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CHAPTER I
INTRODUCTION

The proposed mechanisms associated with the inhibitioh
of essential metabolic reactions by various antimetabolites
has been an area of numerous investigations in recent years.
The benefits of such investigations are evident since anti-
metabolites have proven extremely useful as chemotheraputic
agents and the "competitive analog-metabolite inhibition"
technique (21) has been widely used in the study of biochem-
- ical processes.

The significance of p-aminobenzoic acid in microbial
nutrition was first emphasized when Woods (27) and Woods and
Fildes (28) reporﬁgd that this metabolite protected yeast
against the growth inhibiting action of sulfanilamide, It
was suggested that sulfanilémide, a structural analog of p-
aminobenzoic acid, served as a compgtitive inhibitor of a
microbial enzyme system for which p-aminobenzoic acid'was'an
essential cofactor. The existence of a system requiring p-
aminobenzoic acid asaa‘cofactor became evident when Angier
et al. (1) demonstrated that the p-aminobenzoic acid moiety
occured in pteroic acid. A subsequent investigation (1)
showed the primary poiqt of sulfonamide inhibition was the

synthesis of pteroylglutamic acid via p-aminobenzoic acid.



Davis (3) reported that p-aminobenzoic acid could affect

the metabolism of Escheriqhia coli in three ways, depending

on the concentrétioh employed. At low concéntrations Qvamino—
benzoic acid servéd as a normal vitaﬁin; at moderate concen-
trations it could éerve as a source of énother vitamin, p~hy-
droxybenzoic acid, and at high concentrations it functionéd

as a growth antagonisf by competitively inhibiting the p-hy-
droxybenzoic acid function(s)o Durham (%) reported that in
addition to the growth factor function, gqaminobenzoic acid
could serve as an oxidizable substrate in certain miceroorgan-
isms. Sequential inductioh studies showed that a strain of

Pseudomonas fluégescens oxidatively degraded p-aminobenzoic

acid via the following sequence;

_ OCH O0H
-NH3 + % 02
i S —— »
‘ + 3 02 )
NHo H ,

2of-)

R—aminoﬁenzoic p-hydroxybenzoic
acid acid

go’o&

+ 02 &a5

_ + a2 > (=0
oo

protocatechuic AB-ketoadipic
acid ‘ acid

The mechanism of the enzymatic ring cleavage of proto-
catechuic acid has been investigated by.seVeral workers.

Stanier et al. (24)»reportéd a dried cell preparation of Ps.



fluorescens in which protocatechuic acid was oxidized quant-

itatively to #g-ketoadipiec acid. The Neurospora crasga en-

 gzymes which metabolize protocatechuic acid were separated and
examined by Gross et al. (9). These workers found that the

Neurospora enzymes degrade protocatechuic acid via the fol-

lowing sequence:

00K 00H
+ 0o
OH B COOH — "
COOH
OH '
protocatechuic F-carboxymuconic
acid , ~gedd
COOH
O0OH GH2
. | ' - C02 (PHQ
- ~0 + HQQ H2
COOH COOH
;Lcarbo ;ﬁLcarboxy— ghketoédipic
methyl-i%—butenolide : acid

More recently, Cain and Cartwright (2) suggested that in No-
cardia erythropolis a l:4 lactone (¥-carboxy-Yy-carboxymethyl-

M$-butenolide) is the intermediate compound in the conversion
of,ﬁlcarboxymuconic_acidﬂto,ﬁ»ketoadipic acid. vThis proposed
pathway is illustrated as follows:

COOH " COOH fOOH
{H2
- COp ¢=0
OOH 4 H50 ¢Ha
0 | CH2
; S _ COOH
B-carboxymuconic )Fcarboxyix4carboxy- ketoadipic
acid methyl-fM~butenolide ‘acld

renmsnem—tre .

l 00H

J
COOH C
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Another pathway by whichwé?carbozymuconic acid can be degrad-
ed to f-ketoadipic acid was reported by Ribbons and Evans

(20). 1In cell-free extracts prepared from a Pseudomonas spe-

cies, these workers demonstrated that a dilactone (butanolido-
Ar-Y'B' -butanolide) or its straight-chain counterpart (46'-
dihydroxyadipic acid) is the intermediate preceding‘ﬁLketon

adipic acid. The Pseudomonas pafhway is illustrated as fol-

lows:
COOH
=~ CO2
00H
Cco0H Y
J-carboxymuconic butanolido—ﬁ§;>%9'-
acid | , butanolide
00H COOH
Ho CHo
HOH - H20. “Ho
T % (HOH T —®
{2 fHa
COOH COCH
}éB'wdihydroxyadipic ,anetoadipic
acid acid

The cleavage of,ﬁ-ketoadipic,acid has been demonstrated
to occur in several microorganisms. Resting cells of a Vib-
rio species weré found to cleave B-ketoadipic acid with suc-
cinic acid as one product (13). Katagii and Hayaishi (12)

found that cell-free extracts prepared from Pseudomonas de-

grade B-ketoadipic acid to succinyl coenzyme A and acetyl co-
enzyme A, The work of Ottey and Tatum (19) demonstrated that
an enzyme preparation of N. crassa cleaved B~ketoadipic acid

to equimolar amounts of succinic and acetic acids with no



evidence of acyl coenzyme A derivatives.
The bacteriostatic activity of p-aminosalicylic acid

for Mycobacterium tuberculosis was discovered by Lehman (15)

in 1946. Youmans §§ al. (29) reported that the p-aminosal-
icylic acid inhiﬁition of growth of the tubercle bacillus was
due to‘anti—g-aminobenzoic acid activity. Similar findings
by Goodacre gt al. (8) and Ivanovics (1l) demonstrated that
the bacteriostatic activity of p-aminosalicylic acid was an-
tagonized by p-aminobenzolc acid. The recognition of the
competitive nature associated with the antagonism of p-amino-
salicylic acid by p-aminobenzoic acid (16) indicated that the
inhibitory action of g—aminosalicylic acid might be similar
to that of the sulfonamides, The non-competitive reversal of
p-aminosalicylic acid inhibition by methionine, biotin and
certain purines (10) provided evidence that p-aminobenzoic
acid may mediate their formation in the tubercle bacillus,
Durham (5) reported that p-aminosalicylic acid may com-
petitively inhibit the oxidative dissimilation of p-aminoben-
zoic acld by Ps. fluorescens. The experiments described in
this study were conducted in an attem@t to elucidate the
mechanism(s) of the antimetabolic activity of p-aminosalicyl-
ic acid toward p-aminobenzoic acid and pretocatechuic acid

utilization,



CHAPTER II
MATERTALS AND METHODS

Test organism.
The organism used in this study was isolated from soil

by the enrichment technique and was identified as possessing
the properties characteristic of a Flavobacterium. A stock
culture of the organism was carried on a salts medium con-

taining p-aminobenzoic acid as the sole carbon source.

Synthetic medium,

The defined medium used throughout the study was composed
of NaCl, 0.1 g; NH,CL, Oil g; KH,PO,, 0.32% g; K HPOy, O.424
g; and agar,‘z.o grin 100 ml of diétilled water. The deslired
carbon source was added at a level of 0.1 per cent and the pH
adjusted to 7.0. Sterilization was performed by autoclaving
at 121° C at 15 pounds pressure for 15 minutes, The steril-
ized medium was then allowed to cool to 52° C and 0.1 ml of a
mineral salts solution was added aseptically.

