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ABSTRACT: In order to overproduce L-phenylalanine, various kind of regulatory mutants were iso-
lated from parental Escherichia coli K-12. MWEC 83 Producing 7.4 g/ [ of L-phenylalanine has been
derived as a tyrosine and tryptophan double auxotrophic mutant. To produce L-phenylalanine without
adding L-tyrosine and L-tryptophan, revertant strain MWEC 101 was isolated from MWEC 83. Fur-
ther various analogues and valine resistant mutants were isolated from MWEC 101. MWEC 101-5 was
the most excellent strain that produced 17.9 g// of L-phenylalanine after having been cultivated for 54
hours in 15% glucose medium. It was disclosed that activities of rate-limiting enzymes including choris-
mate mutase and prephenate dehydratase in MWEC 101-5 were desensitized to 2mM L-phenylalanine in
the enzyme reaction mixture and that activities level of 3-deoxy-D-arabino-heptulosonic acid-7-phos-
phate synthase and prephenate dehydratase were increased more than 20 times over those of the paren-

tal strain.
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L-Phenylalanine is an important amino acid not
only as an essential amino acid for human nutrition,
but also as a component for use in medical infusions.
Further, it is now in use as an important raw material
of the diet sweetner aspartame, which is a peptide of
L-phenylalanine methyl ester and L-aspartic acid.
Thus the demand for L-phenylalanine is on a rapid
increase, along with L-aspartic acid.

A variety of methods have been used for the pro-
duction of L-phenylalanine. These include extraction
from natural proteins, chemical synthesis, produc-
tion from trans-cinnamic acid (Hattori ef al., 1981;
Yamada et a/., 1981) and the direct fermentation of
sugar by Brevibacterium sp., Corynebacterium sp.
(Nakayama ef al., 1973; Hagino et al., 1974) and E.
coli (Choi and Tribe, 1982).

Im and Pittard (1971) isolated mutants of E. coli
resistant to o- and p-fluoro-phenylalanine which
were constitutively depressed by chorismate mutase
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(CMase) and prephenate dehydratase (PDase). Choi
and Tribe (1982) obtained L-phenylalanine overpro-
ducing strains of E. co/i by the ‘‘systematic construc-
tion of multiple mutation strains’’ in which meta-
bolic regulation was released. This strain produced
8.7 g/! of L-phenylalanine. Hwang et al. isolated
a tyrosine auxotroph which was resistant to PFP (p-
fluorophenylalanine) and A-TA (8-(2-thienyl)DL-
alanine) that overproduced L-phenylalanine. These
mutants accumulated 15 g// of L-phenylalanine. Gil
et al. (1985) used these mutants in a pilot plant to
produce 15 g// of L-phenylalanine.

In this report the authors described the isolation
and properties of E. coli regulatory mutants which
overproduced L-phenylalanine. The mutant number-
ed MWEC 101-5 was found to be the best for L-phe-
nylalanine production. Tk~ strain produced 17.9 g//
of L-phenylalanine and had genetically desensitizied
DAHP synthase (DAHPase) and chorismate mutase
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(CMase)-prephenate dehydratase (PDase).
MATERIALS AND METHODS

Strains and media

All mutants were directly derived from E. coli
K-12. The minimal medium (MM) was used as a se-
lective medium in the isolation of regulatory mut-
ants and for the growth of cells in cell extract prepa-
ration. The MM medium, pH 7.0, contained the fol-
lowing components per liter: 5g of glucose, 1g of
(NH,),S0,, 2g of KH,PO,, 7¢g of K,HPO,, 0.1g of
MgSO,-7TH,0 and 0.5g of Na-citrate. The fermenta-
tion medium, pH 7.0, contained per liter, 50g of
glucose, 20g of (NH),50,, lg of KH,PO,, 1g of
K,HPO,, 1g of K;SO,, 10 mg of FeS0,-7H,0, 10 mg
of MnSO,7H,0, 5 mg of CoCl,-6H,0, 10 mg of
ZnSO,7H,0, 0.2g of MgSO,-7H,0, 5 mg of thiami-
ne HCI and § mg of nicotinic acid. The pH was con-
trolled by the automatic addition of IN NH,OH.
Cells were grown in a S-liter fermenter (Model F-
2000; New Brunswick Scientific Co., U.S.A.), oper-
ated with a liquid volume of 3 liters.
Isolation of mutants

