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An enzymatic method using L-phenylalanine ammonia-lyase (EC 4.3.1.5) for
the rapid conversion of trans-cinnamic acid to L-phenylalanine has been investi-
gated. With Rhodotorula glutinis, enzyme activity as high as 0.3 U/ml of culture
broth was obtained. The enzyme activity was kept stable for a relatively long
time during cultivation by the addition of L-isoleucine. Optimization of the
parameters of the conversion reaction resulted in accumulation of 18 mg of L-
phenylalanine per ml of reaction mixture. The conversion yield from trans-
cinnamic acid was about 70%. The method may provide a rapid and practical way
to produce L-phenylalanine useful as an essential amino acid.

L-Phenylalaninle ammonia-lyase (PAL; EC
4.3.1.5), an enzyme found in a variety of plants,
catalyzes the deamination of j,-phenylalanine to
give trans-cinnamic acid, which is further trans-
formed in the plants into lignins and the related
polyphenols. The presence of PAL in yeast was
demonstrated for the first time by Ogata et al.
(10, 11); since then, other microorganisms have
been found to show PAL activity (1, 7, 9, 12).
Also, the enzymatic characteristics of PAL from
microorganisms have been extensively studied.
However, practical applications such as the bio-
synthesis of L-phenylalanine from trans-cin-
namic acid have rarely appeared in literature,
even though reversibility of the enzyme reaction
has been suggested by some workers (6). The
reason for this lack of published effort is proba-
bly that the activity of PAL in microorganisms
is relatively low and decays rapidly after an
initial increase during fernentation (1, 5, 8).

In this report, the induction and stabilization
of PAL activity during the cultivation of Rho-
dotorula glutinis were investigated, and the op-
timum conditions for the conversion of trans-
cinnamic acid into L-phenylalanine were deter-
mined to develop a workable enzymatic method
for the commercial production of L-phenylala-
nine.

MATERIALS AND METHODS
Microorganism and cultivation methods. R.

glutinis IFO 0559, which was reported to show high
PAL activity (11), was used throughout this work.
Stock cultures were maintained on an agar slant con-
taining 1.0% yeast extract, 1.0% peptone, 0.5% NaCl,

0.05% L-phenylalanine, and 1.5% agar (pH 6.0). For
seed culture, a 100-ml portion of the same liquid
medium in a 500-ml flask was sterilized and then
inoculated with one loopful of freshly prepared stock
culture. The cultures were incubated at 30°C for 20 h
on a reciprocating shaker. For PAL formation, unless
otherwise noted, two kinds Qf basal medium were used.
Sorbitol medium was composed of 2% sorbitol, 1%
(NH4)2SO4, 0.5% KH2PO4, 0.05% MgSO4. 7H20, 0.001%
FeSO4.7H20, 0.001% MnSO4.6H20, 0.001% NaCl, and
2% L-phenylalanine (pH 6.0). The optimum culture
medium for the production of PAL was composed of
1% yeast extract, 1% peptone, 0.5% NaCl, 0.05% L-
phenylalanine, and 0.5% L-isoleucine (pH 6.0). A 100-
ml portion of each test medium in a 500-ml flask was
autoclaved at 1200C for 10 min, inoculated with 1.0%
of the seed culture, and incubated at 300C for 18 h on
a reciprocating shaker operated at 140 strokes per min
with a 7-cm stroke.

Preparation of cells. The cells harvested by cen-
trifugation from 100 ml of the culture broth were
washed once by suspending in 10 ml of 0.9% saline and
resuspended in water in a final volume of 5.0 mil. One
milliliter of this cell suspension usually contained
about 150 mg of dry cells and showed about 5.6 U of
PAL activity. The cell suspension was immediately
used as a source of enzyme activity in further experi-
ments. The cell suspension showed the same activity
in the presence of 0.005% cetylpyridinium chloride as
that of cell-free extracts prepared by sonic oscillation
(50C, 15 min, 10 kilocycles, 200 W).
Assay of PAL activity. Activity of PAL was as-

sayed by a modification of the method of Kalghatgi
and Subba Rao (7). The standard assay mixture con-
tained 25 mM L-phenylalanine, 25 mM tris(hy-
droxymethyl)aminomethane-hydrochloride buffer
(pH 8.8), 0.005% cetylpyridinum chloride, and 0.25 ml
of the cell suspension in a final volume of 5.0 ml. The
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reaction was carried out at 300C for 10 min, and trans-
cinnamic acid formation was determined by following
the increase in absorbance at 278 nm. One unit of PAL
activity was defined as that activity which converts 1
tLmol of L-phenylalanine to trans-cinnamic acid per
min. The specific activity was expressed in terms of
units per milligram of dry cells, and total activity was
expressed in terms of units per milliliter of culture
broth.
Formation of L-phenylalanine from trans-cin-

