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3. An enzyme system converting anthranilate

into indole has been extracted from E8ch. coli.
The reaction required ATP, inorganic phosphate,
pyridoxal phosphate, Mg2+ or Mn2+ and a carbon
donor. Pyruvate and cc-oxoglutarate were the most
effective of the donors studied.

4. The implication of these results on the
problem of tryptophan biosynthesis is discussed.

The author wishes to thank Dr G. N. Cohen for his
constant encouragement and advice, Dr B. Nisman for
discussions and a generous supply of ATP, Dr M. Raynaud
for providing laboratory facilities, and the Australian
Government for a C.S.I.R.O. overseas scholarship.

REFERENCES

Bonner, D. M. (1951). Cold Spr. Harb. Symp. quant. Biol.
16, 143.

Bonner, D. M. & Yanovsky, C. (1951). J. Nutr. 44,
603.

Bratton, A. C. & Marshall, E. K. (1939). J. biol. Chem. 128,
537.

Cohn, M. (1954). In Mechanism of Enzyme Action, p. 247.
Ed. by McElroy, W. D. & Glass, B. Baltimore: Johns
Hopkins Press.

Davis, B. D. (1951). J. biol. Chem. 191, 315.
Davis, B. D. & Mingioli, E. S. (1950). J. Bact. 60, 17.
Green, R. D. & Black, A. (1943). Proc. Soc. exp. Biol.,
N. Y., 54, 322.

Harley-Mason, J. (1955). Chem. & Ind. p. 355.
Hirsch, M. & Cohen, G. N. (1953). Biochem. J. 53, 25.
Jakoby, W. B. & Bonner, D. M. (1953). J. biol. Chem. 205,

709.
Johnson, M. J. (1941). J. biol. Chem. 137, 575.
LePage, G. A. (1949). Biochem. Prep. 1, 5.
Monod, J., Cohen-Bazire, G. & Cohn, M. (1951). Biochim.

biophy8. Acta, 7, 585.
Novick, A. & Szilard, L. (1954). Dynamics of Growth

Proce88e8, p. 21. Princeton University Press.
Nyc, J. F., Mitchell, H. K., Heifer, E. & Langham, W. H.

(1949). J. biol. Chem. 179, 783.
Partridge, C. W. H., Bonner, D. M. & Yanovsky, C. (1952).

J. biol, Chem. 194, 269.
Raaflaub, J. (1954). Helv. physiol. acta, 12, C88.
Raaflaub, J. (1955). Hdv. chim. acta, 38, 184.
Rhuland, L. E. & Bard, R. C. (1952). J. Bact. 63, 133.
Rydon, H. N. (1948). Brit. J. exp. Path. 29, 48.
Schweigert, B. S. (1947). J. biol. Chem. 168, 283.
Schweigert, B. S., Sauberlich, H. E., Baumann, C. A. &

Elvehjem, C. A. (1946). Arch. Biochem. 10, 1.
Snell, E. E. (1943). Arch. Biochem. 2, 389.
Tabone, J. & Robert, D. (1948). Ann. Ist. Pasteur, 74,

136.
Trudinger, P. A. & Cohen,G. N. (1956). Biochem. J. 62,488.
Umbreit, W. W., Wood, W. A. & Gunsalus, I. C. (1946).

J. biol. Chem. 165, 731.
Wright, L. D. & Skeggs, H. R. (1945). J. biol. C/hem. 159,

611.
Yanovsky, C. (1955a). Biochim. biophy8. Acta, 16, 594.
Yanovsky, C. (1955b). Science, 121, 138.

The Effect of 4-Methyltryptophan on Growth and Enzyme Systems
of Escherichia coli

BY P. A. TRUDINGER* AND G. N. COHENt
Intittut Pa8teur, Garche8, France

(Received 2 Augu8t 1955)

During the study of the mechanism of tryptophan
synthesis by Escherichia coli, the possibility of
using 4-methyltryptophan (4-MT) as a blocking
agent was examined. This compound has been
reported to inhibit competitively the utilization of
tryptophan for protein synthesis in Bacterium
typhosum (Fildes & Rydon, 1947). However,
certain discrepancies between the results of these
workers and our own led to a more detailed analysis
of the inhibition and, in particular, the effect of
4-MT on enzyme systems.
The results of this work are reported in this

paper.

MATERIALS AND METHODS

The strains of E8ch. coli, general growth conditions and the
methods for indole and anthranilic acid estimation have
been reported in the preceding paper (Trudinger, 1956).

