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One of the major unsolved problems in the bio-
synthesis of aromatic compounds by micro-
organisms is the process by which shikimic acid
5-phosphate is converted into anthranilic acid. This
involves the formation of an aromatic ring and the
introduction of nitrogen into the molecule and
might therefore be expected to take place in several
steps. Although tryptophan auxotrophs that appear
to have a metabolic lesion in this region of the
pathway have been known for many years (Yanof-
sky, 1955; Tatum, Bonner & Beadle, 1943; Nye,
Mitchell, Leifer & Langham, 1949; Gots, Koh &
Hunt, 1954), there have been no reports of the
accumulation of possible intermediates by such
cells. Investigations of accumulations by whole
cells of certain tryptophan auxotrophs yielded
mixtures of phenolic compounds (Pittard, Gibson &
Doy, 1961, 1962 ; Doy & Gibson, 1961). The relation
of these compounds to tryptophan synthesis, how-
ever, was not clear, and it was decided to seek
further information on the eonversion of shikimic
acid 5-phosphate into anthranilic acid by using
cell-free extracts of bacterial auxotrophs.

Srinivasan (1959) reported briefly on the enzymic
synthesis of anthranilic acid from shikimic acid
5-phosphate by cell-free extracts of a mutant strain
of Escherichia coli. He found that, with shikimic

acid 5-phosphate as substrate, glutamine and NAD,
NADH, or NADP were required for optimum
synthesis.

The present work confirms and extends the results
of Srinivasan. The experimental system used was
also suitable for examining the biosynthesis of
phenylalanine and tyrosine. Part of this work has
been briefly reported (Morgan, Gibson & Gibson,
1962).

MATERIALS AND METHODS

Organisms. Various auxotrophic strains of Escherichia
coli and Aerobacter aerogenes were used. These strains were
obtained by penicillin selection (Davis, 1948; Lederberg &
Zinder, 1948) after ultraviolet irradiation. The wild-type
strain of A. aerogenes was first irradiated and a non-
capsulated variant isolated, this variant being used as the
parent strain for the auxotrophs used. Some details of the
strains used are set out in Table 1.

All strains were maintained on meat infusion-agar slopes
and subcultured monthly.

Preparation and fractionation of cell extracts. The cells
were grown in the citric acid-mineral salts mixture de-
scribed by Vogel & Bonner (1956), supplemented with
0-169, of glucose, 0-0059%, of acid-hydrolysed casein and
indole (2 pg./ml.). The concentration of indole was made
limiting to encourage de-repression on the tryptophan
pathway.
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Table 1. Strains of auxotrophs

Substances listed under ‘Growth requirement’ are the supplements needed for growth in glucose-mineral

salts medium.

Compound(s)
accumulated by

Auzxotroph
A. aerogenes T17

Growth requirement,
Tryptophan or indole

A. aerogenes NC3 Tryptophan or indole

or anthranilic acid

E. coli W2-5% Tryptophan or indole

* See Doy, Rivera & Srinivasan (1961).

cell suspensions
Anthranilic acid

Phenolst

Anthranilic acid

t See Pittard, Gibson & Doy (1961).

Probable site of metabolic lesion

N-(5-Phosphoribosyl)anthranilic
acid - 1-(o-carboxyphenylamino)-
deoxyribulose 5-phosphate*

Between the last intermediate common
to the synthesis of all the aromatic
amino acids and anthranilic acid

Anthranilic acid +— N-(5-phospho-
ribosyl)anthranilic acid*

} See Discussion.

Quantities (11.) of medium were inoculated with about
10° cells from a 6-8 hr. shaken meat-infusion broth culture.
The 1 1. cultures in 2 1. flasks were then grown at 37° while
aerated (400 ml./min.) through a central sintered-glass
filter; alternatively, 1 1. quantities were shaken on a rotary
shaker at 30°. Flasks were incubated overnight. No differ-
ences were noted in enzyme preparations from the cells
grown at different temperatures.

The cells from each flask were spun down and washed
once in about 250 ml. of cold 0-99, NaCl solution. In early
experiments cells were smashed in a Hughes (1951) press at
approximately —20° and taken up in 10 ml. of 0-1M-tris
buffer, pH 7-8. The resulting highly viscous material was
centrifuged at 24500g for 30 min., the clear supernatant
decanted (crude extract) and stored at ~—20°. In later
experiments the cells were smashed in a MSE-Mullard
500 w ultrasonic disintegrator after resuspending the
washed cells in 4 ml. of 0-1 M-tris buffer, pH 7-8/g. wet wt. of
cells. After centrifuging as above the supernatants (crude
extract) were stored at —20°. All the experiments de-
seribed involving fractionation of enzymes were carried out
after ultrasonic treatment.

Nucleic acids were removed from the crude extract by
the addition of 1-5 ml. of M-MnCl,/20 ml. of extract, stirring
for 10 min., centrifuging (24000g for 10 min.) and de-
canting the supernatant.

Ammonium sulphate fractionations were carried out by
adding solid (NH,),S0, to the required saturation (72 g./
100 ml. was regarded as 1009, saturation), stirring for
10 min., centrifuging (24000g for 10 min.), decanting the
supernatant and taking up the deposit in 0-1m-tris buffer,
pH 7-8, and dialysing against 0-01 M-tris buffer, pH 7-8, for
2 hr. All the operations described above were carried out
at 0-5°.

Reagents. The reagents used with the exception of shiki-
mic acid 5-phosphate, which was kindly given by Dr B.
Davis, were obtained commercially and not further purified.
Ribose 5-phosphate solutions were made by treating the
barium salt with a slight excess of Na,SO,, and removing
and washing the precipitate by centrifuging. Boiled crude
extract was made by heating crude extract prepared as
above for 5-10 min. at 100°. Buffer recipes were taken
from Dawson, Elliott, Elliott & Jones (1959).

