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Inhibition by Sulfonamides of the Biosynthesis
of Folic Acid

Gene M. Brown"

Woods () Laid the groundwork for the
clicidation ol w biologic function for p-
aminobenzoie acid (p-AB ) with the obser-
vation that this compound antagonizes the
bacteriostatic properties of - sullonamides,
Later work established that p-AB is a struce-
tural unit of @ more complex compound,
folic acid ("), No evidencee exists to
indicate that p-AB is needed lor any pur-
pose other than as a precursor of Tolic acid.
Work with intact bhacterial cells had estab
lished that sullonamides intertere with the
cellular synthesis of folic acid (101220
and that p-AB reverses this inhibition in a
competitive manner. The elucidation of the
enzymatic reactions that result in the bio-
syanthesis  of folic acid by Shiota and
coworkers (71%) and by Brown and his
collaborators (™ % *) provided an op-
portunity to study the cffects ol sulfona-
mides on the enzymatic utilization of p-AB
for the formation of folic acid and related
componnds.

This paper will be presented in the form
ol a short review in which the biosvithesis
ol folic acid will be disenssed bricHy, fol-
lowed by a somewhat more detailed de-
scription of the work with sulfonamides.

Enzvmatic svnthesis of folic acid and
related compounds. Folic acid  contains
three structural units: a pteridine moicty, p-
AB. and glutamic acid. Most of the sig-
nificant work that has led to an
standing of the enzyme system that cata-

under-

lvzes the svothesis of the vitamin from
these precursors has come from the Tabo-
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(= These workers used, respective-
Iv. cell-tree extracts ol Lactobacillus plan-
fartm andd extracts ol Escherichia coli as
sources ol cnzyvmes. It has been established
that, in both systems (% %) the |)ll'l'i(“|ll'
used as substrate is 2eamino-Ehydroxy-6-
hydroxymethvl- 7 S-dihvdropteridine  ( Fig.
). This compound can be converted en-
zvmatically to either dihvdropteroie acid
(in the presence ol p-AB as cosubstrate )
or dilivdrotolic acid Cin the presence ol p
aminobenzovlghitamic  acid)  onlv - when
TP and magnesivm ions are also present
in the Weisman  and
Brown have [rictionated extracts of
. coli and obtained two enzvime fractions
( fractions A and B, both ot which are
needed for the formation ol dihydropteroic
acid from p-AB, ATP and the dihvdropteri-
dine substrate. One ol these enzvime Irac-
tions (Iraction A is needed to catalvze the
formation Trom the dihydropteridine and
\TP ol a substance that can be converted
by the second enzyme fraction (braction
B to dihvdropteroate in the presence ol
p-AB. Shiota et al. (") have svnthesized
the monophospho and pyrophospho esters
of  2oamino-Ehvdroxy-6-hydroxymethyl-di-
hvdropteridine and showed that in the L.
p!.«mhn'um svstem the py rophosphiate ester.
bt not the monophosphate. can be con-
verted to dihydropteroate in the presence ol
p-AB and in the absence of ATP. Weisman
and Brown ("1 then found  that  their
fraction B, prepared from 120 coli extracts,
could catalvze the synthesis ol dihvdropter-
ouate Trom p-AB and the pyrophosphate
ester, but the monophosphate ester was
not utilized as substrate by cither fraction
B alone, or in the presence ol AT and
hoth fractions A and B, These results sug
aested that the pyrephosphate ester is an
intermediate in the pathway and that its

reaction  mixbures.
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Dihydrofolic acid

I1c. 1. The enzvmatic reactions that lead

formation and  subsequent utilization lor
the enzvmatic synthesis of dibvdropteroate
is as shown in Figore 1.