Cell-free tryptophan desmolase was prepared from
E8ch. coli strain ML, grown 16 hr. in aerated mineral
medium (Davis &AMingioli, 1950). The bacteria (about
200 mg. dry wt.) were suspended in 10 ml. of 3% (w/v)
KC1 and shaken for 30 min. at 00 with 5g. of no. 12
Ballotini glass beads in the Mickle vibrator. The super-
natant, after centrifuging for 15 min. at approx. 3000g,
was used in undialysed form. It contained no trypto-
phanase activity.

Cell-free tryptophanase was prepared in a similar manner,
except that the bacteria were grown in a broth consisting
of 1% peptone, 0.5% yeast extract (Difco) and 10-3M
L-tryptophan in distilled water.

* Present address: Division of Plant Industries,
C.S.I.R.O., Canberra A.C.T. Australia.
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RESULTS
Effect of 4-MT on growth of Esch. coli. The

growth of wild-type Esch. coli strain W was in-
hibited by 4-MT at concentrations above 1O-5M.
This inhibition was reversed in a non-competitive
manner by L-tryptophan (Table 1). Maxiimum
reversal occurred at 5-7-5 x 10-7M tryptophan over
a 100-fold range of 4-MT concentrations. The only
evidence that 4-MT inhibited tryptophan utiliza-
tion was the fact that at high levels of 4-MT
(above 10-3M) the maxum growth in the
presence of tryptophan was 10-20% lower than
that in the absence of the inhibitor.

Table 1. Inhibition of growth by 4-MT; reversal
by tryptophan

4-5 ml. ofmedium (Monod, 1942) in 16 cm. x 1-8 cm. tubes
and containing the appropriate amounts of tryptophan
and 4-MT was inoculated with 0.5 ml. of a suspension of
Esch. coli. strain W, prepared as described by Hirsch &
Cohen (1953). The tubes were incubated for 16 hr. at 370
without shaking. Growth in Muenier units

Molarity of 4-MT
Tryptophan
(molarity)
0
lo-5
5 x 10-6
10-6
7.5 x 10-7
5 x 10-7
10-7
5 x 10-8

t 'i

0 10-3 10-4 1o-0

95 0 0 0
83 90 -
83 94 97
82 97 90
76 90 95
59 77 78
6 21 33

28

Mutants of Esch. coli, deficient in tryptophan
(including M 121-35 and M 19-2 derived from W),
required about 10-6M tryptophan for observable
growth. On the other hand, about half this con-
centration of tryptophan allowed full growth of
strain W in the presence of 4-MT. Further, in
the presence of 4-MT and trace concentrations
(5 x 10-8M-10-7M) of tryptophan, growth con-
tinued for 3-4 days, although none occurred in the
absence of tryptophan. No evidence for the
development of strains resistant to 4-MT was
obtained. Beerstecher (1954) has also reported
that the inhibition of growth of Esch. coli and
Lactobacillus plantarum by 5-methyltryptophan
may be reversed by tryptophan concentrations too
low to be the sole source of the amino acid during
growth. It would seem therefore that, once
growth had been initiated by small amounts of
tryptophan, inhibition of synthesis of the amino
acid by 4-MT was no longer complete. The fact that
at low tryptophan concentrations more growth
was obtained with decreasing 4-MT concentration
supports this view.

Indole partially reversed 4-MT inhibition when
both substances were present in low concentrations
(Table 2). Some evidence was obtained which
suggested that this reversal was competitive
(Table 2, Expt. 2), but definite results could not be
obtained, since at higher concentrations indole
itself was inhibitory.

Table 2. Inhibition of growth by 4-MT; reversal
by indole

Conditions as for Table 1.

4-MT (molarity)
Expt. Indole
no. (molarity)
1 0

10-i
5 x 10-4
5 x 10-5
10-C

2 0
10-4
5 x 10-5
10-5
5 x 10-6
10-6
5 x 10-7

0
93
65
84

90

10-4 1o-5

-0

13
32

- 61
56

0 0
10
24
0 44

20
2
0

Table 3. Effect of 4-MT on indole metabolisml
by washed suspensions

The reactions were carried out in 5 ml. of 0-02M phos-
phate, pH 7-2, for 1 hr. at 370, with strain M 121-35.