The\mineral salts solution was composed of MgSOy.7H20,
5.0 g; MnSOy, 0.1 g; FeCl3, 1.0 g5 and CaCl,, 0.5 g in 100 ml
of distilled water. This solution was sterilized-sepgrately.

The basic formula suppiemented with p-aminobenzoic or

protocatechuic acid as the carbon source was used to grow en-



- zymatically induced cells. Asparagine was used as the carbon

source to grow cells non-induced to the aromatic acids.

Preparation of cell suspensions.

The cell suspensions used in respirometrm and incubation
experiments were obtained from 20-24% hour plate cultures
grown at 37° C. The resulting growth was harvested, washed
twice by centrifugation and resuspended in 0.0l M phosphate -
buffer of pH 7.0. The cell suspensions were adjusted to a |
standard turbidity such that a 1/20 dilution of the suspen-
sion read 60 per cent transmittance at 540 qp in a Bausch and
Lomb "Spectronic 20". This turbidity was equivalent to a dry
cell weight of 1.4 mg per ml and the suspension contained
approximately 4 x 109 cells per ml.

Preparation of cell extracts.

Cell-free extracts were prepared from a heavy cell sus-
pension cultured as described above., The organisms were rup-
tured using a French‘pressure cell with a preésure of 20,000
pounds per square inch at a delivery rate of approximately
one drop perlsecond. The cell debris was removed by centri-
fugation at 18,000 x g‘for 30 minutes with the resulting
supefnatant being used in experiments involving cell extracts.,
No attempts were made to compare the protein content of the
crude extracts with the protein content of the standardized

cell suspensions.

Respirometer experimentation.
+ All respirometric experiments were performed in the War-



burg apparatus at a temperature of 37° C with air as the gas
phase. Warburg vessels with double gside-arms were employed
in this study. For oxygen uptake determinations the cell
suspension or extract was pipetted into the main chamber, 0.2
ml of 20 per cent potassium'hydroxide was‘added to the center
well containing a piece of fluted filter paper, and varying
concentrations of substrate and inhibifor were added to the
side-arms.

| The carbon dioxide evolved was measuﬁed by the direct
method (26). In this method three flasks were employed for
each determination. One flask measured oxygen uptake in the
absence of carbon dioxide as described above. The other two
flasks were prepared with 0.2 ml of 1 N hydrochloric acid in
the side-arm with no potassium hydroxide present in the ves-
sel. The hydrochloric acid was introduced into the main |
chamber of one flask at the start of the experiment and to
the second flask after the desired interval. Hydrochloric
acid served to stop the reaction at the desired time and to
release the carbon dioxide bound in the buffered systém° The
carbon dioxide evolved during the interval was calculated by
subtracting the change in reading on the flask with alkali

from the change in reading on the flask with no alkali.

Incubation experiments.

Incubation experiments were conducted under conditions
closely approximating the respirometric procedure. Mixtures
of substrate and inhibitor were added to the cell suspension

and the stoppered contalners were shaken in the Warburg water



bath at a temperature of 37° C. Aliquots were withdrawn from
the vessel at desired times énd the substrate immediately Te~
moved by filtration through a millipore type HA filter. The
filtrate collected was assayed for substrate and/or inhibitor.
In certain experiments, the cells trapped on the filter mem-
brane were washed and resuspended in the phosphate buffer for

use in subsequent experiments.

p-Aminobenzoic acid assay.

p~Aminobenzoic acid was determined colorimetrically by a
previously described procedure (6). The coupling reaction
was performed by diluting an aliquot of the filtrate to a to-
tal voldﬁe of 3.5 ml, and treating as follows: Add 1.0 ml of
% 7.5 per cent trichloroacetic acld, shake and allow to stand
for 5 minutes; add 1.0 ml of 0,025 per cent sodium nitrite
and stand 20 minutes; add 1.0 ml of 0.5 per cent ammonium
sulfamate, stand for 20 minutes; finally, add 2.0 ml of 0,063
per cent N-(l-naphthyl)-ethylenediamine dihydrochloride. The
color was permitted to develop for 40 minutes after which the
sample was diluted with 15 ml of distilled water and the per-
centage transmittance read in a spectrophotometer at 560 o
Values were then calculated from a standard curve prepared
concurrently. Controls indicated that none of the compounds,
at the concentfations employed in the incubations, interfered

with this ftest.

p~-Aminosalicylic acid assay.
| Estimation of p-aminosalicylic acid was also performed
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colorimetrically as previously described (7). The coupling
reaction was performed as fdllows: To a sample of filtrate
diiuted to 5.5 mly; add 3.0 ml of 20 per cent p-toluenesulfon-
ic acid in 1-50 hydrochloric acid; shake,:allow to stand 5
minutes; add 1.0 ml of bufﬁer'consisting of 15.76 per cent
citric acid in a 1.4 per cent sodium hydroxide sélution; add
2.0 ml of 2 per cent p-dimethylaminobenzaldehyde in ethanol;
mix and read in a spectrophotometer against a reagent blank
at 450 mk. Values were éalculated from a standard curve de-
veloped concurrently.

' Controls indicated that p-aminobenzoic acid ilnterfered
with the determinations° In experiments in which both p-
aminobenzoic acid and p-aminosalicylic acid were added to the
incubation vessel, it was necessary toipermit depletion of p-
aminobenzoic acid by the cell suspension before an accurate
détermination of the p-aminosalicylic acid could be made.
Tests indicated that other compounds employed in the incuba-

tions did not interfere with the assay.

Pro%ocatechuic acid assay?

The colorimetric determination of protocatechuic acid
was a modification of a previously described procedure (23).
The filtrate aliquot wés diluted to 4.0 ml to which an addi-
tion of 1.0 ml of an aqueous solution containing 0.2 per cent
férrous sulfate and 1.0 per cent sodium potassium tartrate
was made. After allowing the mixture to stand for 10 mih-
utes, 5.0 ml of 20 per cent ammonium acetate were added and

the purple color was read'iﬁmediately in a spectrophotometer
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at 560 MR Values were determined from a standard curve
which had been developed concurrently. Controls indicated
that other components of the incubation did not interfere

with the assay.

MKetoadipic acid assay.
J‘;Ketoadipic acid in cell extracts was estimated mano-

metrically by a catalytic decarboxylation procedure (22).
After the desired incubation period the contents of the War-
burg vessel were acidified by adding 1.5 ml of 1 N acetic
acid-sodium acetate buffer of pH 3.8. Following a short
equilibration period at 25° C, O.4 ml of 0.1 M Y4-aminoanti-
pyrine was added from the side-arm. The concentration of
S-ketoadipic acid was calculated from the microliters of car-
bon dioxide liberated.

Chromatographic procedure.
;?-Ketoadipic acid was identified in cell-free extracts

by chromatography of the 2,4-dinitrophenylhydrazone. The
methods used in preparation and extraction of the hydrazone
were essentially those described by Strassman et al. (25).
After incubating 4 ml of cell extract with 20‘umoles of proto-
catechuic acid at 37° C the reaction was stopped by chilling
in an ice bath and adding 0.2 ml of 0.66 N sulfuric acid.