Enzyme reactions. The mixture of enzyme and substrate
was usually in a final volume of 1 ml. All tests were carried
out at 37°.

Analytical methods

Anthranilic acid. In the earlier experiments anthranilic
acid was estimated by the Bratton & Marshall (1939) test
for diazotizable amines as described by Gibson & McDougall
(1961). This method was not specific and it was found more
convenient to extract anthranilic acid into ethyl acetate
and estimate it spectrophotometrically. To 1 ml. of test
solution was added 0-1 ml. of N-HCI, followed by 4 ml. of
ethyl acetate. The tubes were mixed by inversion 10-15
times and centrifuged at a low speed to separate the sol-
vent. The extinction of the ethyl acetate layer was mea-
sured against an ethyl acetate blank at 336 mu. The con-
centration of anthranilic acid was calculated by assuming
an extinction coefficient at 336 mu of 4900 (Doy & Gibson,
1959). Except for the experiment of Fig. 3, the extraction
method was used in the work described.

Phenylpyruvic acids. The phenylpyruvic acids were de-
tected after acidification and extraction of reaction mix-
tures with ethyl acetate as in the anthranilic acid esti-
mations. Immediate spectra and spectra after overnight
incubation of the ethyl acetate extracts at 30° were re-
corded. A spectrum with a peak at 288 my was obtained
after incubation. Extinction at 288 mu for a given con-
centration of phenylpyruvic acid varied somewhat from
experiment to experiment although it was consistent in any
one experiment. Therefore the amount of phenylpyruvic
acids present in ethyl acetate extracts is expressed in terms
of the extinction at 288 myu rather than as concentrations.

Adenosine 5'-triphosphate. Adenosine triphosphate was
estimated by a micro-method using a luciferin-luciferase
extract of ‘Live-desiccated’ Firefly Tails (Sigma Chemical
Co.) and following the method given with the extract. A
calibration curve was prepared each time the test was
performed. The presence of 1 umole of ATP in this test
produced approximately 359, transmission.

Shikimic acid. Two methods were used for the estimation
of shikimic acid: colorimetric and microbiological. The
colorimetric assay was that described by Gaitonde &
Gordon (1958). To 3 ml. of solution containing 2-10 ug. of
shikimic acid was added 0-5 ml. of periodic acid (1%, w/v)
and the mixture allowed to stand 3 br. A portion (0-5 ml.)
of N-NaOH, followed immediately by 0-3ml. of 0-Im-
glycine, was added with shaking. Extinction at 380 mu
was measured as soon as possible. Despite the glycine,
which is reported to stabilize the chromophore, extinction
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was not steady, so readings were made as soon as possible
and a standard curve was prepared for each assay.

The microbiological assay was essentially that described
by Davis & Mingioli (1953), except that the Vogel & Bonner
(1956) medium was used. In experiments where it was in-
tended to estimate both shikimic acid and shikimic acid
5-phosphate separately, experimental samples of 0-2 ml. or
less were autoclaved in Na,CO; solution (Davis & Mingioli,
1953) and then sterile medium, supplemented with -
tyrosine (0-1 mym), pL-phenylalanine (0-2 mm) and glucose
(0-169,), was added. The inoculum was 5 ul. of a 5 hr.
culture of E. coli 83-1. After incubation at 37° for 18 hr.
extinction of the culture at 450 mu was recorded.

Shikimic acid 5-phosphate. The estimation of shikimic
acid 5-phosphate was carried out by treating samples with
alkaline phosphatase and estimating the shikimic acid
liberated. Experimental samples (0-1 ml.) containing 0-02—
0-1 pmole of shikimic acid 5-phosphate were incubated with
0-1 m}. of alkaline phosphatase solution (1 mg./ml. in 0-1M-
veronal buffer, pH 10-1) for 30 min. at 37°. The volume
was made up to 3 ml. with water and the samples were
assayed for shikimic acid.

Alternatively a sample containing 0-02-0-1 pmole of
shikimic acid 5-phosphate was autoclaved (151b./in.2 for
30 min.) with an equal volume of 0-2n-HCl. Shikimic acid
5-phosphate is 25-30 9, hydrolysed under these conditions
to yield shikimic acid. A control tube for each sample was
autoclaved with an equal volume of 0-2M-Na,CO,. The
volumes were then made up to 3 ml. with water and the
samples assayed for shikimic acid.

With mixtures of shikimic acid and shikimic acid 5-
phosphate, assay for the former compound before and after
hydrolysis allowed estimation of both compounds.

Protein. Protein was estimated by the method of Lowry,
Rosebrough, Farr & Randall (195).

Chromatography. Ascending paper chromatography was
carried out on Whatman no. 1 paper as described by
Pittard et al. (1961). The following single-phase solvent
systems were used: methanol-butan-1-ol-benzene-water
(2:1:1:1, by vol.); benzene-acetic acid-water (125:72:3,
by vol.); butan-1-ol-acetic acid~water (12:3:5, by vol.).

Spectrophotometry. A Unicam SP. 500 spectrophotometer
was used. All spectra were read at 5 my intervals or less.

RESULTS

Conversion of shikimic acid into anthranilic
acid by crude cell extracts

Preliminary experiments were based on the
results of Srinivasan (1959). In contrast with
Srinivasan’s results, our cell extracts converted
shikimic acid as efficiently as they converted
shikimic acid 5-phosphate into anthranilic acid.
Further, the addition of a sugar phosphate was
found to stimulate the conversion.