namic acid. Unless otherwise noted, trans-cinnamic
acid was converted to L-phenylalanine as follows. A
reaction mixture of 1.0 ml of the cell suspension and
4.0 ml of substrate solution was incubated at 30°C for
1 h. For the preparation of the substrate solution, 740
mg of trans-cinnamic acid was dissolved in 45 ml of
28% ammonium hydroxide. The resulting solution was
adjusted to pH 10.0 with HCI and diluted with distilled
water in a final volume of 80 ml. The concentration of
trans-cinnamic acid and ammonia was varied accord-
ing to each experimental design. After the reaction,
the cells were removed by centrifugation. L-Phenylala-
nine and trans-cinnamic acid in the supernatant were
determined as described below.

Analytical methods. Cell growth was determined
turbidimetrically at 660 nm in a Hitachi electric pho-
tometer EPO-B and was expressed as dry cell weight
(milligrams per milliliter) using a previously deter-
mined relationship between turbidimetric reading and
dry cell weight.

Identification and determination of L-phenylalanine
were performed both by the method of microbioassay
using Leuconostoc mesenteroides P-60 (13) and by
thin-layer chromatography using the ascending tech-
nique on a Merk 60 F254 plate (solvent, 1-butanol-
acetic acid-water, 4:1:1, vol/vol). The plates were de-
veloped for 4 h and air dried for 30 min to remove the
solvent. The chromatograms were sprayed with nin-
hydrin and heated at 1050C for 5 min. The colored
spots were measured with a Shimadzu dual-wave-
length chromatogram scanner CS-910 with a wave-
length of 620 nm for the sample and 500 nm for the
reference and compared with known quantities of au-
thentic L-phenylalanine. A more accurate quantitative
determination of L-phenylalanine was made by using
a Hitachi KLA-3B amino acid analyzer (resin, Hitachi
Custam Resin; eluting ,Iuffer, citrate buffer [pH
3.25]; temperature, 550C). Quantitation of trans-cin-
namic acid was achieved by thin-layer chromatogra-
phy, with 20:1:2 isopropanol-ammonium hydroxide-
water (vol/vol) as a solvent. The plates after devel-
opment were air dried for 30 min and heated in an
oven for 10 min at 1100C to remove the solvent. The
chromatograms were directly assayed with the chro-
matogram scanner with a wavelength of 278 nm for
the sample and 360 nm for the reference and compared
with known quantities of authentic trans-cinnamic
acid.

Chemicals. Yeast extract was purchased from Ori-
ental Kobo Industries Co. Ltd. (Tokyo, Japan). The
other reagents were purchased from Katayama Chem-
ical Industries Co. Ltd. (Osaka, Japan).

RESULTS
Culture conditions for the formation of

PAL. (i) Induction of PAL by L-phenylala-
nine. R. glutinis IFO 0559 could grow abun-
dantly in a simple chemically defined medium
consisting of a source of carbon such as sugar or
sugar alcohol, a source of inorganic nitrogen, and
mineral salts; for example, the medium contain-
ing 2% glucose or sorbitol also contained 1%
(NH4)2SO4, 0.5% KH2PO4, 0.05% MgSO4.7H20,
0.001% FeSO4. 7H20, 0.001% MnSO4-6H20, and
0.001% NaCl. However, PAL activity in R. glu-
tinis was not induced in such a medium without
L-phenylalanine. Clear induction ofPAL activity
was observed by addition of L-phenylalanine in
sorbitol medium as shown in Fig. 1. On the other
hand, no PAL activity was found in a medium
containing glucose even in the presence of L-
phenylalanine.