The protein was precipitated by the addition of 2 ml of tung-
stic acid solution made by dissolving 3.3 g of Na2w04-2H20 in
80 ml of water and 20 ml of 0.66 N sulfuric acid. The pre-
cipitated protein was removed by centrifugation in the cold.
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Three ml of 0.2 per cent 2,4-dinitrophenylhydrazine in 2 N
hydrochloric acid were added to the supernatant in a 15 ml
glass stoppered centrifuge tube. The solution was shaken and
allowed to stand at room temperature for 20 minutes. The de-
rivative was extracted with successive portions of ether
until the extract was colorless. The combined ether extracts
were evaporated and the residue dissolved in a mixture of 6
ml of chloroform and 2 ml of 1 N ammonium hydroxide. The
chloroform layer was further extracted with successive por-
tions of 1 N ammonium hydroxide and the washings were added
to the first ammonia extract. The ammonia solution was ad-
justed to a pH of 1.0 with 6.00 N sulfuric acid and was ex-
tracted with ether until colorless. The ether solution was
evaporated to dryness and stored under vacuum desiccation at
4° ¢, Samples of authentiC/BLketoadipic acid and of a 0,01 M
phosphate buffer control were treated similarly to serve as
chromatographic standards.

The dinitrophenylhydrazones were dissolved in 0.5 ml of
2 N ammonium hydroxide and spotted on sheets of Whatman No, 1
paper. The chromatograms were developed by ascending chroma-
tography employing N butanoi:water:ethanol in a v/v ratio of
40:50:10 or isopropanol:water:ammonium hydroxide (sp. gr.
0.896) in a v/v ratio of 100:10:5 as the solvent systems.

Chemicals.
All chemical compounds used in this study were obtained
commercially. The compounds used as substrates or inhibitors

for respiromet5§ or incubation experiments were dissolved in
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0,01l M phosphate buffer and adjusted to a pH of 7,0, All

inhibitor/substrate ratios are calculated on a molar basis.

Tabulation of experimental @gta,_"

| The experimental data are illustrated graphically and
tabularly in Chapter III. The following abbreviations are
used in the graphs and tables: Asparagine (ASN), A-ketoadip-
ic acid (KA), p-aminobenzoic acid (PAB), p-aminosalicylic
acid (PAS),uprotoeatechﬁic acid (PROTO) and succinic acid
(suc). | |



CHAPTER III

EXPERIMENTAL AND RESULTS

various substrates.

Cell suspensions of p-aminobenzoic acid-grown Flavobac-
terium are capable of oxidizing p-aminobenzoic acid quite
rapidly., The addition of p-aminosalicylic acid to cells
actively metabolizing p-aminobenzoic acid in reSpirometﬁg ex-
periments results in a marked decrease in the rate of p-amino-
benzoic acid oxidization. Figure 1 illustrates the typical
results obtained when the substrate concentration was main-
tained at a constant level and the concentration of the in-
hibitor was varied to give inhibitor/substrate ratios of 0/1,
3/1, 5/1 and 10/1. The p-aminobenzoic acid-grown cells were
not able to oxidize p-aminosalicylic acid as indicated by the
inhibitor controls. However, the control containing 20 amoles
of p-aminosalicylic acid did show a slight but consistant in-
crease over the endogenous respiration. The significance of
this oxidative reaction is discussed in forthcoming sections.

Additional experiments were conducted with the p-amino-
benzoic acid-grown cells to determine if p-aminosalicylic
acid influences the oxidation of proposed dissimilatory inter-
mediates of p-aminobenzoic acid. Figures 2 and 3 show the ef-

14
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Figure 1. The Oxidation of p-Aminobenzoic Acid by
p~Aminobenzoic Acid-Grown Cells in the
Presence of Varying Concentrations of
p~Aminosalicylic Acid
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fects of p-aminosalicylic acid on the oxidation of various
substrates at an inhibitor/substrate ratio of 5/1. Results
obtained from these studies indicate that the oxidation of 2
jpmoles of protocatechuic acid (3,4-dihydroxybenzoic acid) was
inhibited by the presence of lodg@oles of p~-aminosalicylic
acid. In contrast to this finding was the observation that
the oxidation of g-ketoadipic acid and succinic acid were not
significantly affected by the antagonist. The inability of
p-aminosalicylic acid to influence the oxidation of the
straight-chain intermediates eliminated the possibility that
the antagonist might be killing the cells or that the oxida-
tive ability of the cells is being otherwise impaired.

Reversal of the competitive inhibition of p-aminobenzoic acid
oxidation.

Results presented in Figure 1 indicate that the inhibi-
tion of substrate oxidation is proportional to the concentra-
tion of the inhibitor. The reversible nature of this compet-
itive inhibition can be demonstrated by the addition of excess
substrate. Respirometgé experiments were performed in which
the competitive inhibition of g—aminobenzoic acid by p-amino=-
salicylic acid was followed for 60 minutes at inhibitor/sub-
strate ratios of 0/1, 3/1, 5/1 and 10/1l. Figure 4 shows these
results and indicates that within 15 minutes after the intro-
duction of additional substrate (8 gmoles at 60 minutes) the
oxidation proceeded at an increased rate in the higher ratio
of 10/1 where the inhibition was not completely reversed and
at an uﬁﬁibited rate in the lower ratios of 0/1, 3/1, and 5/1.
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Figure 2. The Influence of p-Aminosalicylic Acid
on the Oxidation of p-Aminobenzoic
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Failure to completely reverse the inhibition in the higher
ratio was due to the addition of insufficient quantities of

the substrate.

Influence of prior exposure to inhibitor and time of addition

of inhibitor on substrate oxidation.

Manometric experiments were performed to determine the
effect of prolonged exposure of the cells to p-aminosalicylic
acid prior to the addition of the substrate and the effective-
ness of the inhibitor when added to cells activity metaboliz-
ing p-aminobenzoic acid. Figure 5 shows the results obtained
with inhibitor/substrate ratios of 5/1 and 10/1 with the in-
hibitor added at the time of substrate addition and the in-
hibitor added 20 minutes after adding the substrate. Inhibi-
tion of substrate oxidation was observed immediately in the
flasks in which the inhibitor was added at O minutes. With-
in a few seconds following addition of the antimetabolite to
the cells which were actively metabolizing the substrate, the
normal pattern of competitive inhibition was observed. These
findings suggest that the "sensitive site'" must be readily
accessible to the inhibitor as indicated by immediate suscep-
tibility of substrate oxidation. One of the first available
"sites" could be the specific transport mechanism of the cell
membrane. If the inhibition occurs at the internal oxidative
system, the inhibitor must readily permeate the cell membrane
in order to reach the sensitive "oxidative site" and exert

its effect.
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In related experiments, p-aminobenzoic acid-grown cells
were exposed to 10 mmoles and 20 pmoles of p-aminosalicylic
acid for 60 minutes in Warburg vessels prior to the additidn
of 2 pmoles of substrate. The oxidation of p-aminobenzoic
acid by these cells was followed and compared with the rate
of oxidation in controls in which the substrate and inhibitor
were added simultaneously. Figure 6 shows the results ob-
tained in this investigation. These data indicate that expos-
ing the cells to p-aminosalicylic acid prior to introducing
the substrate exerts'little, if any, additional influence on
the oxidation of p-aminobenzoic acid. The results also indi-
cate that the degree of inhibition observed in cell suspen-
sions previously exposed to the inhibitor appeared to be sim-
ilar to the antagonism observed when the inhibitor and sub-
strate were added simultaneously. Since the time of addi-
tion of the inhibitor does not appear to be an important fac-
tor, the results suggest that the inhibition is not due to an
internal accumulation of p-aminosalicylic acid or to accumu-

lated products of its degradation.

