon source and with-
out g-caprolactam (standard conditions). Additions of n-bu-
tyramide, R-keto-amide, and ammonium chloride were repres-
sive to some extent (57, 79, and 56%, respectively, of the
standard activity). e-Caprolactam and &-caprolactone did not
influence the activity. The enzyme activity present constitu-
tively in the cells was enhanced by 2-azacyclononanone and
isobutyronitrile (143 and 147%), respectively). The optical pur-
ity of R-(—)-ketoprofen was not affected by the compound
added. We therefore selected rich medium with 0.1% (wt/vol)
isobutyronitrile as the best enhancer.

Identification of R-(—)-ketoprofen. The R-(—)-ketoprofen
formed from keto-amide by resting cells of C. acidovorans
KPO-2771-4 was isolated and crystallized as described in Ma-
terials and Methods. The nuclear magnetic resonance and in-
frared spectra of the product coincided with those reported
previously (13). The melting point was 74 to 76°C. The specific
rotation ([«]2°) was —56.7° (c = 0.76, CH,Cl,). Comparison of
this value with the previously reported one (—57.1°) (4) shows
that the optical purity of the R-(—)-ketoprofen formed was in
99% enantiomeric excess, which agrees well with the results of
the high-pressure liquid chromatography analysis.

Purification of the enzyme responsible for ketoprofen pro-
duction. We purified the enzymes responsible for ketoprofen
production and studied their characteristics in order to inves-
tigate the mechanism for the production of R-(—)-ketoprofen
from racemic keto-amide. The amidase in C. acidovorans
KPO-2771-4 was purified 370-fold by the procedures described
in Materials and Methods (summarized in Table 2). The pu-
rified enzyme gave only one protein band during SDS-poly-
acrylamide gel electrophoresis and a symmetrical protein peak
during gel filtration by column chromatography, indicating that
it was purified to homogeneity. The molecular weight of the
subunit was estimated to be 54,000 = 2,000 by SDS-polyacryl-
amide gel electrophoresis as described in Materials and Meth-
ods.

Time course of the R-(—)-ketoprofen-producing reaction.
The time course of R-(—)-ketoprofen production from racemic
keto-amide was studied by using the purified enzyme. The
amount of keto-amide was reduced rapidly to 50% of the initial
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concentration, after which the reaction appeared to stop (Fig.
2). Identical molar concentrations of R-(—)-ketoprofen and
ammonia were produced in a manner corresponding to that for
the decrease in the amount of keto-amide, which is evidence
that the reaction was catalyzed by an amidase. No detectable
amount of S-(+)-ketoprofen was found, and all the S-keto-
amide remained throughout the reaction. These findings show
that this enzyme is an R-enantioselective amidase for keto-
amide.

DISCUSSION

No activity for the production of R-(—)-ketoprofen from the
racemic keto-amide has been detected in many of the culture
strains isolated during screening for the production of S-(+)-
arylpropionic acids from their corresponding amides, nor has it
been detected in many of the type culture strains. R-Amidase
activity was not common in R-keto-amide-utilizing microor-
ganisms isolated from soil samples. Only three strains pro-
duced R-(—)-ketoprofen from racemic keto-amide, indicating
that the S-amidases and nonenantioselective amidases for ke-
to-amide are widespread in microorganisms, whereas the R-
amidase for keto-amide is rare.

Of the three active strains, KPO-2771-4 had both extremely
high activity and R-enantioselectivity and was shown to belong
to C. acidovorans. The other two strains, KPO-2404-7 and
KPO-2519-2, were identified as belonging to the genera Cur-
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FIG. 2. Time course of R-(—)-ketoprofen production from keto-amide by the
purified amidase from C. acidovorans KPO-2771-4. The reaction mixture (5 ml),
containing 25 wmol of keto-amide, 250 wl of methanol, 5 mg of bovine serum
albumin, 250 mmol of potassium phosphate buffer (pH 8.0), and 0.07 U of the
amidase, was incubated with shaking at 30°C for 0, 2, 5, 8, 14, 22, and 31 h. The
metabolites were analyzed as described in Materials and Methods. Symbols: @,
keto-amide; O, R-(—)-ketoprofen; A, ammonia. Numbers in parentheses indicate
the optical purities (% enantiomeric excess) of S-keto-amide remaining and
R-(—)-ketoprofen produced, respectively.
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tobacterium and Arthrobacter, respectively (data not shown). C.
acidovorans KPO-2771-4 does not have nitrile-hydrolyzing en-
zymes (nitrilase and nitrile hydratase), unlike Alcaligenes fae-
calis ATCC 8750 (22), Corynebacterium sp. strain C5 (20), and
Arthrobacter sp. strain J1 (1), which have both nitrilase and
amidase or both nitrile hydratase and amidase.

The amidase of C. acidovorans KPO-2771-4 was purified
from a cell extract, 370-fold in a yield of 34.1%, which is
evidence that amidase corresponding to 0.27% of the soluble
proteins was produced in cells grown under experimental con-
ditions in which sodium fumarate was the carbon source and
isobutyronitrile was the enhancer.

This R-enantioselective amidase was present constitutively
in cells grown in the rich medium. In many microorganisms,
amidases are induced by alkylamide compounds (7, 10, 11, 14).
In C. acidovorans KPO-2771-4, however, amidase expression
was repressed by the amides n-butylamide and R-keto-amide,
as well as by ammonium ions. This repression by amides is
considered dependent on ammonium ions released by the
amides in the cells. In contrast, the alicyclic amide 2-azacy-
clononanone enhanced the expression of amidase, whereas the
shorter-chain, alicyclic amide &-caprolactam did not. This dif-
fers from Rhodococcus butanica amidase induced with e-cap-
rolactam (12). On the basis of these results, we concluded that
the expression of the amidase from C. acidovorans KPO-
2771-4 is affected by ammonium ions and amide compounds.

The expression of the amidase from C. acidovorans KPO-
2771-4, however, was enhanced when isobutyronitrile was
added to the medium. Induction of acetonitrile has been re-
ported for Arthrobacter sp. strain J1 amidase (1), but in that
case, induction of both nitrile hydratase and amidase is essen-
tial for metabolizing acetonitrile and for growth. C. ac-
idovorans KPO-2771-4 does not have nitrile hydratase. The
reason for this change in expression needs to be clarified by
further research on the genetic expression mechanism of this
amidase.

The subunit molecular weight of the amidase is 54,000 =
2,000. The amidase is larger than the amidases from Pseudo-
monas aeruginosa (33,000 to 35,000) (5), Brevibacterium sp.
strain R312 (43,000) (7), Arthrobacter sp. strain J1 (39,000) (1),
and Rhodococcus spp. (44,500 to 49,000) (17, 18).

The stoichiometric production of optically pure R-(—)-keto-
profen and ammonia, in a manner that corresponds to the
decrease in the amount of keto-amide and in the time course
of R-(—)-ketoprofen production from racemic keto-amide by
using the purified enzyme, shows that this amidase has high-
level enantioselectivity for R-keto-amide, which is evidence
that C. acidovorans KPO-2771-4 amidase differs from the S-
enantioselective amidases of Brevibacterium sp. strain R312
and a Rhodococcus sp. strain (17), Rhodococcus equi TG328
(10), a Rhodococcus sp. (strain SP 361) (3), and Rhodococcus
sp. strain C3 II (8). Ours therefore is the first report of the
production of R-arylpropionic acid from the corresponding
racemic amide by using R-enantioselective amidase. The en-
zyme’s properties and amino acid or base sequences will be
reported elsewhere.
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