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A Pseudomonas strain, named BC-18, which can convert racemic phenylacetaldehyde—cyanhydrin
(3-phenyllactonitrile) enantioselectively to S-(—)-3-phenyllactic acid (S-PLA), was isolated from soil.
Although PLA produced with intact cells contained the .S enantiomers of approximately 75% enantiomeric
excess (% e.e.), repeated crystallization gave a higher purity (99.8% e.e.) of the S configuration product.
Production of S-PLA was significantly increased when 2.0% (w/v) of calcium chloride were added to the
reaction mixture for precipitation of S-PLA. Chemical mutagenesis yielded a mutant strain, named BC348-9,
with 16 times higher activity (40 mU/OD,,), compared with that of the parent strain (2.5mU/ODy,).
When the mutant strain BC348-9 was used, approximately 18¢g/OD,;, was produced, which is 12 times
higher than that of the parent strain. The final accumulation of PLA exceeded 6.0%, 1.2 times higher than

that of the parent strain.

Key words:

S-(—)-3-Phenyllactic acid (S-PLA) is a versatile precur-
sor for the synthesis of several biologically important
pharmacophores such as renin inhibitors,'’ protease in-
hibitors,? and anti-HIV reagents.® S-PLA can be syn-
thesized from L-phenylalanine via diazonation followed
by hydration in sulfuric acid.¥ The chemical synthesis
method, however, gave a yield of about 50% due to
production of a by-product, cinnamic acid, in a significant
amount. Therefore, it is still difficult to synthesize S-PLA
by the chemical method on an industrial scale. On the other
hand, several microorganisms can convert nitrile com-
pounds to the corresponding acid compounds by the action
of nitrilase and/or a nitrile hydratase-amidase system. With
these microorganisms, acrylamide is now produced on an
industrial scale.>® Furthermore, more recently, efficient
processes to produce R-(—)-mandelic acid,””® S-(+)-
ibuprofen,!? O-acetylmandelic acid,'" and S-phenylgly-
cine,'? from the corresponding nitriles, were established
using enantiospecific hydrolytic activity from various
microorganisms. These findings suggested the possibility of
establishing a new method for the production of S-PLA by
using bio-transformation activity from microorganisms.
Nitrilases and nitrile hydratases so far isolated, however,
did not recognize a-hydroxy nitrile compounds, such as
phenylacetaldehyde—cyanhydrin, which had one or more
carbon atoms between the aryl group and the a-carbon. We
therefore screened for a bacterial strain that could hydrolyze
phenylacetaldehyde-cyanhydrin to S-PLA plus ammonia.

In this paper, we describe the construction of an efficient
system for production of S-PLA from racemic phenyl-

(S)-3-phenyllactic acid; cyanhydrin; Pseudomonas; enantioselective hydrolysis

acetaldehyde-cyanhydrin using microorganisms. Isolation
of a mutant strain that showed high-level production of
S-PLA is also described.

Materials and Methods

Chemicals. Phenylacetaldehyde-cyanhydrin was kindly supplied by H.
Sakai (The Ohtake Factory, Nitto Chemical Industry Co., Tokyo).
R-3-Phenyllactic acid, S-3-phenyllactic acid, and RS-3-phenyllactic acid
were purchased from Aldrich Chem. Co. (Milwaukee). Other nitrile
compounds and their corresponding amides and acids were purchased
from Tokyo Kasei Kogyo Co. (Tokyo). Yeast extract was a product of
Difco Laboratory (Detroit). Polypeptone was of fine granules grade and
obtained from Nihon Seiyaku Co. (Tokyo).