Inhibition of the uptake of p~-aminobenzoic acid by cell sus-

pensions in the presence of p-aminosalicylic acid.

Studies employing the same concentrations of substrate
and inhibitor as used in the respirometgé experiments were
conducted in which the uptake of p-aminobenzoic acid by cell
suspensions was followed colorimetrically. The data present-
ed in Table I experiment A are representative of the find-

ings obtained in this investigation. The results show that
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in the absence of the inhibitor all of the substrate (llé'pg
per ml) was depleted from the medium within 45 minutes. In
the presence of p-aminosalicylic acid the substrate was tak-
en up at a much slower rate. The data show that the amount
of p-aminobenzoic acid depleted from the medium decreased
with increasing inhibitor concentrations. A decline in the
rate of disappearance during the subsequent intervals was
especially noticeable in the 10/1 ratio.

Additional studies were conducted in which the influ-
ence of p-aminosalicylic acid on the uptake of p-aminoben-
zoic acid was examined in lower inhibitor and substrate con-
centrations. The disappearance of substrate from the medium
was determined in inhibitor/substrate ratios of 0/1, 3/1, 5/1
and 10/1 with a p-aminobenzoic acid concentration of 3.1 p8
per ml. Table I experiment B i1llustrates the results ob-
tained from this experimentation in which the disappearance
of p-aminobenzoic acid was measured after a 30 second incuba-
tion period. The data indicate that the amount of substrate
remaining in the medium was greater in the reaction vessels
containing the higher inhibitor concentrations.

These findings suggest that the inability of the sub-
strate to penetrate the cell in the presence of the inhibitor
may be responsible for the decreased rate of oxidation. Stud-
ies following depletion of the substrate both at high and ex-
tremely low levels indicate that the ratio of inhibitor/sub-
strate present in the system regulates the uptake of substrate

by the cell suspension. These findings would then support
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TABLE I
p-AMINOBENZOIC

ACID-GROWN CELLS IN THE PRESENCE AND ABSENCE OF VARYING
CONCENTRATIONS OF p-AMINOSALICYLIC ACID

Exp. | Time in Concentration of PAB (ug per ml)
Minutes Remaining in Filtrate
Ratio: PAS/PAB
o/1 3/1 5/1 10/1
0 1160 116.0 114,6 116.0
15 80.0 87.2 97.8 103.2
o0 17.3 6k4.0 86.8 99.0
45 0.0 46.6 76.6 97.0
Time in
Seconds
* 0 3.10 3.10 3.10 34540
30 0.15 0.43 0.77 1.65
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the postulation that the inhibition is associated with the
specific transport mechanism rather than the internal oxida-
tive enzymes.

Attempts to obtain activity for p-aminobenzoic acid in
cell-free extracts to determine if the internal oxidative en-
zyme system was sensitive to p-aminosalicylic acid were unsuc-

cessful.,

Uptake of p-aminosalicylic acid by cell suspensions.

Further studies were conducted to determine if p-amino-
benzoic acid-grown cells are capable of depleting p-aminosal-
icylic acid from the medium., Table II illustrates typical re-
sults obtained when cell suspensions were incubated with three
different concentrations of p-aminosalicylic acid. 1In the
range tested, the results indicate that the rate or amount of
uptake did not vary significantly with the different concen-
trations. The rate of disappearance of the inhibitor in a
starting concentration of 41.76‘pg per ml did not exceed the
disappearance when a concentration of lO.hthg per ml was em-
ployed. Similar rates of inhibitor uptake in the different
concentrations make it difficult to visualize a competitive
inhibition at the "site" of the internal oxidative enzyme
system(s). Such an internal antagonism would be dependent on
the presence of varying concentrations of the inhibitor in-
side the cell.

Additional experiments were performed to determine if
the antagonism could be more closely correlated with the ex-

ternal concentration of p-aminosalicylic acid. A p-aminoben-



TABLE II

THE CELLULAR UPTAKE OF p-AMINOSALICYLIC ACID BY
p-AMINOBENZOIC ACID-GROWN CELLS

Time in Concentration of PAS‘gug per ml)
Minutes Remaining in Filtrate

0 1044 20,88 41.76

20 6.00 15.00 39.40

40 3.36 10,90 33.60

60 1.0% 8.36 T 29.40

80 ——— - 27,60

100 ———— ——— 25.80

120 —— —— 24,00
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zoic acid-grown cell suspension was incubated with 20.88‘Ag

of p-aminosalicylic acid for 70 minutes after which 6.2<pg of
p-aminobenzoic acid was added to the reaction vessel and the
disappearance of substrate followed. An analysis indicated
that the cells had depleted 9.6'Fg of the antimetabolite at
the time the substrate was added. The depletion of substrate
was compared with the uptake observed in a control vessel in
which 6.2 pg of p-aminobenzoic acid and 20.88 pg of the inhib-
itor were added to the cells simultaneously. Results obtained
from this study are shown in Table III.

TABLE III

THE EFFECT OF THE EXTRACELLULAR p-AMINOSALICYLIC ACID CONCEN=-
TRATION ON THE UPTAKE OF p-AMINOBENZOIC ACID BY
p-AMINOBENZOIC ACID-GROWN CELLS

Time in Concentration of PAB (pg per ml)
Minutes Remaining in Filtrate
PAB and PAS Added Cells Incubated with PAS
to Cells Simultaneously Prior to PAB Addition
0 6.20 6.20
2.5 2 di3 0.93

The data presented in Table III show that the amount of
substrate depleted by the cells which had been exposed to and
depleted some of the inhibitor prior to the addition of p-
aminobenzoic acid was greater than the amount of substrate
taken up by the cells when the substrate and p-aminosalicylic
acid were added simultaneously. These findings indicate that
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the p-aminosalicylic acid taken up by the cells apparently
does not influence the utilization of p-aminobenzoic acid,.

It appears that the concentration of the inhibitor present in
the external environment is responsible for the inhibition of
substrate utilization since less p-aminobenzoic acid was de-
pleted by the cells in which the inhibitor and substrate were
added simultaneously than by the cells which were permitted
to deplete 9.6/pg of the antimetabolite., Since the findings
in this investigation indicated that some of the p-aminosal-
icylic acid was depleted from the medium,attempts were made
to recover the inhibitor from the culture. Cells suspensions
which had been exposed to p-aminosalicylic acid for 2 hours
were washed extensively with phosphate buffer and the wash-
ing assayed for the inhibitor. Cell aliquots were also rup-
tured in a French pressure cell and the extract tested for
the presence of the inhibitor. Results obtained from these
studies indicated that neither treatment permitted the re-
covery of a sufficient quantity of inhibitor to permit detec-
tion by the colorimetric test. The filtrates and the wash-
ings from the cell suspension which had depleted the antago-
nist were examined in a Beckman DU spectrophotometer and no
ultraviolet absorbing compound could be detected. This tend-
ed to eliminate the possibility that p-aminosalicylic acid
was enzymically transformed to an aromatic compound which was
not detected by the coupling reaction. These observations
suggest that the antimetabolite is bound or metabolized imme-
diately upon entering the cell and is not available in the
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"free form" to compete with the substrate for internal enzyme

system(s).