As is shown in Table 2, the conversion of shikimic
acid into anthranilic acid by crude cell-free extracts
was found to be stimulated by magnesium chloride,
L-glutamine, ATP, NAD and ribose 5-phosphate.
The rate of anthranilic acid production and the
utilization of shikimic acid and shikimic acid 5-
phosphate are shown in Figs. 1 and 2. Anthranilic

SYNTHESIS OF AROMATIC COMPOUNDS

231

acid production began after a short lag and
generally ceased after 1-14 hr. The experiment illus-
trated in Fig. 1 shows an 88 9, conversion of the
shikimie acid utilized into anthranilic acid, but
yields were frequently lower than this. It was
found consistently that shikimic acid and shikimic
acid 5-phosphate were equivalent as substrates. All
extracts were capable of rapidly phosphorylating
shikimic acid, and, during the formation of anthr-
anilic acid from the complete system, shikimic acid
5-phosphate accumulated and was later removed
(Fig. 2). Omission of ribose 5-phosphate or NAD
from the complete system decreased by approxi-
mately 509, the amount of shikimic acid 5-phos-

Table 2. Requirements for the conversion of shikimic
acid into anthranilic acid by crude cell extracts

The complete system contained 50 pmoles of tris—HCI
buffer, pH 8-2, 1 umole of shikimic acid, 5 umoles of MgCl,,
5 pmoles of L-glutamine, 1 umole of ATP, 1 pmole of NAD,
1 pmole of ribose 5-phosphate. All tubes contained T17
cell extract (2 mg. of protein) in a final volume of 1 ml.
Incubated for 60 min. at 37°.
' Anthranilic acid

formed

Substrate omitted (pm-moles)
None (complete system) 540
Shikimic acid 26
MgCl, 170
L-Glutamine 26
ATP 30
NAD 170
Ribose 5-phosphate 34
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Fig. 1. Removal of shikimic acid and formation of anthr-
anilic acid. Crude extract of strain T17 (2 mg. of protein/
ml.) was incubated in the complete reaction mixture of
Table 2 at 37°. Samples were removed at intervals and
assayed. @, Anthranilic acid; O, total shikimic acid
(shikimic acid plus shikimic acid 5-phosphate). Shikimic
acid was determined by the method of Gaitonde & Gordon
(1958).
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phate utilized. Ribose 5-phosphate could be re-
placed by fructose 6-phosphate or glucose 6-phos-
phate.

Requirement for ATP. The effect of ATP on
anthranilic acid production from shikimic acid was
variable. Table 2 shows an 18-fold decrease in
anthranilic acid production when ATP was omitted
from the system, and on some occasions ATP had
no effect or even an inhibitory effect on anthranilic
acid production. Fig. 3 shows the effect of ATP
as determined on two separate occasions. Inmneither
case was the requirement for ATP absolute, and
increase in ATP concentration above approxi-
mately 0-5 pmole/ml. was inhibitory. Analysis by
the luciferin-luciferase method showed that one
freshly prepared extract contained 0-03 pmole of
ATP/ml., and another extract that had been stored

0-8

0-6

04

02

Shikimic acid or shikimic acid
5-phosphate (umole)

Time (min.)

Fig. 2. Removal of shikimic acid and appearance of
shikimic acid 5-phosphate. Conditions were given in
Table 2. Samples were removed at intervals and assayed
for @, shikimic acid and O, shikimic acid 5-phosphate.
Shikimic acid was determined by the method of Gaitonde
& Gordon (1958). Shikimic acid 5-phosphate was deter-
mined after treatment with alkaline phosphatase to liberate
shikimic acid.

07

Anthranilic acid formed
(pmole)
o
[V,]

0,3 1 1 Il
0 0-5 1-0 1-5 2:0
ATP (umoles/ml.)

Fig. 3. Requirement of ATP for anthranilic acid formation
from shikimic acid. Crude extract of strain T17 (@, 2 mg.
of protein/ml./hr.; O, 1-3 mg. of protein/ml./45 min.) was
incubated in the complete reaction mixture minus ATP
(see Table 2) at 37° for the times indicated. ATP was added
to give the concentrations shown.
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for about 3 months at —20° contained < 0-005
pmole/ml. These amounts are far too low to account
for the consistent phosphorylation of shikimic acid
in the absence of added ATP.

Requirement for L-glutamine. L-Glutamic acid or
ammonium chloride either singly or together did
not replace the requirement for r-glutamine in the
complete system for anthranilic acid production
(Table 3). Progressive stimulation of anthranilic
acid production was observed for concentrations of
L-glutamine up to 4 mmM; 10 muM concentration had
no inhibitory effect.

Requirement for NAD. The requirement for NAD
was not absolute with crude extracts. There was no
further stimulation of anthranilic acid production
above 0-2 mM-NAD, and 2 mM was not inhibitory.
NAD could be replaced by NADH, in the complete
system, and the addition of NADH, to the com-
plete system stimulated slightly (Table 4).

Ribose 5-phosphate and related compounds as sub-
strates. Srinivasan (1959) reported that some ex-
tracts were inactive unless they were fortified with
yeast extract, suggesting a possible requirement for
another cofactor. In the present studies it was
found that phosphorylated sugars stimulated

Table 3. Comparison of L-glutamine, L-glutamic acid
and ammonium chloride as substrates for the con-
version of shikimic acid into anthranilic acid by crude
cell extracts

All tubes contained T 17 cell extract (1:3 mg. of protein)
incubated as in Table 2 except that glutamine was replaced

by the additions (5 pmoles/ml.) shown.
Anthranilic acid

formed
Additions (pm-moles)
L-Glutamine 170
L-Glutamic acid 25
NH,C1 39
L-Glutamic acid + NH,CI 64

Table 4. Effect of reduced nicotinamide—adenine
dinucleotide and phosphoenolpyruvic acid on the
conversion of shikimic acid into anthranilic acid by
crude cell extracts

All tubes contained 50 pmoles of tris-HCl buffer, pH 8-2,
1 pmole of shikimic acid, 1 pmole of ATP, 5 pmoles of
L-glutamine, 5 pmoles of MgCl,, T 17 cell extract (1-5 mg. of
protein), in a final volume of 1 ml. Incubated for 60 min.
at 37°.