Bacterial strains and growth conditions. Pseudomonas sp. BC-18, which
was isolated from soil,'* was cultured aerobically with shaking at 30°C
in medium I (20 g of glycerol, 2.5 g of polypeptone, 2.5 g of yeast extract,
3.6gof Na,HPO,. 3.4 g of KH,PO,, 142 mg of Na,SO,. and 5 ml of metal
mixture [8g of MgCl,-6H,0, 0.8g of CaCl,. 0.08g of MnSO,-4H,0.,
0.013 g of FeCly-6H,0, and 0.009 g of ZnSO, - TH,0 dissolved in 100 ml
of distilled water] and 0.3 g of 1-pyrrolidinecarbonitrile per liter [pH 8.0]).

Assay of S-PLA-producting activity. PLA-producing activity was assayed
in a reaction mixture containing 50 mM potassium phosphate buffer (pH
8.5), 15mM phenylacetaldehyde—cyanhydrin, and an appropriate amount
of the resting cells in a total volume of 1.0 ml. The reaction was done at
30°C for 2h with moderate shaking and then stopped by centrifugation
at 18,000 x g for Smin. The PLA in the supernatant was measured by
analytical high-pressure liquid chromatography (HPLC) (JASCO, Tokyo)
with a Wakosil ODS 5C18 column (Wako Pure Chemicals, Tokyo) at a
flow rate of 1.0ml/min with the solvent system of 0.1M phosphoric
acid-acetonitrile (7: 3, v/v), and the absorbance at 254 nm was monitored.
The retention times for PLA, phenyllactamide. phenylacetaldehyde-
cyanhydrin, and phenylacetaldehyde were 3.4, 2.1, 7.4, and 8.0min,
respectively. One unit of the enzyme activity was defined as the amount

' To whomrcorrespondence should be addressed. Present address: Nitto Chemical Industry Co., Ltd., 5-1. Marunouchi I-chome, Chiyoda-ku,

Tokyo 100, Japan.

Abbreviations: S-PLA, (S)-3-phenyllactic acid; R-PLA, (R)-3-phenyllactic acid; PLA, 3-phenyllactic acid: HPLC, high-pressure liquid
chromatography: NTG, N-methyl-N'-nitro-N-nitrosoguanidine; Tris, tris(hydroxymethyl)aminomethane; % e.e.. % enantiomeric excess: OD o, Optical

density at 630nm.
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of enzyme that catalyzed the formation of 1 umol of PLA per min. Specific
activity was expressed as units per OD,,,, where one OD,,, unit was
equivalent to 0.30 mg dry cell weight per ml.

Measurement of optical purity of S-PLA. The reaction mixture for
production of S-PLA was the same as that described above but contained
20 mM phenylacetaldehyde—cyanhydrin in place of 15mm phenylacetalde-
hyde—cyanhydrin, and the reaction was done at 30°C for 24 h with shaking.
The optical purity of S-PLA was measured as follows. The reaction mixture
was adjusted to pH 9.0 with 1N NaOH, and unreacted substrate and
phenyllactamide, which was probably produced through hydration by a
nitrile hydratase, were extracted with ethyl acetate. The pH of the water
layer was then adjusted to 2.0 with 1 N HCI, and PLA in the solution was
extracted twice with ethyl acetate. The organic layer collected was
desiccated by addition of sodium sulfate, filtered, and evaporated. The
resultant solid materials were dissolved in distilled water and assayed by
HPLC with a MCT gel CRS-10W column (Mitsubishi Chemical Co.,
Tokyo) at a flow rate of 1.0ml/min and with a solvent system of 2mm
CuSO, - 5H,0-acetonitrile (85: 15, v/v). R- and S-PLA were eluted at the
retention times of 20.3 and 28.6 min, respectively.

Preferential crystallization of S-PLA. PLA with about 75% e.e. obtained
in this study was dissolved in water at 50°C. The solution was then cooled
gradually until white crystals emerged, and the solid material was collected
by filtration and dried. Crystals were again dissolved in water and
recrystallized in the same way. The optical purity of S-PLA thus obtained
was measured by HPLC as described above.