The oxidative reaction associated with p-aminosalicylic acid

uptake.
The results presented in Figure 1 showed that the pres-

ence of ZD)Qmoles of p-aminosalicylic acid caused an oxida-
tion reaction higher than that observed in the endogenous con-
trol, Further manometric studies were conducted to determine
if the increased oxidation was observed when cells grown on
other carbon sources were incubated with the inhibitor. Ta-
ble IV shows a typical experiment in which the respiration of
p-aminobenzoic acid, protocatechuic acid and asparagine-grown
cells was measured in the presence and absence of 20 pmoles

of p-aminosalicylic acid. In each case the flask containing
the p-aminosalicylic acid showed greater oxygen uptake than

the corresponding endogenous flask,

TABLE IV

THE OXIDATION OF p-AMINOSALICYLIC ACID BY CELLS GROWN ON
ASPARAGINE, PROTOCATECHUIC ACID AND
p-AMINOBENZOIC ACID

Time in Oxygen Uptake (nL) in the Presence
Minutes and Absence of PAS

ASN-Grown PROTO-Grown PAB-Grown
With No With No With No
PAS PAS PAS PAS PAS PAS
0 0 0 0 0 0 0
15 5 0 5 2 9 L
30 13 5 13 8 20 10
Ly 22 13 23 1k 32 17
60 14 28 17 40 21

27
75 39 20 36 23 L8 28
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The depletion of the antimetabolite was followed colori-
metrically in these same cells. Shown in Table V are the
data obtained from colorimetric analysis of filtrates collect-
ed when the cell suspensions were incubated with 13.96‘yg of
p-aminosalicylic acid per ml. Here it was seen that only
those cells grown on p-aminobenzoic acid showed an apprecia-
ble uptake of the antimetabolite, these cells took up 8.78 ug
of p-aminosalicylic acid while the protocatechuic acid and as-
paragine-grown cells depleted only 0.46 and 0.38‘pg respec-
tively.

TABLE V

THE CELLULAR UPTAKE OF p-AMINOSALICYLIC ACID BY CELLS GROWN
ON ASPARAGINE, PROTOCATECHUIC ACID AND
p-AMINOBENZOIC ACID

Time in Concentration of PAS (ug per ml)
Minutes Remaining in Filtrate
ASN-Grown PROTO-Grown PAB-Grown
0 13.92 13.92 13.96
80 13.54% 13.46 5.14%

These observations suggest that only the cells grown on
p-aminobenzoic acid are capable of immediately depleting sig-
nificant quantities of p-aminosalicylic acid from the medium.
The cells grown on asparagine and protocatechuic acid showed
the increased oxidation in the presence of p-aminosalicylic
acid (Table IV) but did not show a significant uptake of the

antimetabolite (Table V). The cells grown on p-aminobenzoic
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acid showed the increased oxidation in the presence of p-ami-
nosalicylic acid and also showed a measurable uptake of the
antimetabolite. These observations would tend to eliminate
the possibility that the increased oxidation is a consequence
of the assimilation of p-aminosalicylic acid since the cells
which showed markedly smaller uptake demonstrated approxi-
mately the same degree of increased oxidation as cells which

showed greater uptake.

aminosalicylic acid by cell suspensions.

Studies were conducted to determine if the presence of
an added oxidizable substrate influenced the rate at which
p-aminosalicylic acid was depleted from the medium by p~amino-
benzoic acid-grown cells. Uptake of the inhibitor was fol-
lowed in the presence of protocatechuic acid, succinic acid
and p-aminobenzoic acid in a p-aminosalicylic acid to sub-
strate ratio of 1/3.3 (Table VI). Since p-aminobenzoic acid
interfered with p-aminosalicylic acid determinations, it was
necessary that this substrate be depleted from the medium be-
fore inhibitor concentrations could be determined. The re-
sults indicate that uptake of the inhibitor in these cells
permitted to oxidize other carbon sources did not differ
greatly from the uptake observed in a resting cell control
which was not permitted to metabolize the extraneous sub-

strates.
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TABLE VI

THE INFLUENCE OF EXTRANEQUS CARBON SQURCES ON THE CELLULAR
UPTAKE OF p-AMINOSALICYLIC ACID BY p-AMINO-
BENZOIC ACID-GROWN CELLS

Time in Concentration of PAS (pg per ml)

Minutes Remaining in Filtrate

PAS Alone  PAS/SUC  PAS/PROTO  PAS/PAB
| (1/3.3) (1/3.3) - (1/3.3)

0 41.8 41.8 hl,é 41.8

15 38.0 37.8 39,2 ———

30 37.2 38,0 40,0 ————

L5 34,6 37.2 36.8 ——

60 34,8 - 34,6 38.2 ——

90 32,8 28,8 31.2 ——

120 27.8 25.8 29.2 28.8
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p-Aminobenzoic acid uptake in p-aminosalicylic acid-induced

cells.
In other experimentation it was found that asparagine-
grown cells which had previously been exposed to p-aminosal-
icylic acid were capable of taking up greater quantities of
p-aminobenzoic acid than cells which had not received this
treatment. Further experiments were then performed to com-
pare the uptake of both p-aminobenzoic acid and p-aminosal-
icylic acid in asparagine-grown cells induced by exposure for
120 minutes to p-aminosalicylic acid, p-aminobenzoic acid,
and a combination of p-aminosalicylic acid and p-aminobenzoic
acid. To conduct these studies, 18 ml of the non-induced
asparagine-grown cells were pipetted into 3 containers and p-
aminosalicylic acid (90‘pmoles) was added to the first con-
tainer, p-aminobenzoic acid (9 jmoles) was added to the sec-
ond container, and p-aminosalicylic acid (90}Hmoles) plus p-
aminobenzoic acid (9ngoles) were added to the third contain-
er. The cell suspensions were then incubated for 160 minutes
at 37° C. Triplicate 5 ml samples were taken from each con-
tainer and the cells removed immediately by filtration through
a millipore filter. The cells retained on the filter membrane
were washed and resuspended in 0.01 M phosphate buffer con-
taining IEO'Hg per ml of chloramphenicol. The resuspended
cells were then incubated with p-aminosalicylic acid (6.96‘Hg
per ml), p-aminobenzoic acid (6.2‘Hg per ml), and with a com-
bination of p-aminosalicylic acid (69.6 peg per ml) and p-ami-
nobenzoic acid (6.2}.{g per ml). After the designated incuba-
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tion periods (Table VII) the cells were removed by filtration
and the filtrates were assayed for p-aminobenzoic acid or p-
aminosalicylic acid.