1 2 3 4 5 6

Ribose 5-phosphate (5 pmoles) + + + - + -

Phosphoenolpyruvic acid - + - o+ - o+
(2 pmoles)

NAD (1 pmole) + o+ o+ o+ - -

NADH, (1 gmole) - - + - + +

Anthranilic acid formed 500 350 630 19 550 65

(pm-moles)
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shikimic acid 5-phosphate removal and anthranilic
acid production by crude extracts of T17. Ribose
5-phosphate stimulated anthranilic acid production
up to 20-fold. Ribose 5-phosphate, glucose 6-phos-
phate and fructose 6-phosphate had equivalent
activity mole for mole. Ribose was inactive. The
optimum concentration of phosphorylated sugar
was between 0:3 and 3 pmoles/ml. Excess of phos-
phorylated sugar was inhibitory.

Since 3-enolpyruvylshikimic acid 5-phosphate is
consgidered to be an intermediate in the conversion
of shikimic acid into anthranilic acid (Gibson,
Gibson, Doy & Morgan, 1962 ; Rivera & Srinivasan,
1962), it was expected that phosphoenolpyruvic
acid might stimulate anthranilic acid production.
In crude extracts phosphoenolpyruvic acid was
slightly inhibitory (Table 4) but it stimulated
anthranilic acid production by partially purified
enzyme systems (see below).

Effect of pH. In tris hydrochloride buffer, anthr-
anilic acid production is maximal and constant be-
tween pH 8 and 9 (Fig. 4). Tris hydrochloride
buffer, pH 8-2, was usually used. Borate buffer also
appeared to be suitable but inorganic phosphate
inhibited strongly. The inhibition was 509, with
about 3 mM-phosphate (Na,HPO,~NaH,PO,, pH
8-2) in the presence of tris hydrochloride buffer.

Effect of temperature. The optimum temperature
for anthranilic acid production was 37° over 1 hr.
by cells grown either at 30° or 37°.

Concentration of enzymes. Fig. 5 illustrates a
typical assay of freshly prepared crude extract in
the complete system. Below about 0-6 mg. of pro-
tein/ml. no detectable anthranilic acid was formed.

Conversion of shikimic acid into anthranilic acid
by ammonium sulphate-precipitated
enzyme preparations

When the basic conditions for anthranilic acid
formation from shikimic acid by crude cell-free
extracts had been established, attempts were made
to study in more detail the various reactions in-
volved, as there was no information about the
number of intermediates concerned and even the
general route of biosynthesis was uncertain at that
time.

Experiments were carried out firstly with am-
monium sulphate-precipitated enzymes of mutant
T17 in which, after removal of nucleic acids by
manganous chloride, the proteins precipitated be-
tween 0 and 60 9 saturation with ammonium sul-
phate were redissolved in tris hydrochloride buffer
and dialysed. These preparations were inactive un-
less boiled cell extract was added to substrates
normally used with crude extracts (see Table 1).
However, boiled extract was not required if the
following mixture of substrates was used : shikimic
acid, ATP, magnesium chloride, NADH,, ribose
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5-phosphate, phosphoenolpyruvic acid and r-glut-
amine in tris buffer, pH 8-2 (Table 5). It was not
possible to replace NADH, with NAD.

Fractionation of cell extracts showed that the
overall activity was best demonstrated with the
proteins precipitated between 30 and 40 9, satura-
tion with ammonium sulphate.

g 3
T 1

Anthranilic acid formed (pm-moles)
3
|

1 1 1 1
7.5 8-0 85 90
pH

Fig. 4. Effect of pH on anthranilic acid formation. Crude
extract of strain T17 (1-5 mg. of protein/ml.) was incubated
at 37° for 30 min. in the complete reaction mixture (see
Table 2) minus buffer. Tris buffer (50 ymoles/ml.) was in-
cluded to obtain the final pH.

o

I
=}
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045 |

030

015

Anthranilic acid formed (umole)

0 05 1-0 1-5 2:0

Conen. of protein (mg./ml.)

Fig. 5. Titration of crude extract. Anthranilic acid forma-
tion was measured after incubation of different concentra-
tions of crude extract of strain T 17 in the complete reaction
mixture (see Table 2) for 70 min. at 37°.
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Conversion of shikimic acid into phenylpyruvic
acids by crude cell extracts

Examination of spectra of ethyl acetate extracts
of acidified experimental samples indicated that
compounds other than anthranilic acid were
formed from shikimic acid. If glutamine was
omitted from the complete substrates incubated
with T17 extracts, or if NC3 extracts were in-
cubated in the presence or absence of glutamine, an
unusual type of spectrum was observed in the ethyl
acetate. When first examined, the spectrum in the
ultraviolet region had no special characteristics, but
on storage of the ethyl acetate solutions a pro-
nounced peak developed at 288 my region (Fig. 6)
and a shoulder or small peak at 302 mpu. This
spectrum has been shown to be due mainly to a
mixture of phenylpyruvie acid and 4-hydroxy-
phenylpyruvic acid (Morgan et al. 1962). The rising
spectrum was presumably due to the slow con-
version of the keto acids into their enol forms in
the organic solvent. The spectrum observed for the
experimental sample (Fig. 7) closely resembled that
obtained from phenylpyruvic acid after a similar
extraction procedure. Paper chromatography of
such ethyl acetate extracts showed the presence of
two components that had the same chromatographic
mobilities and colour reactions as phenylpyruvic
acid and 4-hydroxyphenylpyruvic acid respectively.