Addition of several metal ions to precipitase S-PLA. Several mono-, di-,
and trivalent metal ions (final concentration; 5% [w,/v]) were added as a
precipitant to the 5% of ammonium PLA salt solution that was prepared
from the mixture of PLA and equimolar solution of ammonium, and the
pH was adjusted to 8.5. After incubation for 10 min, the precipitate was
removed by centrifugation and the PLA remaining in the supernatant was
measured by HPLC as described above.

Mutagenesis. Cells of Pseudomonas sp. BC-18 were mutagenized with
N-methyl-N'-nitro-N-nitrosoguanidine (NTG) by the method of Ryuno et
al.** The cells in the exponential phase were harvested, washed twice with
50mM Tris/malate buffer (pH 6.0), and then resuspended in the same
buffer (10°-10° cells per ml). NTG was then added to the suspension at
a final concentration of 0.05% (w/v). After incubation at 30°C for 1h,
the cells were collected by centrifugation, washed twice with same buffer
and then suspended in medium I. The survival rate was about 95%. The
mutagenized cells were aerobically incubated at 30°C for 24 h and spread
on medium I1 (5 g of glycerol, 1.2g of KH,PO,, 1.5g of Na,HPO,, 142mg
of Na,SO,, and 5 ml metal mixture) agar plate with a nitrile compound
and 10ml of the vitamin mixture [2.0mg of thiamin, 2.0mg of
nicotinamide, 2.0 mg of riboflavin, 2.0 mg of p-aminobenzoic acid, 2.0 mg
of pyridoxine hydrochloride, 20.0 mg of calcium pantothenate, 0.2 mg of
biotin, and 0.2mg of folic acid dissolved in 100 ml of distilled water] per
liter (pH 8.0).

Accumulation of PLA by fed-batch system. The initial reaction mixture
(300ml) consisted of 20 mm phenylacetaldehyde—cyanhydrin, 20 mm
Tris-HCI (pH 8.5), 2.0% CaCl,, and an appropriate amount of the resting
cells. The concentration of substrate was kept at 10-20 mM in the reactor
by controlling the feeding interval of the substrate, using a cyan ion sensor
(PHL-20, Denkikagakukogyo, [Tokyo]). Because the cyanhydrin was
partially dissociated into the corresponding aldehyde and hydrogen
cyanide, therefore, the concentration of phenylacetaldehyde-cyanhydrin
was estimated from the concentration of free cyan ion by using the sensor.
During the reaction, the pH was controlled at 8.4 to 8.5 by the addition
of 1 N NaOH or 1 N HCl using a pH controller (NPH-680D, Nissin-rika,
[Tokyo)). Figure 1 illustrates the schematic diagram of the PLA fed-batch
system.

Results

We found that Pseudomonas sp. BC-18 produced S-PLA
with high optical specificity,'® and to optimize the culture
conditions, 0.03% (v/v) l-pyrrolidinecarbonitrile was the
most effective inducer for the production of the enzyme.
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Fig. 1. Schematic Diagram of the PLA Fed-batch System.

Table 1. Effects of pHs on the Optical Purity and the Enzyme Activity

Reation time:4h Reaction time:21h

pH PLA produced Optical purity PLA produced Optical purity
(mM) (%% e.e) (mMm) (Y e.0.)
6.0 6.28 63.9 12.4 21.1
6.5 5.90 67.4 11.4 42.5
7.0 5.96 66.3 11.2 48.0
7.5 5.20 68.1 9.14 63.8
8.0 4.82 713 9.78 66.3
8.0* 5.05 72.0 11.0 61.4
8.5* 3.91 69.6 14.1 74.1

9.0* 3.46 76.6 13.9 73.8

* 50 mM borate buffer was used for the reaction.

Sixteen mU of the resting cells and 20 mm of substrate (phenylacetalde-
hyde-cyanhydrin) were used in this experiment.