The results obtained from these studies are illustrated
in Table VII. The results indicate that cells induced by ex-
posure to p-aminosalicylic acid, p-aminobenzoic acid, and the
p-aminosalicylic acid plus p-aminobenzoic acid mixture were
capable of depleting p-aminobenzoic acid. However, the p-ami-
nobenzoic acid-induced cells depleted the greatest quantity of
p-aminobenzoic acid. These cells took up 6'2‘H5 of p-amino-
benzoic acid in less than 5 minutes while the p-aminosalicyl-
ic acid-induced cells and the cells exposed to the p-aminosal-
icylic acid-p-aminobenzoic acid mixture depleted only 3.56/pg
and 5.57‘pg in 30 minutes. Correcting for the different
times of incubation shows that the p-aminobenzoic acid-in-
duced cells took up at least 11 times as much p-aminobenzoic
acid per unit time as the p-aminosalicylic acid-induced cells
and at least 7 times as much p-aminobenzoic acid per unit
time as the cells induced by exposure to the p-aminosalicylic
acid-p-aminobenzoic acid mixture. Since the p-aminobenzoic
acid-induced cells had depleted all of the p-aminobenzoic acid
in less than 5 minutes, the exact quantitative relationship
is not available.

Similarly, it was seen that the p-aminobenzoic acid-ex-
posure induced the greatest amount of p-aminosalicylic acid
uptake. p-Aminosalicylic acid was observed to inhibit the in-
ducing effect of p-aminobenzoic acid for uptake of p-aminosal-



TABLE VII

THE CELLULAR UPTAKE OF p-AMINOBENZOIC ACID AND
CELLS INDUCED BY EXPOSURE TO p-AMINOSALIC

IC ACID,

~AMINOSALICYLIC ACID BY ASPARAGINE-GROWN
AMINOBENZOIC ACID, AND

B

A MIXTURE OF B—AMI‘N’OSALICY‘LIC AND p-AMINO Z0IC ACIDS
Time 1 INDUCED BY EXPOSURE INDUCED BY EXPOSURE INDUCED BY EXPOSURE
Minutel% TO PAS TO PAB TO PAS/PAB (10/1)
Incubated| Incubated] Incubgted || Incubated | Incubated]| Incubated ||Incubated |Incubated
with PAS |with PAB |with PAS with PAS |with PAB |with PAV J with PAS |with PAB
PAB (10/1) PAB (10/1)
pg of ms‘;g of PAB}:.g of PAB of PASgg of PAB of PAB ﬁg of PAS |pg of PAB
Remaining [Remaining|Remaining ||Remaining |[Remaining|Remaining emaining [Remaining
0 | 6.% 620 6420 6.9% 6420 6420 6496 6420
5 ——— -—— - ———— 0.0 2.]42 - S
30 | s 2.64 ly+36 - i e i 0.63
60 6470 e i 2.0, o =t B 6476 s
L

9¢
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icylic acid when the combination of the inhibitor and sub-
strate were incubated with the non-induced cells. The in-
hibitor/substrate ratio of 10/1 was found to induce p-ami-
nosalicylic acid uptake to approximately the same level as
observed when p-aminosalicylic acid alone had served as the
inducer. As previously stated, exposing the cells to the in-
hibitor/substrate ratio 10/1 induced the uptake of p-amino-
benzoic acid to a level only slightly higher than that ob-
served when p-aminobenzoic acid alone had been used as the in-
ducer. These findings indicate that the antimetabolite may
be able to inhibit the formation of its own "uptake system"
as well as the formation of the p-aminobenzoic acid "uptake
system" and suggests that p-aminosalicylic acid and p-amino-
benzoic acid may be transported into the cell by the same or
closely related mechanisms. This situation could be visual-
ized if it is proposed that the p-aminosalicylic acid "uptake
system" is induced under the same conditions which permit in-
duction of the E-aminﬁbenzoic acid '"uptake system". If the
presence of the antimetabolite inhibits the inducing effect
of p-aminobenzoic acid for p-aminobenzoic acid uptake, then
it would seem likely that the p-aminobenzoic acid-induction
of p-aminosalicylic acid uptake would also be inhibited.

More evidence to support this conclusion was the obser-
vation that p-aminobenzoic acid uptake by p-aminosalicylic
acid-induced cells was inhibited by the presence of p-amino-
salicylic acid (Table VII). The uptake of p-aminobenzoic
acid by the p-aminobenzoic acid-induced cells was also found
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to be inhibited by the presence of p-aminosalicylic acid.
Since the presence of p-aminosalicylic acid inhibited sub-
strate uptake by cells induced by exposure to either p-ami-
nobenzoic acid or p-aminosalicylic acid, it would appear that
the p-aminobenzoic acid "uptake systems" induced by either
treatment are similar in nature. The findings that p-amino-
benzoic acid can induce the "uptake system" for p-aminosal-
icylic acid and that p-aminosalicylic acid can induce the
"uptake system" for p-aminobenzoic acid suggest that the mech-
anlsms for p-aminobenzoic acid and p-aminosalicylic acid up-
take are the same or very closely related. The similarities
in the "uptake systems" permits speculation that p-aminosal-
icylic acid could compete for the transport mechanism thereby

inhibitihg the rate of substrate uptake.

Inhibition of protocatechuic acid oxidation by p-aminosalicyl-

ic acid.

Results presented in Figure 3 showed that p-aminosalicyl-
ic acid inhibited the oxidation of protocatechuic acid by p-
aminobenzoic acid-grown cells. Further studies were conduct-
ed to determine if the antimetabolite affected the oxidation
of protocatechuic acid by protocatechuic acid-grown cells.
Figure 7 illustrates typical results obtained when the proto-
catechuic acid concentration was maintained at a constant lev-
el and the concentration of the inhibitor was varied. In the
smaller inhibitor/substrate ratios of 0/8, 1/8, 2/8 and 4/8
the inhibition of oxidation appeared to be of a competitive

nature, however, when the ratio was greater than 4/8 an in-
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creased inhibition was not observed. For example, the inhibi-
tion in the 32/8 ratio did not appear to be more pronounced
than the inhibition in the 4/8 ratio thus demonstrating that
the antagonism was maximal at some inhibitor/substrate ratio
near 4/8. The results presented in Figure 7 showed that the
maximum effect produced by the antimetabolite was approximate-
ly a 50 per cent inhibition of the rate of oxidation.

Further experiments were conducted in which the oxida-
tion of protocatechuic acid, by cells sequentially induced to
protocatechuic acid by growth on p-aminobenzoic acid, was
measured in inhibitor/substrate ratios of 0/8, 2/8, 4/8 and
32/8., These data are presented in Table VIII and show that
the maximum inhibition of oxidation was observed when an in-
hibitor/substrate ratio of approximately 4/8 was attained.
This finding supports the results obtained with protocatechu-
ic acid-grown cells and indicates that both cell suspensions
exhibit a similar sensitivity to p-aminosalicylic acid re-
gardless of the method of induction. Since previous stud-
ies (Table V) showed that p-aminobenzoic acid-grown cells
were capable of depleting greater quantities of the antime-
tabolite than protocatechuic acid-grown cells, a competition
at some internal site does not seem plausible to explain the
inhibition in both types of cells. If an internal competi-
tion exists, the p-aminobenzoic acid-grown cells which ap-
peared to be induced for p-aminosalicylic acid uptake should
exhibit a different sensitivity to the antimetabolite. It
would seem likely that a smaller p-aminosalicylic acid con-
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centration would produce the maximum effect in the p-aminoben-
zoic acid-grown cells since these cells can take up the anti-
metabolite more efficiently. These findings suggest that the
sensitive reaction of protocatechuic acid inhibition by p-ami-
nosalicylic acid is not located intracellularly since the same
patterns of inhibition were observed in cells which show
marked differences in their ability to take up the antimetab-
olite,