Cells were mutagenized by the treatment with N-
methyl-N '-nitro-N-nitrosoguanidine and/or ultra-
violet light irradiation. Ampicillin was used for anti-
biotic enrichment of amino acid auxotrophs.
Cell growth

The growth of cells was monitored by the spectro-
photometer at the optical density of 610 nm.
Chemicals

Phosphoenolpyruvate, erythrose-4-phosphate,
Ba-prephenate, Ba-chorismate, aromatic amino acid
analogues were purchased from Sigma Chemical Co.
All other chemicals used in the experiment were of
analytical reagent grade.
Preparation of cell extracts

After centrifugal separation at 7,000 rpm for 10
minutes at 4°C, cells were washed twice in ice-cold
0.9% (w/v) NaCl solution and suspended in 5 m/ of
appropriate buffers (Choi, 1981). Cell breakage was
then achieved using a Fisher sonic dismembrator
(Fisher, Model 300, West Germany), for two to four
minutes. Between bursts of 30 seconds, the cell sus-
pensions were chilled in an ice-bath for 60 seconds to
minimize enzyme denaturation from overheating.
Extracts were clarified by centrifugal separation at
12,000 rpm for 20 minutes and then assayed immedi-
ately.
Determination of enzyme activity

DAHP synthase (EC.4.1.2.15) activity was deter-
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mined by measuring the amount of DAHP formed
from erythrose-4-phosphate and phosphoenolpyru-
vate (Camakaris, 1971; Srinivasan and Sprinson,
1959). The incubation mixture contained 0.58 x mole
of erythrose-5-phosphate, 0.5 xmole of phosphoe-
nolpyruvate, and a rate limiting amount of enzyme in
a total volume of 0.5 m/. DAHP was estimated ac-
cording to the method of Doy and Brown (1965). The
concentration of DAHP and hence the specific acti-
vity was calculated using the molar extinction coeffi-
cient of 33,400.

Chorismate mutase and prephenate dehydratase
assays were carried out as described by Gething e al.
(1976). Chorismate mutase was assayed by measuring
the rate of conversion from chorismate to prephenate
and phenylpyruvate. The activity was assayed in a 0.4
m/ reaction mixture containing 1 mM chorismate, 50
mM Tris-Cl, pH 7.8, 2.5 mM EDTA, 0.01% bovine
serum albumin and 20 mM 2-mercaptoethanol. Pre-
phenate dehydratase was assayed by measuring the
rate of conversion from prephenate to phenylpyru-
vate. The activity was assayed in a 0.4 m/ reaction
mixture containing 0.5 mM barium prephenate, 20
mM Tris-Cl, pH 8.2, 1.0 mM EDTA, 0.01% bovine
serum albumin and 20 mM 2-mercaptoethanol.
Protein determination

Protein determination of the cell extracts was car-
ried out colorimetrically using the method of Lowry
et al., (1951) with bovine serum albumin as a stan-
dard.

Unit of enzyme activity

Enzyme assays were all carried out at 30 °C under
conditions of linearity with respect to incubation
time and the amount of enzyme used. The unit of ac-
tivity is the amount of enzyme converting 1 xmole of
product per minute at 30°C. Specific activities are
given as a unit of enzyme activity per mg of protein.
L- Phenylalanine analysis

L-Phenylalanine was assayed by HPLC using a
Waters C 18 column with a mobile phase of 35% me-
thanol, 0.05M phosphate buffer, pH 7.2, and also
using and OPA (orthophtaldehyde) precolumn deri-
vatization.

RESULTS AND DISCUSSION

Isolation of regulatory mutants

In order to isolate regulatory mutant, E. coli K-12
grown on a minimal medium were centrifuged and
resuspended in an equal volume of saline. As a survi-
val of 0.1-1% is used for mutagenesis.
(a) Auxotroph isolation
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Table 1. L-Phenylalanine production by some of the
auxotrophic mutants derived from E. coli K-12

L-Phenylalanine

Strains Phenotype?

produced (mg/ mf)?
E. coliK-12 wild type —
MWEC 23 Tyr 2.3
MWEC 24 Tyr 3.8
MWEC 27 Tyrlea 5.4
MWEC 36 Tyrlea, Trp- 6.0
MWEC 83 Tyr-, Trp- 7.4
MWEC 87 Trp~ 3.1
MWEC 90 Tyrlea, Trp- 5.7

aAbbreviation: Tyr-, Tyrosine auxotroph; Tyr'ea, Tyro-
sine leaky; Trp-, Tryptophan auxotroph; Trp%?, Trypto-
phan leaky.

bFermentation was carried out in a 5-liter jar fermenter
containing the production medium supplemented with 20
mg/ m/ of required amino acids.