Expt. 1. (1.6 mg. of cell N, 2-5/Lmoles of indole)
Indole removed

Changes in conditions (,umoles)
None 0-16
+ 50jumoles of glucose 1-46
In vacuo 0-02
In vacuo + 50 ,umoles of glucose 0-04

Expt. 2. (3 5 mg. of cell N, 100 ,umoles of glucose,
5 1&moles of indole, aeration)

4-MT

104M
10-5M

Indole removed
(,umoles)
30
0-7
1-9

Anthranilate did not reverse inhibition by 4-MT
-but enhanced the inhibition at concentrations at
which it itself was not inhibitory.

Essentially the same results were obtained with
wild-type Esch. coli strain ML. The growth of
tryptophan mutants, which required 10-6M or more
of the amino acid, was inhibited by 4-MT only at
concentrations above 10-3M.

Effect of 4-MT on indole metabolism. Indole was
metabolized aerobically by washed suspensions of
Esch. coli wild types and M 121-35 in the presence
of glucose (Table 3, Expt. 1). The nature of the
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reaction is not known. While serine did not stimu-
late indole removal nor was tryptophan fornation
demonstrated, it is possible that the reaction in-
volved a condensation of indole with endogenous
serine, the tryptophan being further metabolized
during the experiment. Indole is degraded by a
rod-shaped, Gram-negative bacterium by a path-
way involving anthranilic acid, salicylic acid and
catechol (Sakamoto, Uchida & Ichihara, 1953;
Uchida, Sakamoto & Ichihara, 1953). Whether
such a breakdown occurred in the present experi-
ments has not been investigated. The metabolism
of indole by washed suspensions was inhibited by
4-MT (Table 3, Expt. 2). 4-MT was a powerful
inhibitor of cell-free tryptophan desmolase, the
enzyme condensing indole and serine to tryptophan.
The system exhibited the kinetics of competitive
inhibition (Fig. 1). 50% inhibition occurred when
the ratio of indole to 4-MT was about 3:1.

20 r-

16 -

12 -

appeared to be brought about by the same enzyme
system since the amounts of indole or 4-methyl-
indole formed from mixtures of the amino acids
depended on the ratio of 4-MT to tryptophan.
With a 40: 1 ratio the product was almost entirely
4-methylindole, while with a 1:2 ratio indole was
the main product. At intermediate ratios, mixtures
of indole and methylindole were formed. 4-MT,
therefore, cannot be considered an inhibitor of
tryptophanase but at high concentrations will
prevent tryptophan breakdown by competing for
the enzyme as a substrate.

Effect of 4-MT on anthraniltte synthesi8. In a
preceding paper (Trudinger, 1956) it was shown
that various mutant strains of Esch. coli used
in this laboratory produced indole, anthranilate
or an unidentified, diazotizable compound (BDC)
in their growth media. The addition of 10-4M 4-MT
to the growth media prevented these accumula-
tions. Further, wild-type Esch. coli, grown in the
presence of 4-MT and tryptophan, did not produce
indole as might be expected if 4-MT inhibited only
indole utilization. Fildes (1938, 1945) demon-
strated that indole accumulated when Esch. coli
and Bact. typhosum were grown in the presence of
indole acrylate, an inhibitor of the conversion of
indole into tryptophan (Fildes, 1941). This sug-
gested that 4-MT might inhibit further back in the
biosynthetic chain.

Table 4. Effect of 4-MT on anthranilate 8ynthe8i8

The reactions were run in 5 ml. of 0-02m phosphate,
pH 7-5, for 1 hr. at 370 with aeration. Cell N: Expt. 1,
1-8 mg.; Expt. 2, 1-5 mg.

Anthranilate
Expt. formed
no. Additions (mjsmoles)

I I I 4
1 2 3 4

1/k
Fig. 1. Competitive inhibition of tryptophan desmolase by
4-MT. Reaction mixture contained 0-02M phosphate,
pH 7-5, 251&mole of L-serine, 20,tg. of pyridoxal phos-
phate and 1-5 mg. of enzyme N in a volume of 5 ml.
Incubation 10 min. at 380. Curve 1, 3.3 x 10-4M 4-MT
added; curve 2, no 4-MT. 8 =j&moles of indole/ml. at
zero time. v= jmoles of indole/ml. removed in 10 min.