Reaction conditions for production of S-PLA by resting
cells
Although the enzyme in strain BC-18 preferentially
recognized phenylacetaldehyde—cyanhydrin with the S-
configuration as the substrate, it was capable of hydrolyzing
R-phenylacetaldehyde—cyanhydrin but at low efficiency.
This prompted us to optimize the reaction conditions for
the maximum production of S-PLA. When phenylacetalde-
hyde-cyanhydrin was incubated with intact BC-18 cells for
4h at various pHs from 6 to 9, optical purity between
63.9% e.e. and 76.6% e.e. was obtained (Table I). Prolonged
incubation for 21 h gave higher production of total PLA
but with lower optical purity, especially under lower pH
conditions. We chose pH 8.5 for pH to produce S-PLA.
Reaction temperature was also thought to be one of the
important factors to produce S-PLA. We therefore ex-
amined the effects of temperatures from 10°C to 40°C on
the production of S-PLA. S-PLA with highest optical purity
(79.1% e.e.) was produced around at 30°C (data not shown).
We then examined the effects of the concentration of the
substrate, phenylacetaldehyde—cyanhydrin, on the initial
enzyme activity. After incubation of resting cells with var-
ious concentrations of the substrate for I h, the amount
of PLA produced were measured. The enzyme showed the
maximum activity in the presence of the substrate at an

NII-Electronic Library Service
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initial concentration of 15 mm.

When the resting BC-18 cells were incubated with 20 mm
phenylacetaldehyde for 1h, the remaining activity was
decreased by 73.6% of the original activity (data not shown).
This suggested that phenylacetaldehyde, which could be
released from phenylacetaldehyde—cyanhydrin through
dissociation, would inactivate the enzyme. On the other
hand, the dissociation of substrate was estimated to be
about 10-15% on the initial reaction mixture from the
concentration of free cyan ion by using a cyan ion sensor
(data not shown).

We next examined the effects of several cations on the
production of PLA, because cations were known to pre-
cipitate a-hydroxy acid compounds accumulated in large
amounts,'> which would inactivate the enzyme responsi-
ble for the production of PLA. For this purpose, several
metal ions were added to the reaction mixture. Among 12
mono-, di-, and trivalent cations tested, the amount of PLA
remaining in the supernatant was smallest when CaCl, was
used as the precipitant (Table II). We added CaCl, at
various concentrations to the reaction mixture and ana-
lyzed its effect on PLA production. As shown in Table III,
CaCl, (1-3%) significantly increased the amount of PLA

Table II. Effects of Various Mono, Di-, and Trivalent Metal lons on
5% of Ammonium PLA Salt Solution

PLA remaining in the

Metal salt supernatant solution (%)
None 100
CaCl, 4.0
SnCl, 33.2
Al,(S0,),-16--18H,0 84.0
MnSO,-4H,0 75.4
FeSO,-7H,0 45.0
Fe,(80,); XH,0 87.0
CoSO,-7H,0 42.7
NiSO,-6H,0 51.6
Cu(NO,), 3H,0 39.6
AgNO, 44.0
Zn(NOj,), 6H,0 45.8

Pd(NO,), 69.5

Table HI. Effects of CaCl, Concentrations on the Initial Activity and
PLA Productivity of the Resting Cells

Concentration of

CaCl PLA productivity

Relative acidity

(%) (%) (8/0ODg30)
0.0 100 0.56
0.25 100 NT
0.50 108 0.84
0.75 103 NT
1 103 1.38
2 100 1.47
3 100 1.31
4 99 0.83
5 91 NT

The productivity of PLA per cells was estimated by the amount of PLA
produced after 120 h of incubation in a reaction mixture containing 0.6 mg
of the resting cells (ODg;0=2.0) (2.8 mU), 50 mm Tris—HCI (pH 8.5), and
20mm and 10mm phenylacetaldehyde—cyanhydrin were fed at Oh and
48 h, respectively.

produced. Under the optimized reaction conditions, higher
PLA production, up to approximately 1.5g/ODg;o, was
obtained.