L-Phenylalanine production by various tyrosine
and/or tryptophan auxotroph is summarized in
Table 1. The best strain MWEC 83 produced 7.4 g//
of L-phenylalanine which was a tyrosine, tryptophan
double auxotrophic mutant.

(b) Analogue resistant mutant

In order to improve the yield of L-phenylalanine,
the authors tried to isolate various analogue resistant
mutants from the E. coli auxotrophic mutant previ-
ously mentioned in Table 1. The isolation of mutants
in which the mutation desensitizes to phenylalanine
inhibition was also achieved by the use of the phenyl-
alanine analogues. In Fig. 1 the degree of growth in-
hibition for E. coli K-12 by various L-phenylalanine
analogues is shown. From the above results, PAP,
B-TA, MFP and 3-AT were choosen as analogues
for the isolation of various analogues resistant mu-
tant for exertion of a strong inhibition on growth.

In Table 2 various phenylalanine and/ or tyrosine
analogue resistants obtained in these experiments are
summarized, together with the ievel of L-phenylal-
anine. The strain MWEC 83-101 produced 11.3 g//
of L-phenylalanine which was a PAP (5§ mg/m/) re-
sistant mutant. In order to produce L-phenylalanine
without the addition of tyrosine and tryptophan,
strain MWEC 101 isolated from MWEC 83, tyrosine
and tryptophan double auxotroph. Almost all strains
of revertants produced relatively small amounts of
phenylalanine., Also, the authors isolated various
analogues and valine resistant mutant from MWEC

KOR. JOUR. MICROBIOL.

80

Relative growth (%)

201

i A A 1

0 100 300 500 1000

Concentration (ug/ml)

Fig. 1. Degree of growth inhibition for E. coli K-12 by
various phenylalanine and tyrosine analogues.
Symbols used: (O), p-amino-DL-phenylalanine;
(&),  -(2-Thieny)DL-alanine; (1), m-fluoro-DL-
phenylalanine; (0), o-fluoro-DL-phenylalanine;
(®), p-fluoro-DL-phenylalanine and (&), 3-amino
tyrosine.

Table 2. L-Phenylalanine production by some of E. coli
regulatory mutants derived from auxotrophic

mutants
. . L-Phenylalanine
Strains Characteristics produced (g/ ¢
MWEC 23-54 Tyr-, PAP’, MFP’ 6.6
MWEC 27-36  Tyrle, MFP/, 8-TA’ 8.7
MWEC 101-3  PAP’, 3-AT’, 8-TA’ 15.1
MWEC 101-5 PAP’, 3-AT’, 8-TA', Val” 17.9
MWEC 101-6-7 PAP7, MFP’, 8-TA’, Val’ 16.4
MWEC 83-101 Tyr-, Trp-, PAP’ 11.3
MWEC 90-54  Tyrka, Trp¥e, PAP* 9.6

2The cultivation was carried out at 30°C for 50 hrs in fer-

mentation medium.

101. The best strain MWEC 101-5 produced 17.9 g/ /
of L-phenylalanine. Especially, valine exerted a great
degree of inhibition on growth at 3 mg/m/ concen-
tration in E. coli (unpublished results). Also, it may
be that the valine resistance in improved L-phenyl-
alanine producers contributes to increasing the yield
of L-phenylalanine.
Enzyme analysis of E. coli regulatory mutants
Chorismate mutase, prephenate dehydratase and
DAHP synthase were assayed in the crude enzyme
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preparation from various regulatory mutants. As
shown in Table 3, in the best strain MWEC 101-5,
both DAHP synthase and prephenate dehydratase
activity increased over twenty times higher than those
of the parent strain E. coli K-12. These results indi-
cated that the prephenate dehydratase activity in
phenylalanine overproducers was more important
than chorismate mutase for L-phenylalanine produc-
tion. Both activities of the CMP-PDH complex, na-
mely chorismate mutase and prephenate dehydratase
activities are reported to be feedback controlled by
the allosteric inhibitor phenylalanine, although the
dehydratase activity is generally more sensitive than
the mutase activity (Dopheide et al., 1972 ; Gething et
al., 1976). Data illustrating the degree to which cho-
rismate mutase and prephenate dehydratase of the
strain MWEC 101-5 differ from those of the refer-
ence strains, E. coli K-12, MWEC 101-3 and MWEC
101-6-7 in the sensitivity to feedback inhibition are