Also shown in Figure 1 s the reaction
whereby dilivdropteroie acid and glutamie
acid are utilized tor the tormation of di-
hydrofolic acid. The enzyme that catalyzes
this reaction has been found in extracts of
o large number of microorganisms (7, in
cluding such diverse varieties as  veast.
Newrospora. Muycobactervivm  avinm,  and
varions species of enterobacteria, The en-
svme has heen purified some 35-told from
extracts ol L. coli and some of its properties
deseribed (7). As shown in Figure | ATP,

N\ and monovalent eation (either K
or NI, ) are all needed for this cnzvime
to be active. Neither pteroie acid nor

tetrahyvdropteroic acid can be used in place
of dihvdropteroic acid as substrate.
Althongh  p-aminobenzoyvlglutamic  acid
p-ABG) can he utilized in place of p-AB
for the dircet formation of dihydrotolic

to the biosvnthesis of dilivdrofolic acid.

acid (%t is telt that p-ABG is prob-
ablv not of importance as an intermediate
in the biosynthesis of folie acid compounds,
since p-ABG s not utilized as effectively as
p-AB i most systems and no o evidencee
could be obtained that p-ABG s a product
formed enzymatically from p-AB and glu-
tamate in E. eoli (%),

The general importunce of the pathway
civen in Figure 1 is evident in the fact that
the reactions for the synthesis of dihvdro-
pleroie acid are known to oceur in a wide
variety ol organisins, including (in addi-
tion to L. planfarion and E. coli) pneuamo-
cocel (Y1) micrococet (F). veast (),
Pekinensis brassica ('), Ncurospora (%),
Muycobacterivm avivon (%), Bacillus subtilis
() Corynebacterium sp. (Y. enterobac-
tevia (%) such as Proteus morgani, Acro-
bacter acrogenes. and Salmonella  typlhi-
nuerivon. and Micrococens lysodeikticus ().

Inhibition by sulfonamides. The effects of
sulfonamides on the enzymatic synthesis of
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1“1, 2. The eltects ol sulfa drags on the e

nzvmatic svnthesis of folic acid, The con-

tents of the reaction mixtures e given in the text. Details of this experiment can be

tound in a paper by Brown (1),

dihydropteroic acid (expressed as “folate
cquivalents” produced ) by an enzyvme sys-
tem from E. coli are shown in Figure 2,
Lach  reaction  mixture  contained:  2-
amino - - - hvdroxy - 6 - hydroxymethyldihy -
dropteridine. ATP Mg - | the enzyme prep-
aration, p-AB (5 mumoles per ml), and sulfa
drug as shown in the ficure, The three sulla
drugs tested were all effective as inhibitors
of product formation. but the three were not
equally effective. Sulfadiazine was most ef-
fective and sulfanilamide the least. Sultanilic
acid s, of course., not a sulfonamide, but
nevertheless is a potent inhibitor. The dotted
line shown in Figure 2 represents half-maxi-
mal synthesis of product under the experi-
mental conditions. A usetul term that has
been used to characterize the effects ol
competitive inhibitors in biologic systems is
the “inhibition index.” This refers to the ra-
tio of the concentration of the inhibitor to
the concentration ol the substrate (with
which it competes) that results in half-maxi-
mal synthesis of product where maximal syn-
thesis of product is measured under the

same  experimental conditions in the ab-
sence of inhibitor. For example, from the
data of Figure 2 it is possible to calenlate
inhibition indices of approximately 2.0, 3.0
and 20 for sulfadivzine. sultanilic acid and
sultunilamide. respectively.

In an experiment where the effect of o
competitive inhibitor on bacterial growth is
measured, the inhibition index is defined in
the same way except that growth is the
process  measured  guantitatively  rather
than the formation of a product. A number
ot sulfonamides have been analyzed for
their abilities to compete with p-AB and
thus to inhibit the growth of E. coli. and
also for their properties as inhibitors of the
utilization of p-AB for the enzymatic pro-
duction of dihydropteroic and by an en-
zvme system prepared from E. coli (V). A
listing of the caleulated inhibition indices
determined both in growth and enzymatic
experiment is given in Tuble 1. For the
details of this experiment. the reader is
referred to o paper by Brown ('), It s
evident from the data of Table 1 that a
particular  sulfonamide is a4 much better
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Tanve L Eflectiveness of sulfonaniides as
rahithitors of the growth of 10 coli and as
thiihitors af the enzymad e formal o of folale,

Tubahiton ey

| RIPAN
Inhibitar e Girowth
Sulinthinzole (070 250
Sultabenzamide (] 1,100
Sulfamernzine 1.2 270
Sulfadiazine .4 270