Isolation of mutants showing higher enzyme activity

For high-level S-PLA production, Pseudomonas sp.
BC-18 was mutagenized with NTG as described in Materials
and Methods. We chose mutant strains showing faster
growth on medium II plates supplemented with a nitrile
compound, adiponitrile, pimelonitrile, isobutyronitrile,
cyclopropylcyanide, glutaronitrile, 3-methoxypropionitrile,
3,3-dimethoxypropionitrile, or 2-methyl-3-butenenitrile,
each of which was known to give slow growth, as a sole
nitrogen source. Among them, a mutant strain, BC-18-348,
which was chosen as a strain showing faster growth on the
0.1% adiponitrile-containing plate, had higher specific
activity (25 mU/OD, ;,) than that of the parent strain BC-18
(2.5mU/ODyg 3).

For further improvement of PLA productivity, strain
BC-18-348 was again mutagenized with NTG. Growth of
the parental strain BC-18 as well as its mutant BC-18-348
was inhibited by cinnamic acid, o-iodobenzoic acid, and
m-chlorobenzoic acid, all of which were analogs of S-PLA,
when several nitrile compounds were used as nitrogen
source. But these product analogs could not inhibit the
growth of the parental strain when the minimum medium
II containing ammonia as a nitrogen source instead of nitrile
compounds was used. This suggested that these product
analogs would inactivate or inhibit the enzyme. We therefore
screened for mutant strains showing growth on medium II
agar plate containing 0.1% pimelonitrile and the product
analogs 10 mM cinnamic acid, 5 mm o-iodobenzoic acid, or
10 mM of m-chlorobenzoic acid. Only a few colonies showed
both product-analog resistance and fast growth on the nitrile
plate. Among them, a mutant BC348-9 showed the highest
specific activity (40 mU/ODyg ), which was 16 times higher
than that of the parent strain BC-18 (2.5 mU/ODy;,).

Accumulation of PLA with mutants

We next examined the production of PLA by fed-batch
system as described in Materials and Methods (Fig. 1).
When the mutant strain BC348-9 was used, approximately
18g PLA/ODy,, was produced, which was 12 times higher
than that of the parent strain BC-18 (1.5g PLA/ODy;()
(Fig. 2). And by using the mutant BC 348-9, the final
accumulation of PLA also exceeded 6.0%, which was 1.2
times higher than that of the parent strain BC-18 (5.0%).
The optical purity of PLA produced by this mutant,
BC348-9, was the same (about 75% e.e.) as that produced
by the parent strain, BC-18.

Since the optical purity of S-PLA produced was still low,
we tried to purify S-PLA from the mixture containing the
R- and S-forms by preferential crystallization as described
in Materials and Methods. By crystallizing the PLA twice
from the water phase, the optical purity was increased to
99.8% e.e.

Discussion

For these ten years, microbial nitrile degradation have
been extensively studied and used for industrial production
of a commodity chemical, acrylamide.>-® Recently, a similar
technique is expanded for the commercial production of
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Fig. 2. Fed-batch Reaction for PLA Production.

(QO), Pseudomonas sp. BC-18 (10.5mg dry cell, ODg,,=135); (@), mutant BC-18-348
(2.1 mg dry cell, ODgy,=7): (A), mutant BC348-9 (1.05mg dry cell. OD¢,,=3.5).