TABLE VIII

THE OXIDATION OF PROTOCATECHUIC ACID BY p-AMINOBENZOIC ACID-
GROWN CELLS IN THE PRESENCE OF VARYING CONCENTRA-
TIONS OF p-AMINOSALICYLIC ACID

Time in Oxygen Uptake (L)
Minutes
Ratio: PAS/PROTO
0/8 2/8 L/8 32/8
0 0 0 0 0
10 30 19 11 8
20 71 55 43 39
30 126 97 80 75
40 182 142 115 107

—— memm—e S T

The reversible nature of the inhibition of protocatechu-
ic acid oxidation can be demonstrated by the addition of ex-
cess substrate. Respirometé% experiments were performed in
which the inhibition of protocatechuic acid oxidation by p-
aminosalicylic acid was followed for 30 minutes in inhibitor/
substrate ratios of 0/8, 2/8 and 4/8. Figure 8 shows these
results which indicate that within 10 minutes after the addi-
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tion of additional substrate (32'Amoles at 30 minutes) the
degree of inhibition was lessened in all vessels. These re-
sults show that the inhibition of oxidation can be reversed
by adding excess protocatechuic acid which in effect de-
creases the ratio of inhibitor/substrate.

Inhibition of protocatechuic acid uptake by p-aminosalicylic

acid.

Other studies showed that the uptake of protocatechuic
acid by protocatechuic acid grown-cells was inhibited by the
presence of p-aminosalicylic acid (Figure 9). The amount of
substrate taken up in 40 minutes was measured in varying in-
hibitor concentrations. Protocatechuic acid concentrations
of 8 and lédpmoles were employed in the two experiments de-
scribed. When 8meoles of protocatechuic acid was employed
as the starting concentration the rate at which protocatechu-
ic acid was depleted from the medium reached a minimum when
the concentration of p-aminosalicylic acid was H‘pmoles. In-
creasing the concentration of the antagonist did not signifi-
cantly change the rate of substrate uptake. Similarly, when
a starting concentration of 16 pmoles of substrate was em-
ployed, 8‘pmoles of the inhibitor produced the maximum effect.
In both experiments the maximum effect was observed when the
inhibitor/substrate ratio reached 1/2. These findings are
analogous to observations made in Figure 7 where the maximum
inhibition of oxidation was observed with a protocatechuic
acid to p-aminosalicylic acid ratio of 4/8. These observa-
tions suggest that the inhibition of protocatechuic acid is
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not purely competitive since the inhibition of protocatechuic
acid uptake or oxidation did not increase indefinitely with

increasing p-aminosalicylic acid concentration.

Effects of p-aminosalicylic acid on protocatechuic acid deg-

radation by cell-free extracts.

If one proposed that p-aminosalicylic acid exerted its
effect by competing for a "site" associated with the internal
enzyme system(s) then the inhibition should also be observed
a cell-free system. Figure 10 shows results obtained from
respiromet§§ experiments in which the oxidation of protocate-
chuic acid by whole cells and cell-free extracts was measured
in the presence and absence of p-aminosalicylic acid. The
cell extract was prepared from p-aminobenzoic acid-grown cells
and results indicate that an inhibitor concentration ten times
the substrate concentration did not influence the rate of oxi-
dation. This finding is in contrast to the observation that
the presence of this concentration of p-aminosalicylic acid
inhibits the oxidation of protocatechuic acid by whole cells.

The oxidation of protocatechuic acid by the cell extract
consumes approximately one)pmole (20‘Fliters) of molecular
oxygen perlpmole of protocatechuic acid which 1s somewhat less
than is observed when using whole cells (Figure 10). The
failure of p-aminosalicylic acid to inhibit the oxidation of
protocatechuic acid by the extract does not completely elimi-
nate the possibility that p-aminosalicylic acid inhibits an
internal "site" since the effect could be at some dissimila-

tory step for which activity was not obtained in the cell-free
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system. Results with cell-free extracts showed that p-amino-
salicylic acid did not influence the rate at which carbon di-
oxide was liberated during the degradation of protocatechuic
acid., Approximately one/pmole of carbon dioxide was evolved
per)umole of substrate in the presence and absence of the in-
hibitor.

If these results are interpreted in accordance with the

known degradation schemes of Neurospora (9) or Nocardia (2)

then the consumption of one mole of oxygen and the liberation
of one mole of carbon dioxide indicates that protocatechulc
acid is being degraded to ;%ketoadipic acid. These sequences

are 1llustrated as follows:

Neurospors
protocatechuic * QZEF /B;carboxymuconic 9
acid ' acid
carboxy-y~carboxy- _= CO2l ketoadipic
? methyl-pA8-butenolide 4 Hgo ~ acid
Nocardia
protocatechuic + Oo am#g»carboxymuccnic 3
acid acid
}ﬁcarboxgmykéarboxyu = COp 5 jﬁéketaadipic
methyl-A*-butenolide + H50 acid

If, however, the reaction sequence is considered to pro-

ceed via the Pgeudomonas pathway (20), one mole of oxygen

could be consumed and one mole of carbon dioxide liberated
without the degradation proceeding as far asfﬁmketoadipic
acid. The oxidation and decarboxylation could occur with

butanolido-Br-¥y 4 ~butanolide or its open chain counterpart
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}&§~dihydroxyadipi@ acid accumulating in the cell extract,
The Pseudomonas pathway described by Ribbons and Evans (20)

is illustrated as follows:

protocatechuic__ * 02 . Acarboxymuconic_= €02,

acid acid
butanolido-@- + 2 Hp0 /8 -dihydroxy-
¥ -butanolide —®""adipic acid
- H 0 - P V4
2 p A-ketoadipic acid

\
To identify the accumulatésd product, HO)wnoles of proto-

catechuic acid @ég'incubated with the extract in Warburg
flasks until oxidation was complete. The incubation mixture
was chilled in an ice bath and the dinitrophenylhydrazone of
the deproteinized supernatant was formed as previously de-
scribed (25). The derivative prepared was chromatographed
againgt the dinitrophenylhydrazone of authentic B-ketoadipic
acld which had been prepared concurrently. In the two sol-
vent systems tested (N butanol:water:ethanol and isopropanol:
water :ammonium hydroxide), the unknown material was found to
be chromatographically identical to the derivative of fthe
authentic B-ketoadipic acid,

Isolated spots were cut from the paper chromatograms and
the colored derivatives were eluted with 95 per cent ethanol.
The absorption spectra were compared using a Beckman DU spec~
trophotometer over a range from 350 to 700 12 then the eluants
were made alkaline with 0.5 ml of 2 N sodium hydroxide and
the spectra compared over the same range. When dissolved in
ethanol, both the authentic g-ketoadipic acid hydrazone and

the unknown hydrazone showed a single adsorption peak at 360
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e The addition of the base caused a shift of the adsorption
peak to 425 A in both derivatives, further indicating their
similarities. From the evidence presented the accumulating
material in the extract appeared to be Aketoadipic acid.