(ii) Effect of natural organic nutrients on
PAL formation. The maximum enzyme activ-
ity in the cells grown in sorbitol medium varied
with amount of natural organic nutrients added
to the medium. The effects of yeast extract and
peptone on the formation of PAL are shown in
Table 1. From the above experiments, the nature
of the carbon source, and the concentration of
L-phenylalanine, yeast extract and peptone
seemed to be very important factors for the
formation of PAL in R. glutinis. Among various
combinations, the following composition was
suitable for practical production of PAL by R.
glutinis: 1.0% yeast extract, 1.0% peptone, 0.05%
L-phenylalanine, and 0.5% NaCl (pH 6.0). The
rate of growth and the formation of PAL in this
medium are shown in Fig. 2. PAL activity was
detectable after 10 h of growth, reached a max-
imum around 16 to 18 h, and then rapidly re-
duced when growth reached stationary phase.
When a little amount of L-isoleucine (for in-
stance, 0.5%) was added to this medium, how-
ever, PAL activity increased somewhat and was
sustained for a relatively long time as shown in
Fig. 3. DL-Isoleucine was nearly equally effective.
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FIG. 1. Induction of PAL by L-phenylalanine. L-
Phenylalanine was added to the sorbitol medium,
and cultivation was carried out at 300C for 18 h.
Symbols: 0, PAL activity; 0, cell growth.
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TABLE 1. Effect ofnatural organic nutrients on
PAL formation

Addition (%)@
Total activity Sp act (10-3

Yeast ex- Peptone (10-3 U/Mi) U/mg)
tract

0 0 14 12.8
0 0.1 33 18.6
0 0.5 79 27.4
0 1.0 92 28.7
0 1.5 97 25.4
0.1 0 43 19.4
0.1 0.1 71 23.0
0.1 0.5 123 33.2
0.1 1.0 133 28.9
0.1 1.5 107 27.5
0.5 0 114 30.0
0.5 0.1 128 32.0
0.5 0.5 139 30.8
0.5 1.0 159 30.5
0.5 1.5 148 28.4
1.0 0 147 30.0
1.0 0.1 157 30.1
1.0 0.5 164 28.8
1.0 1.0 190 31.0
1.0 1.5 136 25.1
1.5 0 154 26.1
1.5 0.1 164 28.7
1.5 0.5 150 25.5
1.5 1.0 154 26.2
1.5 1.5 137 22.9

aYeast extract and peptone were added to the
sorbitol medium containing 0.5% L-phenylaanine. Cul-
tivation was carried out at 300C for 18 h.
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FIG. 2. Typical time course of the formation of
PAL. Cultivation was carried out in the medium
containing 1% yeast extract, 1% peptone, 0.05% L-

phenylalanine, and 0.5% NaCl (pH 6.0) at 30°C. Sym-
bols: 0, PAL activity; 0, cell growth.

Thus, the optimum composition of culture me-
dium for the production of PAL by R. glutinis
was determined as described in Materials and
Methods. Under the optimum condition, maxi-
mum activity (0.3 U/ml of culture broth and
0.035 U/mg of dry cells) was attained at 18 h,
before the culture entered the stationary phase.

Conditions for the conversion of trans-
cinnamic acid to L-phenylalanine by intact
cells. To establish the optimum conditions for
the enzymatic conversion of trans-cinnamic acid
to L-phenylalanine by PAL activity of intact
cells, the following parameters were investi-
gated.

(i) Effect of trans-cinnamic acid concen-
tration on initial velocity of conversion.
Initial velocity of the conversion was varied with
the concentration of trans-cinnamic acid (Fig.
4). The apparent Km value was 4.2 mM for trans-
cinnamic acid. Substrate inhibition was ob-
served at a level of trans-cinnamic acid higher
than 60 mM. The substrate concentration ap-
propriate for the conversion was 30 to 60 mM.

(ii) Effect of ammonia concentration on
initial velocity of conversion. As shown in
Fig. 5, the apparent Km value of the reaction by
intact cells was very high, 3.17 M, for ammonia.
Therefore, it is advantageous to carry out the
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FIG. 3. Effect ofaddition ofL-isoleucine on stabil-
ity of PAL during cultivation. Cultivation was car-
ried out in the optimum medium described in the text
at 30°C. Symbols: 0, PAL activity; 0, cell growth.
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FIG. 4. Effect of trans-cinnamic acid concentra-
tion on initial velocity of conversion. Reaction mix-
ture contained I ml of cell suspension and 4 ml of the
substrate solution prepared according to the method
described in the text. Reaction was carried out at
30°C for 1 h.
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reaction at concentrations higher than 7 M.
(iii) Effect of pH on initial velocity of

conversion. The effect ofpH on the conversion
rate of trans-cinnamic acid to L-phenylalanine
by intact cells was investigated in the presence
of 50 mM trans-cinnainic acid and 7 M ammo-
nia. As shown in Fig. 6, maximum activity was
observed at pH 10.0. On the other hand, the
optimum pH for the deamination of L-phenyl-
alanine to trans-cinnamic acid was 8.8.