Table 3. Enzyme activities of E. coli regulatory mutants

Specific activities (relative activities)

Strains

CMase PDase DAHPase
E. coliK-12 1.3(1.0) 0.7(1.0) 0.68(1.0)
MWEC 27-36 8.9(6.9) 10.3(14.5) 7.6(11.2)
MWEC 101-3 10.0(7.7) 10.9(15.3) 8.1(11.9)
MWEC 101-5 12.8(9.9) 14.6(20.6) 14.7(21.6)
MWEC 101-6-7 11.7(9.0) 11.1(15.6) 12.0(17.6)
MWEC 83-101 9.8(7.5) 10.3(14.5) 8.0(11.8)

Enzyme assays were carried out as described under Mate-
rials and Methods. Specific activities are given as units of
enzyme activity per mg of protein.

Abbreviations: CMase, Chorismate mutase; PDase, Pre-
phenate dehydratase; DAHPase, DAHP synthase.
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given in Table 4. From the results shown in the Table
4, the control strains E. coli K-12 show 90-92 percent
inhibition of chorismate mutase and prephenate de-
hydratase activity in the presence of 2 mM phenyl-
alanine, while on the other strains, both enzyme acti-
vities were approximately desensitized to 2 mM phe-
nylalanine. Also these show that the prephenate de-
hydratase activity in these improved L-phenylalanine
producers is more desensitized to phenylalanine inhi-
bition. It may be one of the factors that led to the
overproduction of L-phenylalanine in this experi-
ments. However, it is not clear why the activity of
prephenate dehydratase is more desensitized.

It has been reported that the synthesis of the three
3-deoxy-arabino-heptulosonate-7-phosphate(DAHP)
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Fig. 2. Feedback inhibition of DAHP synthase(tyr) by
tyrosine.
Symbols used: (@), E. coli K-12; (), MWEC
101-5 and (O), MWEC 101-6-7.

Table 4. Sensitivity of chorismate mutase and prephenate dehydratase to L-pnenylalanine inhibition for E. coli reguia-

tory mutants

Chorismate mutase

Relative activity in the

Prephenate dehydratase
Relative activity in the

R Specific ) Specific
Strains . presence of L-phe(%) . presence of [.-phe(%)
activity activity
00 025 05 1.0 2.0(mM) 0.0 025 05 1.0 2.0(mM)
E. coliK-12 1.30 100 46.2 31.8 11.7 9.8 0.71 100 38.3 21.6 10.1 7.8
MWEC 101-3 10.0 100 783 75.0 70.4 68.3 10.9 100 837 B80.2 78.6 75.3
MWEC 101-5 12.8 100 92.5 90.8 90.7 90.8 14.6 100 95.2 93.0 92.7 92.5
MWEC 101-6-7 11.7 100 91.7 90.0 89.7 87.4 11.1 100 93.8 92.0 89.9 88.8

9Cell extracts were prepared from the cells grown in medium MM at 30°C.
bThese show the final concentration of L-phenylalanine in the reaction mixture for enzyme assay.
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Fig. 3. Time course of L-phenylalanine production by
MWEC 101-5 at 30°C with 5 liter jar fermentor.
Symbols used: (@), Cell growth; (O), L-Phenyl-
alanine and (&), Glucose

synthase isoenzyme are repressible by the corres-
ponding end-product (Tribe and Pittard, 1979;
Brown and Somerville, 1971).

But the restriction imposed on phenylalanine

3_1
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overproduction with E. coli by these inhibition ef-
fects can be easily removed since regulatory muatants
of E. coli have been isolated in which the sensitivity
of each of the DAHP synthases to feedback inhibi-
tion was lost (Camakaris and Pittard, 1971). In Fig. 2
the feedback inhibition of DAHP synthase by tyro-
sine is shown. Control strains show 95 percent inhibi-
tion of activity in the presence of 1 mM phenylalani-
ne. The improved strains were desensitized to tyro-
sine inhibition. Obviously these factors affecting the
supply of chorismate are key factors to consider in
phenylalanine overproducing strains.
Time course of L-Phenylalanine production

An example of the time course of fermentation by
MWEC 101-5 is represented in Fig. 3. From 15% glu-
cose, 17.9 g// of L-phenylalanine was finally obtain-
ed after having been cultivated for 54 hours. Deter-
mination of the optimum concentration of glucose in
fermentation medium is extremely important for the
establishment of an economical medium. Strains are
under way to define optimum fermentation medium.

2
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