Table IX illustrates results of a typical extract exper-
iment in which the rates of oxidation, carbon dioxide evolu-
tion, and gketoadipic acid formation were compared in the
presence and absence of p-aminosalicylic acid. In this exper-
iment the oxygen consumed and the carbon dioxide evolved from
protocatechuic acid degradation were measured by conventional
techniques (26). Duplicate flasks were removed at the speci-
fied times, the reaction stopped by the addition of the acid
buffer, and A-ketoadipic acid estimated by the catalytic de=~
carboxylation procedure (22). As previously stated, p-amino-
salicylic acid does not inhibit the rate of oxidationvor car~
bon dioxide evolution during protocatechuic acid degradation
by cell extracts. The rate of B-ketoadipic acid formation
does not appear to be inhibited in the presence of p-amino-
salicylic acid. Both in the presence and absence of the in-
hibitor, the amount of AB-ketoadipic acid formed at 15 minutes
exceeded the theoretical amount as judged by oxidation and
carbon dioxide evolution. These excessive values were attri-
buted to the time required to remove the Warburg flasks and
add the acid buffer to stop the reaction.

The uptake and oxidation of protocatechuic acid were in-
hibited by p-aminosalicylic acid in cells grown on either p-

aminobenzoic acld or protocatechuic acid. In cell-free ex-
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tracts the sequence of reactions leading to /&ketoadipic acid
formation was not affected by the antimetabolite. If the p-
aminosalicylic acid sensitive reaction i1s some dissimilatory
step beyond ;&ketoadipic acid formation then it would seem
likely that an inhibition should have been observed in the
whole cell experiments whenwﬁiketoadipic acid oxidation was
meésured.in the presence and absence of the antimetabolite,
Results presented in Figure 2 demonstrated the oxidation of
)iketoadipic acid by whole cells was not inhibited by p~ami~
nosalicylic acid. These data suggest that the antagonism
does not occur at a "site" in the internal enzyme systems.
Since results obtained in this study indicated that p-amino-
salicylic acid inhibits the uptake of p-aminobenzoic acid and
protocatechulc acid from the medium, it is proposed that the
sensitive "site" at which p-aminosalicylic acid inhibits the
oxidation of p-aminobenzoic acid and protocatechuic acid 1is

the specific transport mechanism(s).



CHAPTER IV
SUMMARY AND CONCLUSIONS

The ability of p-aminosalicylic acid to inhibit the oxi-
dation of p-aminobenzoic acid and protocatechuic acid has
been investigated in an attempt to elucidate the mechanism(s)
involved in these antagonisms. Results obtained in experi-
ments employing structurally diverse metabolites such as suc-
cinic acid and‘ﬁiketoadipic acid confirm the supposition that
p-aminosalicylic acid is acting as an antimetabolite and is
not killing or otherwise impairing the oxidative ability of
the cells.,

Results obtained in this investigation indicate that in-
hibition of p-aminobenzoic acid utilization becomes apparent
immediately following addition of the antimetaboliteor The
inhibition could also be detected in experiments using ex-
tremely low substrate levels. This immediate susceptibility
of substrate oxidation would indicate that the "sensitive
site™ is readily accessible to the inhibitor.

Studies indicated that cells previously exposed to large
quantities of the inhibitor demonstrated approximately the
game degree of inhibition as cells to which the inhibitor and
substrate were added simultaneously. Related experiments in

which known gquantities of p-aminosalicylic acid were depleted

52
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from the medium by the cell suspensions prior to adding the
substrate demonstrated that the internal accumulation of in-
hibitor by the cells did not influence p-aminobenzoic acid
oxidation. Attempts to recover p-aminosalicylic acid from
those cell suspensions were unsuccessful. These results
would indicate that the antimetgbolite is bound or metabo-
lized immediately upon permeating the membrane and is not
available in the "free form" to compete for the oxidative en-
zyme system,

Results obtained from incubation experiments showed that
the rate of uptake of p-aminosalicylic acid by p-aminobenzoic
acid-grown cells is independent of the initial concentration
of the antimetabolite in the medium. A competitive inhibi-
tion at an internal "site" would be dependent on the pres-
ence of varying concentrations of the inhibitor and the con-
stant uptake observed in this study would tend to eliminate
the possibility that p-aminosalicylic acid acts inside the
cell.

The view that p-aminosalicylic acid competes for the spe~
cific transport mechanisms of p-aminobenzoic acid is further
supported by observations made in comparing the "uptake sys-
tems" of the substrate and the inhibitor. Incubation experi-
ments showed that exposure of asparagine-grown cells to p=-
aminosalicylic acid partially induces the "uptake system" for
p-aminobenzoic acid. In these cells induced for substrate up-
take by exposure to the inhibitor, the depletion of p-amino-

benzoic acid was also inhibited by p-aminosalicylic acid. The
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fact that transport mechanisms for the substrate and inhibitor
appear to be closely related makes a competition at these
"gites" seem plausible,

The influence of p-aminosalicylic¢ acid on the uptake and
oxidation of protocatechuic acid was investigated in incuba-
tion and respirometer experiments. Similar patterns of inhi-
bition were observed in elther protocatechuic acid-grown cells
or in cells sequentially induced to protocatechuic acid by
growth on p-aminobenzoic acid. These observations suggest
that the depletion of the antimetabolite byng-aminobenzoic
acid-grown cells, which is not observed in protocatechuic
acidngrown cells, apparently is of no consequence in the in-
hibition of protocatechulc acid oxidation. In addition, this
difference in inhibitor uptake makes it difficult to assume
a competition for internal "sites' in both types of cells.

p~Aminosalicylic acid did not affect the rate or extent
of oxidation of protocatechuic acid by cell-free extracts,
Experiments also showed that the rate of carbon dioxide evo-
lution during the degradation of protocatechuic acid by cell
extracts was not affected by the antimetabolite., Chromato-
graphic experiments showed that protocatechuic acid was de-
graded to B-ketoadipic acid by the cell extract., Catalytic
decarboxylation of the MA-ketoadipic acid formed from proto-
catechuic acid in cell extract incubations showed that the
rate of formation of the keto-acid was not inhibited by p-~ami-
nosalicylic acid. ‘

Results of cell extract experiments provided evidence

that the sequence of dissimilatory reactions from protocate-
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chuic acid to;éiketoadipic acid are not sensitive to the in-
hibitor. Findings of whole cell experiments demonstrated
that the oxidation of Aketoadipic acid is not affected by
the antagonist. Combining the (protocatechuic acid—————3»
B-ketoadipic acid) reaction sequence in cell extracts with
the (B-ketoadipic acid———— low molecular weight compounds)
reaction sequence of whole cells provides evidence that inhi-
bition of the oxidation of protocatechuic acid by p-aminosal-
icylic acid is not situated at an internal '"site'.

The findings of this study suggest that p-aminosalicylic
acid inhibits the cellular oxidation of p-aminobenzoic and
protocatechuic acid by competing for the specific transport
"sites" of the aromatic compounds thereby controlling cellular
oxidation by regulating the intracellular accumulation of the
substrates. These conclusions emphasize that‘the penetration
of various compounds through the cell barrier is a complex
process and that competition for the transport mechanisms may
be demonstrated with aromatic compounds. Similar findings
concerning transport systems were reported by Mathieson and

Catcheside (18) in which the uptake of histidine by Neurospora

was competitively inhibited by arginine and methionine and by
Mandelstam (17) in which the entry of lysine into coliform
bacteria was inhibited by a diamine. The inhibition of pro-
tocatechuic acid utilization which apparently i1s reversible
but may not be purely competitive could offer an intriguing

area for further investigations.
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