(iv) Effect of ammonitL concentration on
conversion yield. The conversion of trans-cin-
namic acid was carried out with various concen-
trations of ammonia. The conversion yield was
found to increase with increasing ammonia con-
centration. At a level of ammonia concen)tration
higher than 7.5 M, the conversion yield reached
72% of quantitative conversion (Fig. 7). Further
conversion, however, was hardly attained even
when a large excess of cells was used and the
incubation time was sufficiently prolonged.
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FIG. 5. Effect ofammonia concentration on initial
velocity of conversion. Reaction mixture contained 1
ml of cell suspension and 4 ml of the substrate solu-
tion prepared according to the method described in
the text. Reaction was carried out at 30°C for 1 h.
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From the above experiments on the enzymatic
properties of R. glutinis IFO 0559, it seems
preferable that the conversion of trans-cinnamic
acid at a concentration of 30 to 60mM be carried
out at pH 10.0 in the presence of 7.5 M ammo-
nium ion. From the standpoint of economical
L-phenylalanine production, however, it is desir-
able to increase the concentration of substrate
so as to increase the amount of the product.
Therefore, the practical production of L-phen-
ylalanine was carried out at a concentration of
substrate so as to increase the amount of the
product. Therefore, the practical production of
L-phenylalanine was carried out at a concentra-
tion of 150 mM trans-cinnamic acid, where the
conversion velocity was reduced to one-half the
maximum velocity.
Time course of the conversion of trans-

cinnamic acid to L-phenylalanine. A typical
production of L-phenylalanine from trans-cin-
namic acid is illustrated in Fig. 8. A 40-ml vol-
ume of cell suspension containing 20 g of dry
cells was prepared from 2,000 ml of the broth
cultured under the optimum conditions. A sub-
strate solution was prepared as follows: 4.4 g of
trans-cinnamic acid was dissolved in 90 ml of
28% anmmonium hydroxide, and then the solu-
tion was adjusted to pH 10.0 with about 23 ml of
36% hydrochloric acid and diluted with distilled
water to a final volume of 160 ml. The incubation
mixture, containing 40 ml of the cell suspension
and 160 ml of the substrate solution, was incu-
bated at 30°C with shaking. L-Phenylalanine
increased in proportion to the consumption of
trans-cinnamic acid. During the reaction, the
pH was maintained at 10.0, which is optimum
for the enzyme reaction. After 24 h, about 70%
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FIG. 6. Effect ofpH on initial velocity of conver-
sion. Reaction mixture contained 1 ml ofcell suspen-
sion and 4 ml of the substrate solution prepared
according to the method described in the text. Reac-
tion was carried out at 30°C for 1 h.
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FIG. 7. Relationship between ammonia concentra-
tion and conversion yield. Reaction mixture con-
tained 1 ml of cell suspension and 4 ml of substrate
solution prepared according to the method described
in the text. Reaction was carried out at 30°C for 20
h.
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FIG. 8. Conversion of trans-cinnamic acid to L -

phenylalanine by PAL in R. glutinis IFO 0559. The
reaction was carried out at 30°C. Symbols: 0, L--
Phenylalanine; *, trans-cinnamic acid.

of trans-cinnamic acid was converted to L-phen-
ylalanine. The reaction mixture contained 3.5 g

of L-phenylalanine, and 1.3 g of trans-cinnamic
acid remained. The accumulated L-phenylala-
nine did not decompose or racemize during the
incubation. After the reaction, however, PAL
activity ofthe recovered cells fell to 20% of initial
activity.
Isolation and identification of L-phenyl-

alanine. A 200-ml sample of the incubation
mixture, containing 3.5 g of L-phenylalanine and
1.3 g of trans-cinnamic acid, was centrifuged to
remove the cells. The excess ammonia was re-

moved in vacuo from the supernatant. The so-

lution was adjusted to pH 1.8 with HCI and
filtered to remove deposited trans-cinnamic
acid. The filtrate was passed through a column
packed with 500 ml of Amberlite IR-120 (H+
form) to adsorb L-phenylalanine. After a water
wash, L-phenylalanine was eluted from the col-
umn with 0.3 N NH40H. The eluant was evap-
orated to dryness in vacuo to give crude crystals
of L-phenylalanine (3.5 g, 100%). The crude crys-
tals were dissolved in a small volume of 1.5 N
NaOH and recrystallized by addition of 50%
acetic acid to give pure L-phenylalanine (2.4 g,
69%), showing a single spot by thin-layer chro-
matography. The melting point was 2590C de-
composition. The optical rotation was [a]D' =

-34.3° (c = 1, water). This value was equivalent
to 100% optical purity. Elemental analysis cor-

responds to C9H11N102; calculated: C, 65.43%, H,
6.71%; N, 8.48%; found: C, 65.43%; H, 6.71%, N,
8.48%.