Table 5. Requirements for anthranilic acid synthesis
by an ammonium sulphate-precipitated enzyme pre-
paration from Aerobacter aerogenes T' 17

All tubes contained 50 pmoles of tris buffer, pH 83,
1 pmole of shikimic acid 5-phosphate, 5 pmoles of MgCl,,
2-5 umoles of ribose 5-phosphate, 5 umoles of L-glutamine,
0-609, ammonium sulphate-precipitated enzyme prepar-
ation (strain T 17, 1 mg. of protein), in a final volume of

1 ml. Incubated for 75 min. at 37°.
Addition 1 2 3 4

Phosphoenolpyruvic acid + + -

(2 pmoles)
NADH, (1 umole) + + + -
NAD (1 pmole) + - - -
Anthranilic acid formed 475 430 133 5

(um-moles)
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The colour reactions and mobilities of phenyi-
pyruvic acid and 4-hydroxyphenylpyruvic acid are
summarized in Table 6.

Concentrates of ethyl acetate extracts of experi-
mental samples also contained several unidentified
compounds that were detected after chromato-
graphy by reaction with dinitrophenylhydrazine,
silver nitrate and p-nitroaniline reagents. 4-Hydr-
oxybenzoic acid produces a cherry-red colour with
p-nitroaniline reagent. Under the usual reaction
conditions T17 and NC3 cell extracts produce a
compound that, after acidification and extraction
into ethyl acetate, gave Ry values and p-nitroaniline

20

18}

16

12

10

0-8

06

0-4

02

1 1 1 L
260 280 300 320 340 360
A (mp)

Fig. 6. Appearance of rising spectrum in ethyl acetate
extract. Crude extract of strain NC3 (1-7 mg. of protein/
ml) was incubated for 75 min. at 37° in the complete
reaction mixture (see Table 2) minus glutamine. After
acidification and extraction with 4 ml. of ethyl acetate, the
spectrum was recorded: A, as soon as possible; B, after
16 hr. at room temperature.

Table 6. Chromatographic properties of phenylpyruvic acid and 4-hydroxyphenylpyruvic acid

Re
e A—————— Colour reaction
In P A N
In methanol—- With
benzene— butan-1-ol- 2,4-dinitro-
acetic benzene— phenyl- With

acid-water water With p-nitroaniline hydrazine AgNO,

Phenylpyruvic acid 0-94 0-78 Yellow—green to grey—green Yellow Brown
(1 hr.)

4-Hydroxyphenylpyruvic 0-43 0-67 Yellow-pink (diffuse spot) Yellow Brown

acid
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reactions indistinguishable from those of 4-
hydroxybenzoic acid in the three solvents used.

Requirements for the production of the phenyl-
pyruvic acids by crude extracts. Shikimic acid, ribose
5-phosphate (or other sugar phosphates) and NAD
were required for, and magnesium chloride stimu-
lated, the production of the phenylpyruvic acids
(Table 7). The requirement for ATP was variable,
as for anthranilic acid production from shikimic
acid. With extracts from strain T 17 or NC3, the
addition of r-glutamine decreased the amount of
the phenylpyruvic acids detected. Fig. 7 illustrates
that extracts of strain T 17 converted shikimic acid
into anthranilic acid in the presence of L-glutamine,
and into the phenylpyruvic acids in the absence of
glutamine.

Production of the phenylpyruvic acids in the pre-
sence of L-tryptophan. Several amino acids have
been shown to inhibit an early reaction specific to
their own formation. Moyed (1960) showed that
L-tryptophan inhibited the conversion of shikimic
acid 5-phosphate into anthranilic acid by extracts
of E. coli W in a system similar to that used by
Srinivasan (1959). Experiments with A. aerogenes
T 17 extracts have shown that this inhibition was
accompanied by the formation of the phenyl-
pyruvic acids. The effect of addition of L-trypto-
phan (1 umole/ml.) to the complete system for
anthranilic acid production was similar to the effect
of omission of glutamine, as shown in Fig. 6 (see
also Morgan et al. 1962). The effect of L-tryptophan
on anthranilic acid production and production of
the phenylpyruvic acids is shown in Fig. 8. The
reactions were performed in the presence and
absence of hydroxylamine. Hydroxylamine was
added in an attempt to prevent the phenylpyruvie
acids being converted into phenylalanine and tyro-
sine, and also to prevent tryptophan breakdown.
In the presence and absence of tryptophan, addi-
tion of hydroxylamine considerably increased the
amount of phenylpyruvic acids detected.

Rate of production of the phenylpyruvic acids.
Studies on the conversion of shikimic acid into the
phenylpyruvic acids were complicated by the fact
that these compounds were rapidly removed by cell
extracts. The higher the enzyme activity the more
rapidly the phenylpyruvic acids appeared and dis-
appeared (Fig. 9). Extracts of strain T 17 grown
in the presence of excess of L-phenylalanine and
L-tyrosine produced and removed the phenyl-
pyruvic acids at rates similar to those of cells
grown in the absence of these two amino acids.