1 None
lOO1Lmoles of glucose
Glucose + 5 umoles of L-methionine
Glucose + 5 moles of NH4Cl
Glucose +L-methionine +NH4Cl

2 (All tubes contained 100 pmoles of
glucose, 5Amoles of L-methionine
and 5umoles of NH4C1)

10-3M 4-MT
1O-4M 4-MT
10-5M 4-MT
5 x 10-6M 4-MT

4-MT and tryptophanase. 4-MT was itself de-
composed by extracts containing tryptophanase,
the enzyme system producing indole from trypto-
phan. The end product of 4-MT decomposition
gave a colour in the Ehrlich test similar to that
given by 4-methylindole. A similar reaction on

5-methyltryptophan has been described in whole
cells of E8ch. coli (Beerstecher & Edmonds, 1951).
The decomposition of 4-MT and tryptophan

Washed cells of strains B 37 and M 19-2, blocked
between anthranilate and indole, synthesized
anthranilate aerobically from glucose, methionine
and NH4C1 (Table 4, Expt. 1). The end product
supported the growth of the Esch. coli mutant
M121-35, which grows on anthranilate, had the
same absorption spectrum as authentic anthrani-
late and moved as anthranilate on Whatman no. 1

l/v

8

4

0 1..
0

5
70

1020
1040
1840

1300
0
35
155
600
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paper irrigated with isopentanol or butanol, both
saturated with water (Tabone & Robert, 1948).
The synthesis of anthranilate was inhibited

strongly by 4-MT above 5 x 1O0M (Table 4,
Expt. 2).

Effect of 4-MT on the metabolism of anthranilate.
The synthesis of indole and BDC from anthranilate
by washed suspensions of ML 328e and ML304g
has been described in the preceding paper (Trud-
inger, 1956). This reaction was unaffected by the
addition of 2 x 10-4M 4-MT. Anthranilate removal
and indole formation by extracts of ML 328e were
also unaffected by this concentration of 4-MT.

DISCUSSION

From the foregoing results it may be seen that
4-MT inhibits at least two enzymes involved in the
biosynthesis of tryptophan, namely tryptophan
desmolase and an enzyme concerned with the
synthesis of anthranilate. In addition, 4-MT
inhibits the production of tryptophan desnmolase
during growth (Monod & Cohen-Bazire, 1953). The
fact that concentrations of 4-MT below 1O0M do
not inhibit completely the enzymes involved in
tryptophan biosynthesis may explain the slow
growth which occurred in the presence of the in-
hibitor and subgrowth-factor concentrations of
tryptophan. However, the reason for the complete
inhibition of growth in the absence of tryptophan
is not clear.

Although the growth inhibition studies reported
in this paper suggest that 4-MT primarily inhibits
tryptophan synthesis, too much reliance should not
be placed on this type of approach. The contrary
results of Fildes & Rydon (1947) have already been
quoted. Also Marshall & Woods (1952) have
reported that inhibition by 4-MT of the growth of
Esch. coli is reversed competitively by tryptophan
and non-competitively by some tryptophan dipep-
tides. Both these observations would suggest that
4-MT primarily inhibits tryptophan utilization.
On the other hand, Beerstecher (1954) has re-
ported that tryptophan reversed the inhibition of
Esch. coli and Lb. plantarum by 5-methyltrypto-
phan in a non-competitive manner. In these cases
indole also reversed non-competitively.

Since 4-MT can, in certain cases, be degraded to
4-methylindole, it was necessary to exclude the

latter as the active inhibitor in these experiments.
The breakdown of 4-MT occurred only in prepara-
tions containing active tryptophanase. In the
growth experiments and enzyme experiments
involving cells grown on growth-factor levels of
tryptophan, no production of 4-methylindole was
detected.

SUMMARY

1. The growth of E8ch. coli was inhibited by
4-methyltryptophan (4-MT), and the inhibition
was reversed by tryptophan in a non-competitive
manner.

2. 4-MT inhibited tryptophan desmolase in cell
extracts in competition with indole.

3. Extracts containing tryptophanase degraded
4-MT to a compound reacting as 4-methylindole.

4. 4-MT inhibited strongly the synthesis of
anthranilate and indole removal by washed cells of
Esch. coli.

5. The conversion of anthranilate into indole
was not affected by 4-MT.

The authors wish to thank Dr J. Anatol for a sample of
4-methyltryptophan and Dr M. Raynaud for providing
laboratory facilities. One of us (P.A.T.) is indebted to the
Australian Government for a C.S.I.R.O. overseas scholar-
ship.
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