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In previous communications Mayer (1) described the formation of a 
yellow pigment when acid-fast bacilli were grown in the presence of p- 
aminobenzoic acid (PABA). It was concluded that this pigment is a 
metabolite of PABA and, although its composition is unknown, the chemi- 
cal data obtained suggest that it is composed of or contains oxidation 
products of PABA. Cushing and Reid (2) also noted that a yellow pig- 
ment was produced by Neurospora from PABA. Further investigations 
on this problem have been concerned with the intermediary metabolism 
of PABA by Mycobacterium smegmatis. It is the purpose of this publica- 
tion to present data on (a) the formation of aniline from PABA and (b) 
the oxidation of aniline to p-aminopherol by M. smegmatis. 

EXPERIMENTAL 

Culture-M. smegmatis (ATCC, No. 101) was grown in Long’s medium 
containing 0.01 per cent FeC13.6He0 and 0.5 per cent MgS04*7H,O (ster- 
ile MgS04.7Hz0 solution was added after autoclaving the medium). Each 
250 ml. flask contained 50 ml. of medium inoculated with 2.5 mg. (wet 
weight) of a fine suspension of a 7 day pellicle growth. The inoculated 
flasks were placed on a rotary type shaker and shaken for 6 days at 37”. 
After this time the average weight of washed dried cells was 0.60 gm. per 
50 ml. of medium. The cells in each flask were aeeptically separated from 
the medium by centrifugation, washed twice with 4-O ml. amounts of sterile 
saline, suspended in 50 ml. of sterile buffer-metals-citrate solution1 con- 
taining either 50 mg. of sterile neutralized PABA solution or 25 mg. of 
aniline, and placed on the shaker at 37’ for 24 to 48 hours (there is no 
increase in cell weight during the incubation in the buffer-metals-citrate 
solution), 

Iden.tification of Aniline As Metabolite of PABA-Aniline was identified 
by the procedure described by Mueller and Miller (3). The aniline was 

* Present address, Lederle Laboratories Division, American Cyanamid Company’ 
Pearl River, New York. 

1 The buffer-metals-citrate solution contained, in gm. pei: liter ammonium citrate 
5, MgSOa.7Hz0 5, FeS04.7H20 0.010, MnSO,.4HtO 0.020, Na2HPO~ 4.73, KH*PO, 

4.73. 
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extracted from the alkaliz-d (10 ml. of 1 N NaOH added to 50 ml. of the 
metabolized medium) buffer-metals-citrate-PABA solution with 3 to 15 
ml. portions of ethyl ether. The acidified ether solution (1 ml. of 1 N 

HCl added to 45 ml. of ether) was concentrated to near dryness and the 
free aniline was steam-distilled (after adjusting the solution to pH 12) 
into sodium-Bnaphthoquinone sulfonate solution. By this procedure 92 
to 94 per cent of the aniline present was recovered. As shown in Fig. 1 
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FIG. 1. Absorption curves of Schiff bases of aniline and steam-distilled PABA 
metabolite. Solid line, FGH264 base in benzene; dash line, aniline Schiff base in 
benzene. 

the benzene-soluble Schiff bases of both aniline and the PABA m :tabolitc 
show an absorption maximum at 450 mp. 

Identification of p-Aminophenol As Metabolite of PABA-p-ilminophenol 
was identified through the indophenol blue reaction described by Will- 
statter and Pfannenstiel (4). The amyl alcohol solutions of the indophenol 
blues produced with the metabolite and with twice recrystallized p-amino- 
phenol were compared by the filter paper chromatographic technique (5). 
The filter paper chromatograms with aqueous butyl alcohol, aqueous amyl 
alcohol, or aqueous ethyl acetate showed that both indophenol blues were 
identical (Fig. 2). Fig. 2 presents the chromatogram obtained with aque- 
ous butanol. Further proof of the identity of the indophenol blues is 
provided by the facts that (a) both the HzOz-oxidized PABA metabolite 
and HzOz-oxidized p-aminophenol yield a blue color upon reaction with 
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dimethylaniline in acid solution (4), and (b) the indophenol blue colors 
of both reactions turn red upon the addition of acids (4). 

In order to determine the concentration of p-aminophenol present in 
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FIG. 2. Filter paper chromatographic analysis of indophenol blues. 1, indopheno 
blue obtained from PABA metabolite; 8, indophenol blue obtained from p-amino- 
phenol; S, mixture of 1 and 9. Chromatographed with butanol-Hz0 for 30 minutes. 
The blue color of the indophenol blues fades upon prolonged chromatography. 

TABLE I 

Formation of Aniline and p-Aminophenol from PABA by Mycob&terium smegmatis 

pH at start pH after 36 hrs. 

Heated* washed cells suspended 5.9 5.9 
in buffer-metals-citrate + 50 5.9 5.9 
mg. PABA 5.9 5.9 

Washed cells, suspended in 5.9 6.3t 
buffer-metals-citrate + 50 5.9 6.3 
mg. PABA 5.9 6.3 

Buffer-metals-citrate + 50 mg. 5.9 5.9 
PABA 5.9 5.9 

pH 7, ~/15 POa buffer + 50 mg. 7.0 7.0 
PABA 7.0 7.0 

* Cells heated in saline for 1 hour at 100”. 
t The pH after 20 hours was 6.1. 