Conversion of shikimic acid into phenylpyruvic
acids by ammonium sulphate-precipitated
enzyme preparations

As for the production of anthranilic acid, a
0-609% ammonium sulphate-precipitated enzyme
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Table 7. Requirements for the conversion of shikimic
acid into phenylpyruvic acid and 4-hydroxyphenyl-
pyruvic acid by crude cell extract

The complete system contained 50 umoles of tris~HCl
buffer, pH 8-3, 1 pmole of shikimic acid, 5 umoles of MgCl,,
1 pmole of ATP, 1 umole of NAD, 3 umoles of ribose
5-phosphate, NC3 cell extract (1-7 mg. of protein), in a
final volume of 1 ml. Incubated for 75 min. at 37°. The
phenylpyruvio acids were detected after acidifying 0-5 ml.
of reaction mixture with 0-4 N-HCI (0-1 ml.), and extracting
with 4 ml. of ethyl acetate. The spectrum of the ethyl

-acetate layer was recorded after 16 hr. at room tem-

perature.
Phenylpyruvic
acids formed
Substrate omitted (Egss mys)
None (complete system) 097
Shikimic acid 0-0
MgCl, 075
ATP 0-13
NAD 0-03
Ribose 5-phosphate 0-0
None (L-glutamine added, 0-22
1 pmole/ml.)
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Fig. 7. Formation of phenylpyruvic acids when glutamine
was omitted from reaction mixture for anthranilic acid
formation. Tube 1 contained the complete reaction mixture
(see Fig. 1). In tube 2 glutamine was omitted. Both tubes
contained crude T17 extract (1-7 mg. of protein/ml.) and
were incubated for 45 min. at 37°. After acidification
samples (1 ml.) were extracted with 4 ml. of ethyl acetate
and spectra of the ethyl acetate layers were recorded im-
mediately and after 16 hr. at 30°. A4, Tube 1 (with glut-
amine), spectra before and after storage; B, tube 2 (without
glutamine), immediate spectrum; C, tube 2, spectrum after
storage.
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preparation did not convert shikimic acid into the
phenylpyruvic acids in the substrate mixture
adequate for crude extracts. Activity could be
restored to such an enzyme preparation by the
addition of boiled crude extract. In the presence
of boiled extract it was found that phosphoenol-
pyruvic acid plus NADH, could replace ribose 5-
phosphate and NAD. Some ammonium sulphate-
precipitated enzyme preparations formed phenyl-

-
=)
T

(@)

04

Anthranilic acid formed (E3qq )
=3
~

i | 1 1
0 01 02 03 0-4 0-5
L-Tryptophan added (pmole/ml.)

(b)

10 | *

0-6

0-4 |-

0-2

Phenylpyruvic acids formed (E 54 m,,)

1 1 1 1 1
0 01 02 03 0-4 05
L-Tryptophan added (pmole/ml.)

Fig. 8. Formation of phenylpyruvic acids as the result of
inhibition of anthranilic acid synthesis by tryptophan. All
tubes contained the complete reaction mixture (see Fig. 1)
for anthranilic acid production with crude extract of strain
T17 (1-7 mg. of protein/ml.) and L-tryptophan as indicated.
After incubation for 45 min. at 37°, samples (1 ml.) were
acidified and extracted with 4 ml. of ethyl acetate and
spectra measured after 16 hr. at 30°. A parallel set of
tubes was set up containing hydroxylamine (1 umole/ml.).
(2) Inhibition of anthranilic acid formation. (b) Increasing
concentrations of phenylpyruvic acids formed with in-
creasing inhibition of anthranilic acid synthesis. O, With-
out hydroxylamine; @, with hydroxylamine.
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pyruvic acids in the absence of boiled extract when
phosphoenolpyruvie acid, NADH, and ribose 5-
phosphate were present (Table 8). Other prepara-
tions did not produce phenylpyruvic acids in the
absence of boiled extract. Most of the preparations
that were active in the absence of boiled extract
lost this activity on aging.

Phosphoenolpyruvie acid and NADH, were both
required for production of the phenylpyruvic acids
in the absence of boiled extract (Table 9). The re-
quirements for sugar phosphate appeared to in-
crease as the precipitated enzyme preparations
aged. NAD did not replace NADH,, and the addi-
tion of NAD to a reaction mixture containing
NADH, did not stimulate production of phenyl-
pyruvic acids.

Both shikimic acid and shikimic acid 5-phosphate
were suitable substrates for production of the
phenylpyruvic acids. The extent of the require-
ment for ATP when shikimic acid was used as sub-
strate was variable. Ribose 5-phosphate could be
replaced by glucose 6-phosphate or fructose 6-
phosphate (Table 10).

Ammonium sulphate (0-609,)-precipitated en-
zyme preparations of NC3 extracts were capable of
producing and removing the phenylpyruvic acids
both in the presence and absence of r-glutamine.

Effect of pH. The conversion of shikimic acid into
the phenylpyruvic acids occurred over the range
pH 7-0-8-8. The effect of pH was tested with 0-
60 9%, ammonium sulphate-precipitated enzyme pre-
paration in the presence of the complete substrates

-
~N

-
o

b4
o

Q
-

<
ES

<
8}

Phenylpyruvic acids formed (Ejg4.,,)

0 30 60 90 120
Incubation time (min.)

150

Fig. 9. Rate of appearance of phenylpyruvic acids at
different concentrations of bacterial extract. Crude T17
extract (/\, 0-46 mg. of protein/ml.; O, 0-91 mg. of pro-
tein/ml.; @, 1-82 mg. of protein/ml.) was incubated with
the complete reaction mixture minus glutamine (see
Fig. 1) at 37°. Experimental samples (0-5ml.) were
acidified and extracted with 4 ml. of ethyl acetate. Com-
plete spectra of ethyl acetate layers were measured after
storage for 16 hr. at 30°.
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Table 8. Requirements for the conversion of shikimic acid 5-phosphate into phenylpyruvic acids
by 0-60 9 ammonium sulphate-precipitated enzyme preparation

All tubes contained 50 umoles of tris~HCl buffer, pH 8-2, 5 umoles of MgCl,, 1 pmole of shikimic acid 5-phos-
phate, strain T 17 (0-60 9%, ammonium sulphate-precipitated) enzyme preparation (1-4 mg. of protein), in a final
volume of 1 ml. Incubated for 90 min. at 37°. Phenylpyruvic acids were assayed by extraction of 1 ml. of acidified
reaction mixture with 4 ml. of ethyl acetate. Complete spectra of the ethyl acetate solutions were recorded after

16 hr. at 30°.