DISCUSSION
Ever since yeast was found to contain PAL,

the formation of this enzyme by a variety of
microorganisms has been reported (1, 7, 9, 12).
The PAL activity in most of these microorga-
nisms, including R. glutinis, was found to be
unstable during cultivation (5). Thus the obser-

vation, shown in Fig. 3, that L-isoleucine addition
stabilizes PAL activity in culture is noteworthy.
Since DL-isoleucine was nearly equally effective,
D-isoleucine seemed to be effective to some ex-
tent. Detailed experiments on the peculiar be-
havior of isoleucine isomers are in progress, but
we postulate that isoleucine isomers inhibit an
inactivation system of PAL, such as that sug-
gested in plant tissues (2-4, 14, 15). Additionally,
while PAL induction in the resting cells by L-
phenylalanine and other compounds is under
study, PAL induction by isoleucine isomers is
also observed. It may be that PAL induction by
L-isoleucine is maintained for a longer time dur-
ing fermentation than that by L-phenylalanine.
With respect to the action of PAL, most pre-

vious reports have studied in detail the catalytic
role ofPAL in the conversion of L-phenylalanine
to trans-cinnamic acid. The authors of British
patent no. 1,489,468 (Pfizer Inc., published 19
October 1977) and U.S. patent no. 3,957,580
(Pfizer Inc., published 18 May 1976) have re-
ported the utilization of PAL for the production
of L-phenylalanine by the enzymatic conversion
of trans-cinnamic acid.
The authors of the British patent claim that

the normal reaction between . trans-cinnamic
acid and L-phenylalanine is an 80:20 equilibrium
in favor of trans-cinnamic acid and that a yield
of L-phenylalanine approaching the theoretical
conversion, 20% L-phenylalanine, may be ob-
tained by employing a large mass of cells and
excess ammonium ions. In the actual examples
of this patent, however, both the conversion
yield and the final concentration of L-phenylala-
nine were less than 5% and 2.5 mg/ml, respec-
tively. On the other hand, the method of this
report was able to increase the conversion yield
*to more than 70% and to accumulate L-phenyl-
alanine at a concentration of about 18 mg/ml.
This apparent discrepancy may be attributable
to differences in optimization of the conditions
for the conversion reaction. The most important
reason for high productivity seems to be that
the strong substrate inhibition at higher concen-
trations of trans-cinnamic acid (>150 mM) was
avoided and extremely high ammonia concen-
trations were used at high pH. The conversion
yield was dependent on the concentration of
ammonia but not on the molar ratio of ammonia
to trans-cinnamic acid. After the reaction, how-
ever, PAL activity of the recovered cells was
markedly reduced by high concentration of am-
monia and high pH of the reaction mixture.
Accordingly, reuse of the cells seemed to be
impractical.
On the other hand, the authors of the U.S.

patent list the immobilization methods for R.
glutinis having PAL activity. However, details

VOL. 42, 1981



APPL. ENVIRON. MICROBIOL.

of the reaction, the conversion yield, and the
final concentration of L-phenylalanine are ob-
scure. Although the experimental data were not
presented, we also prepared k-carrageenan-im-
mobilized cells of R. glutinis by the method
described previously (16). The activity yields of
the immobilized cells were about 64% of the
intact cells. The immobilized cells could be
reused, but their activity was reduced to about
30% of the initial activity, as was the case with
the intact cells. Accordingly, up to the present,
it seems that the use of immobilized cells offers
no advantage over the batch method with intact
cells.

Strictly speaking, it requires more data to
discuss the economics of the method. Further-
more, reuse of the intact cells or the stabilization
of the immobilized cells is an important problem
for the perfection of an ideal process. However,
the reported data show that one can readily and
practically prepare L-phenylalanine as an essen-
tial amino acid by enzymatic conversion of
trans-cinnamic acid with PAL in R. glutinis. As
a commercial process, this is of potentially great
value to the amino acid industry.
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