7 Y 

0 0 

0 0 

0 0 

32 335 
24 355 
22 205 

0 0 
0 0 
0 0 
0 0 

p-Aminophenol 
per 50 ml. 

the medium, a standard indophenol blue curve was obtained and the color 
intensities of the unknowns compared with those of the standard. Twice 
recrystallized p-aminophenol (1 to 20 7) was allowed to react with 0.5 
ml. of liquid phenol and 5 ml. of 1 N NaOH. After 1 hour the volume was 
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adjusted to 10 ml. and the intensity of the indophenol blue solution de- 
termined by means of a Lumetron calorimeter with a 580 mp filter. 

Although only trace amounts of aniline were present in the metabolized 
buffer-citrate-metals medium, very considerable amounts of p-aminophenol 
were formed from the PABA, as shown in Table I. 

p&qp& 

COOH OH 0 

FIG. 3. Metabolic formation of p-aminophenol from PABA 

TABLE II 

Oxidation of Aniline to p-Aminophenol by Mycobacterium smegmatis Cells 

50 ml. culture per 250 ml. flask g-Aminophenol per ml. after 40 
hrs. 

Washed cells + buffer-metals-citrate + aniline, 0.5 mg. 
per ml. 

Heated washed cells* + buffer-metals-citrate + aniline, 
0.5 mg. per ml. 

Washed cells + buffer-metals-citrate 

16.6 
21.0 
0 
0 
0 
0 

* Cells heated in saline for 1 hour at 100”. 

TABLE III 

Recovery of Aniline after Oxidation As Unchanged Aniline and p-Aminophenol 

Y Y Y 

Washed cells in buffer-metals- 540 456 29 89.8 
citrate + aniline 570 481 29 89.5 

Oxidation of Aniline to p-Aminophenol by Mycobacterium smegmatis-The 
ability of the organism to oxidize aniline directly to p-aminophenol sug- 
gests that the pathway for the formation of p-aminophenol from PABA 
involves a decarboxylation with subsequent hydroxylation. This sequence 
of reactions is shown in Fig. 3. Under the conditions of these experiments, 
(Table II) approximately 5 per cent of aniline is converted to the oxidation 
product; the total recovery of unchanged aniline and p-aminophenol is of 
the order of 90 per cent (Table III). These results indicate that the de- 
carboxylation of PABA is the limiting step in the formation of p-amino- 
phenol from PABA. 
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FIG. 4. Rate of formation of p-aminophenol from aniline by M. smegmatis 

TABLE IV 

Rate of Aniline Oxidation by Mycobacterium smegmatis Cells under Conditions of 
Vigorous Aeration 

25 ml. culture per 250 ml. flask - 

Flasks A and B. Washed, 5 day- 
old cells suspended in 25 ml. 
buffer-citrate-metals + 10 mg. 
aniline 

Flasks C and D. Washed PABA 
adapted cells suspended in 25 
ml. buffer-citrate-metals + 10 
mg. aniline 

Flasks E and F. Washed aniline 
adapted cells suspended in 25 
ml. buffer-citrate-metals + 10 
mg. aniline 

-- 

p-Aminophenol per ml. after 

1 hr. 

Y 

0 
0 

2 hrs. I 3 hrs. 6 hrs. 24 hrs. 

Y Y Y 

2 4.5 31.2 
2.1 5.2 31.2 

2.7 
3.5 

5.4 
5.7 

4.5 
4.7 

28.6 
28.6 

1.5 
2.1 

31.8 
31.8 

The “adapted cells” in Flasks C, D, E, and F were prepared by suspending 4 
day-old washed cells in 25 ml. of citrate-buffer-metals solution containing either 
25 mg. of PABA or 10 mg. of aniline and shaking vigorously for 24 hours at 37”. 
These cells showed the synthesis of considerable amounts of p-aminophenol after 
the 24 hour “adaptation” period. The cells were rewashed and resuspended in the 
medium as described above. 
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The rate of oxidation of aniline to p-aminophenol (Fig. 4) shows a long 
preoxidative lag phase before aniline is attacked. Although the reason 
for this lag period is unknown, it cannot be correlated with the formation 
of adaptive enzymes, for cells grown in the presence of aniline and PABA 
also show the long preoxidative lag period. Furthermore, the latter cells 
do not show an oxidative attack of PABA during 2 hour runs in the War- 
burg apparatus. The preoxidative lag period can be shortened a consider- 
able degree by shaking 25 ml. volumes of cells and buffer-citrate-metals 
solution 90 to 100 times per minute with a 2 to 3 inch stroke (vigorous 
aeration). Under these conditions the cells still show the preoxidative 
lag phase, and cells “adapted” to either PABA or aniline oxidize the sub- 
strate (aniline) at the same rate as “unadapted” control cells. The results 
are presented in Table IV. 

DISCUSSION 

Bernheim (6) observed in his studies on the oxidative metabolism of 
Mycobacteria that oxidation of either aniline or PABA was not detected 
by the manometric technique. These observations have been confirmed; 
the slow rate of the oxidation and the long preoxidative lag phase are the 
reasons why oxygen uptake is not evident in the presence of these sub- 
stances. 

Evans (7) noted that a preoxidative latent period was evident in the 
oxidation of benzoic acid. The lag period was correlated with the for- 
mation of the mono- and dihydroxybenzene derivatives and did not appear 
to be related to the formation of adaptive enzymes. 

The hydroxylation of aniline to p-aminophenol is performed not only 
by the acid-fast bacterium but also by mammalian cells (8). Morner (9) 
isolated the ethereal sulfate and Williams (10) the glucuronide of p?amino- 
phenol from urine after aniline feeding. 

SUMMARY 

Washed Mycobacterium smegmatis cells are capable of forming p-amino- 
phenol from both aniline and PABA. 
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