Ribose 5-phosphate (mm)
Phosphoenolpyruvic acid (mm)

NAD (mm)

NADH; (mm)

Crude extract boiled (3 mg. of protein)

Phenylpyruvic acids formed (Ejg4m,,)

1 2 3 4 5
3 3 - - 3
- - 2 2 2
1 1 - - 1
- - 1 1 1
0-005 0-580* 0-020 0-689* 0-680*

* Characteristic spectrum present (see Fig. 7).

Table 9. Effect of phosphoenolpyruvic acid, ribose 5-phosphate, reduced nicotinamide—adenine dinucleotide
and nicotinamide—adenine dinucleotide on production of the phenylpyruvic acids by 0-609, ammonium

sulphate-precipitated enzyme preparation

Details were as given for Table 8 except that the enzyme preparation (1-8 mg. of protein/tube) was obtained
from strain NC3 (0-60 9, ammonium sulphate-precipitated) enzyme preparation.

Phosphoenolpyruvic acid (mm)
NADH,; (mm)

NAD (mm)

Ribose 5-phosphate (m)
Phenylpyruvic acid detected (E3ggmy,)

Incubation for 30 min.
Incubation for 70 min.

1 2 3 4 5

2 - 2 2 2

1 1 - - 1

_ - - 1 _

3 3 3 3 -
0-56* 0-052* 0-0 002 0-404*
0-56*  0-094* 00 0-0 0-126*

* Characteristic spectrum present (see Fig. 7).

Table 10. Phosphorylated sugars as substrates for
the production of phenylpyruvic acids by 0-609,
ammonium sulphate-precipitated enzyme preparation

Details were as given for Table 8 except that the enzyme
preparation (2-4 mg. of protein/tube) was obtained from
strain NC3. Sugar phosphate was added (3 mM) as in-
dicated. Phenylpyruvic acids were assayed after extraction
of 0-5 ml. of acidified reaction mixture into 3 ml. of ethyl
acetate. Spectra were recorded after 16 hr. at room tem-
perature. The characteristic spectrum was present in all
samples.

Phenylpyruvic acids

288my.)
(4 A Al
After 20 min. After 40 min.
Ribose 5-phosphate 0-412 0-415
Glucose 6-phosphate 0-461 0-520
Fructose 6-phosphate 0-545 0-490
No sugar phosphate 0-269 0-110

for anthranilic acid production as given in Table 2
minus glutamine, with the addition of boiled crude
extract (3 mg. of protein/ml.).

Enzyme preparations fractionated between 30 and
40 9, saturation with ammonium sulphate. The en-
zyme that converts shikimic acid plus ATP into
shikimic. acid 5-phosphate was present largely

in enzyme fractions precipitated between 30
and 409, saturation with ammonium sulphate.
Such fractions required phosphoenolpyruvic acid,
NADH, and boiled extract for the conversion of
shikimic acid 5-phosphate into the phenylpyruvic
acids. Neither ribose 5-phosphate nor NAD was
required for the conversion.

A 30409 ammonium sulphate-precipitated
fraction was unable to convert shikimic acid 5-
phosphate into the phenylpyruvic acids in a re-
action mixture containing ribose 5-phosphate,
NAD, magnesium chloride and boiled extract at
pH 8-2. However, addition of 5060 9, fraction to
such a system resulted in the production of the
phenylpyruvic acids. This indicates that some of
the enzymes involved in the production of phos-
phoenolpyruvic acid and NADH, from ribose 5-
phosphate and NAD are in the 50—60 9, fraction.

DISCUSSION

These studies have confirmed and extended
studies on anthranilic acid production briefly re-
ported by Srinivasan (1959). Srinivasan obtained a
crude cell extract of E. coli capable of converting
shikimic acid 5-phosphate into anthranilic acid in
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the presence of magnesium chloride and r-glut-
amine at pH 8-2. He found that L-glutamine was a
better source of nitrogen for anthranilic acid than
L-aspartic acid, L-glutamic acid, L-asparagine or
ammonium chloride, and that NAD or NADP and
yeast extract were sometimes required for anthr-
anilic acid production. With crude cell extracts,
the requirements of magnesium chloride, rL-glut-
amine, NAD and pH 8-2 have been confirmed in
the present studies. Srinivasan found that the
yield of anthranilic acid from shikimic acid 5-phos-
phate was 86 9,, whereas the yield from shikimic
acid plus ATP was only 189%,. In contrast with
this, our studies showed that phosphorylation of
shikimic acid occurred very rapidly, and shikimic
acid and shikimic acid 5-phosphate were equivalent
as substrates. Ribose 5-phosphate, glucose 6-phos-
phate or fructose 6-phosphate stimulated shikimic
acid 5-phosphate removal and anthranilic acid
production.

While the experiments described above were in
progress it was reported that A. aerogenes T 17,
although accumulating anthranilic acid, was prob-
ably blocked in the conversion of N-(5-phospho-
ribosyl)anthranilic acid into 1-(2-carboxyphenyl-
amino)-1-deoxyribulose 5-phosphate (Doy, Rivera
& Srinivasan, 1961). The former compound is labile
and readily broken down to anthranilic acid. Under
the experimental conditions described above an-
thranilic acid is formed by any tested strain of E.
coli or A. aerogenes not blocked between shikimic
acid and anthranilic acid. Further, many of the
results quoted have been confirmed with E. coli
W 2-5, a strain apparently blocked immediately
after anthranilic acid (Doy et al. 1961).