R-(—)-mandelic acid from the corresponding racemic
benzaldehyde—cyanhydrin (mandelonitrile) in our compa-
ny.” PLA, an x-hydroxy carboxylic acid compound with a
phenyl group, had a structure identical to that of mandelic
acid, although PLA has an additional carbon atom between
the phenyl group and its asymmetric carbon atom.
Therefore, we expected that the microorganisms used for
the production of R-(—)-mandelic acid might be available
for the production of S-PLA. The nitrilase and/or nitrile
hydratase—amidase contained in this microorganisms,
however, showed low hydrolytic activity against phenyl-
acetaldehyde—cyanhydrin with low enantioselectivity. Al-
though several nitrile-degrading systems in microorgan-
isms were found to have the ability to produce S-(+)-
ibuprofen,'® O-acetylmandelic acid,'"’ and S-phenylgly-
cine,!? from the corresponding nitriles, nitrilases so far
isolated showed no phenylacetaldehyde—cyanhydrin hydro-
lyzing activities. From these points, the nitrile-degrading
enzyme(s) found in this study have novel enzymatic
properties. The enzymatic properties of nitrilase and nitrile
hydratase in Pseudomonas sp. BC-18 will be characterized
in future.

In this study, S-PLA was produced with high enantio-
selectivity (about 75%e.e.), and S-PLA with 99.8%e.e.
was prepared by preferential crystallization. Since phen-
ylacetaldehyde-cyanhydrin with the S-configuration was
converted to S-PLA, one might think that the substrate
with the R-configuration would remain in the reaction
mixture. However this was not the case, because the cy-
anhydrin compound was partially dissociated into the cor-
responding aldehyde plus hydrogen cyanide and there-
fore phenylacetaldehyde—cyanhydrin with the R-config-
uration was racemized during incubation according to
the dissociation equilibrium (Scheme 1). Dissociation of
phenylacetaldehyde—cyanhydrin to the corresponding alde-
hyde plus hydrogen cyanide showed pH dependence and
the racemic reaction itself was faster under alkaline

CN
@ACHO + HCN =—= WOH

Scheme 1.

CN COOH
+ 2H20 > oy
G/\“‘/‘ OH ' OH

+NH40OH
Scheme 2.

conditions, although the PLA-producing reaction (Scheme
2) by the responsible enzyme was accelerated under acidic
conditions. As a result, S-PLA with highest optical purity
was obtained around pH 8.5.

Metal ions are known to precipitate a-hydroxy acids by
forming a complex. In this study, addition of calcium ion
actually led to significant improvement of S-PLA pro-
duction probably by decreasing the amount of S-PLA re-
maining in the reaction mixture through its precipitation.
This may suggest that addition of metal ions would be
effective for the microbial production of other a-hydroxy
acid compounds.

Although the chemical mutagenesis gave mutants
showing high S-PLA-producing activity, no overproduc-
tion of a specific protein was observed in the mutants, as
observed by SDS—polyacrylamide gel electrophoresis of the
cell lysate (data not shown). This suggests that the high
S-PLA-producing activity was caused mainly by an increase
in the enzyme activity itself. We expected that a mutant
resistant to the product analogs might contain enzyme(s)
more tolerant to a high concentration of PLA. But we
surprised that the obtained mutant (BC-348-9) showed both
product-analog resistance and fast growth on the nitrile
plate, these properties accommodated the mutant to increase
the final concentration of PLA, to improve the productivity
per cell and to increase the specific activity.

The nitrilase genes from several microorganisms were
cloned,"®” '® and their overproduction (more than 40% of
the total soluble protein) was obtained under the control
of the lauc promoter in Escherichia coli.'® On the other
hand, using the host-vector system for a Rhodococcus strain
we established,? the nitrile hydratase and the amidase from
Rhodococcus sp. N-774 were over produced to show more
than 40% and 23% of the total soluble protein, respec-
tively.?! Genetic engineering thus enabled us to obtain
the enzymes involved in nitrile degradation in a large
amount. Therefore, it would be possible to construct an
efficient system for overproduction of the gene product(s)
responsible for S-PLA production using genetic engineer-
ing techniques. At present, it is unclear which nitrile
degradation system, nitrilase or nitrile hydratase-amidase,
has a major role in producing S-PLA by Pseudomonas sp.
BC-18. Therefore, further work is required to discover the
principal enzyme responsible for S-PLA production.
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