If 3-enolpyruvylshikimic acid 5-phosphate is an
intermediate in the formation of anthranilic acid
this would explain why phosphoenolpyruvic acid
stimulated anthranilic acid production with am-
monium sulphate-precipitated enzyme prepara-
tions. The complete system for anthranilic acid
production contained substrates that could pre-
sumably provide phosphoenolpyruvic acid. Known
pathways of carbohydrate metabolism could pro-
vide from sugar phosphate, as well as phospho-
enolpyruvic acid, a source of NADH, and ATP if
catalytic amounts of ADP were present. This may
explain therefore the fact that shikimic acid was
sometimes converted into anthranilic acid in the
absence of added ATP. The reason for the decrease
in anthranilic acid production observed when ex-
cess of ATP or phosphoenolpyruvic acid was added
to the system is not known. Since inorganic phos-
phate inhibits anthranilic acid production, the in-
hibitions by ATP and phosphoenolpyruvie acid may
be due to the release of inorganic phosphate as a
result of phosphatases present in the cell extracts.
It is also possible that ATP competes for a sub-
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strate required for anthranilic acid production by
reacting with it.

There is an obligatory requirement for NADH,
for the production of both the phenylpyruvic acids
and anthranilic acid by partially purified enzyme
preparations. NADH, may be required for the
formation of a common precursor for all these com-
pounds. The general pathway of aromatic synthesis
has been discussed in some detail by Gibson et al.
(1962).

Sugar phosphate was usually still required in the
presence of added NADH, and phosphoenolpyruvic
acid. As NADH, was readily oxidized by both
crude and ammonium sulphate-precipitated en-
zyme preparations the requirement may have been
due to the necessity for a NADH, regenerating
gystem.

The yield of anthranilic acid from shikimic acid
in the complete system was never above about
809,, and was frequently lower. Fig. 8(b) shows
that, when hydroxylamine was added to this
system, the phenylpyruvic acids were detected in
the reaction mixture. This indicates that probably
under usual conditions the phenylpyruvic acids
were formed in comparatively low yield, trans-
aminated in the presence of glutamine to phenyl-
alanine and tyrosine, and so not detected.

Studies on the production of phenylpyruviec acid
and 4-hydroxyphenylpyruvic acid by crude and
partially purified extracts have shown that the
substrates required are identical with those re-
quired for anthranilic acid production, with the
exception of glutamine. Experiments with E. coli
have indicated that prephenic acid is the im-
mediate precursor of the phenylpyruvic acids
(Schwinck & Adams, 1959; Weiss, Gilvarg, Mingioli
& Davis, 1954). Prephenic acid is unstable under
acid conditions, forming phenylpyruvic acid. Since
in these studies spectra were examined after acidifi-
cation of reaction mixtures to pH < 2 it is prob-
able that any prephenic acid present would have
been converted into phenylpyruvic acid. Direct
tests for prephenic acid in the reaction mixtures
were negative.

It is known that a number of amino acids may
repress the synthesis of enzymes connected with
their own formation. De-repression of enzyme syn-
thesis occurs when auxotrophs have stopped grow-
ing in the presence of limiting end product. There-
fore cell extracts for these studies on anthranilic
acid were prepared from tryptophan auxotrophs
which had been harvested after the end of growth
in limiting indole. The de-repression of enzyme
synthesis that occurs when strain T'17 is grown in
the presence of limiting tryptophan has been
described (Doy & Morgan, 1963). Extracts of wild-
type cells grown in minimal medium have only
approximately one-fifth of the activity of extracts
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prepared from tryptophan auxotrophs grown in
minimal medium plus limiting indole.

Omission of glutamine from an enzyme system
capable of forming anthranilic acid from shikimic
acid led to the formation of the phenylpyruvic
acids. This finding confirmed observations with
whole cells (Doy & Gibson, 1961), which suggested
that the nitrogen of anthranilic acid is introduced
in the first reaction specific to tryptophan bio-
synthesis. It was also found that the addition of
L-tryptophan to an enzyme system capable of
forming anthranilic acid diverted intermediates
along the phenylalanine-tyrosine pathways. This
provides further evidence that L-tryptophan in-
hibits the first reaction specific to tryptophan
biosynthesis.

SUMMARY

1. Studies have been carried out on the con-
version of shikimic acid into anthranilic acid, a
precursor of tryptophan, with crude cell extracts
of Aerobacter aerogenes T17, a tryptophan auxo-
troph unable to convert anthranilic acid into
indolylglycerol phosphate. Substrates required for
maximum anthranilic acid production were ATP,
magnesium chloride, L-glutamine, NAD or NADH,
and a sugar phosphate (ribose 5-phosphate, glucose
6-phosphate or fructose 6-phosphate). Inorganic
phosphate and L-tryptophan strongly inhibited
anthranilic acid production. Phosphoenolpyruvie
acid and excess of ATP were also inhibitory.
Shikimic acid plus ATP could be replaced by
shikimic acid 5-phosphate as a substrate.

2. Requirements for the conversion of shikimic
acid 5-phosphate into anthranilic acid by am-
monium sulphate-precipitated enzyme prepara-
tions were phosphoenolpyruvic acid, NADH,, r-
glutamine and phosphorylated sugar.

3. Omission of glutamine or addition of T-
tryptophan to the system resulted in decrease of
anthranilic acid production and stimulation of the
production of phenylpyruvic acid and 4-hydroxy-
phenylpyruvic acid. The requirements for the pro-
duction of the phenylpyruvic acids by crude ex-
tracts from shikimic acid were magnesium chloride,
ATP, phosphorylated sugar and NAD. Inorganic
phosphate was inhibitory.

4. Requirements for the conversion of shikimic
acid 5-phosphate into the phenylpyruvic acids by
ammonium sulphate-precipitated enzyme prepara-
tions were phosphoenolpyruvic acid, NADH,, and
magnesium chloride at pH 8-2. Boiled crude ex-
tract and phosphorylated sugar stimulated the
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conversion and were sometimes obligatory re-
quirements for aged preparations.
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