Sulfanilie acid 2.5
Sulfamethazine 29 6H2h
Sullapyridine 35 1 100
Sullaguanidine a0 16,300
Sulfacetamide 7.0 2 000
Sullfanilamide 2000 121,500
Sulfasuxidine 23 .0 i, S0
praminosalievlic weid 240 G4, 000)

inhibitor at the enzyme level than it is as
an inhibitor of bacterial growth,

A comparison of the inhibitory properties
of the sulfonamides indicates that, in gen-
eral, it a sulfonamide is a good growth
inhibitor it is also a relatively good inhibitor
of the enzymatic reaction, althongh some
exceptions  are evident  (¢f. sultaben-
zamide,  sullagnanidine,  sulfasuxidine ).
Two compounds that were tested, sulfanilic
acid and  p-amino-salicvlic acid  are not
sulfonamides but were included bhecanse of
their similarities in strocture to p-AB. Sul-
fanilic acid was completely ineffective in
inhibiting bacterial growth, but was quite
effective as an inhibitor in the enzymatic
experiments. This suggests that the cells
are not permeable to the highly negatively
charged sultanilic acid. The fact that all of
the sulfonamides were far better inhibitors
of the enzymatic svnthesis ol dihyvdrop-
teroate than they were ol the growth of L.
coli suggests that these bacteria are far
less permeable to these compounds than
they are to p-AB,

From the data presented in Table 1 it is
evident that sullathiazole is the most effec-
tive of all the sulfonamides as an antagonist
of the utilization ol p-AB. In order to
determine whether the observed inhibition

Brown: Inhibition by Sulfonamides

ol the formation ol product was competi
tive, o number of reaction mixtures were
prepared to contain varving concentriations
ob hoth p-AB and sultathinzole, Inone
series, i constant amonnt ol sulfathiazole
wis added to cach mixture and the concen-
tration of p-AB was varied. Three other
such mixtures  were
lln'p:u_'t'tf, cach series containing o dillerent
amount  ob  sullathiazole, The  data are
presented in Figure 3 as double reciprocal
plots — (the  so-called  Lineweaver-Burke
plot) that are traditionally used to deter-
mine whether the inhibition is competitive,
The resulting family of straight lines, cach
line with a diflerent slope but the same
intercept, indicates that the inhibition Iy
sulfathiazole was competitive with p-AB.

In order to confirm that competitive inhi-
bition Kineties applied to the system de-
seribed above, experiments were designed
in which reaction mixtures were prepared
to contain sultathiazole CVeTY Com-
ponent  (inclunding  the  enzyvme  system)

series ol reaction

.'lII([

needed for the enzymatic production ol
dihydropteroate, except tor p-AB. After a
preliminary  incubation period (37 C) ol
two hours, p-AB was then added to the
reaction mixture and incubation was con-
tinued for another two hours. Control ex-
periments indicated  that the amount  of
p-AB added was great enough so that if it
had been added at the same time as the
sullathiazole, no inhibition by the drug
would have been evident, It was expected
that if strictly competitive inhibition kinet-
ics were followed, the preliminary  incu-
bation in the presence of the sulfathiazole
and the absence of p-AB would have no
cllect on the production ot dihydropteroate
during the second incubation period (after
the addition of the p-AB). However, the
results shown in Table 2 indicate that the
preliminary imcubation with sulfathiazole
resulted ininhibition that was not reversed
by subsequent addition of p-AB ( Reaction
Mixture 4. Table 2), Reaction Mixture 2 ol
Table 2 shows that when both p-AB and
sulfathiazole added  together,  the
amount of p-AB added was sufficient so
that very little inhibition occurred (com-
pare with Reaction Mixture 1), The effect
of the length of the first incubation period

were
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The other components of the reaction mixtures were: 2-
and enzyme

3

prepara-

tion. The velocity of the enzvmatic reaction was determined by measuring the amount
Experimental details were similar

of product, dihydropteroic acid,
to those reported by Brown ('),

l]lill Wis |ll}'|ll(‘(|,

Tanre 2. Leveversible tnhibition of Jolale syntheses by sullfathiiazole.

leaction
nixture®

. epe R

e |:|l Juir stion of I}H' rescelion mixigres and the
Other details of this experiment were as deseribed by Brown (1),
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. 4. The effect of incubation time (the first incubation period) on the irreversible
inhibition by sulfathiazole. During the fivst incubation period, reaction mistures con-
tained sulfathiazole, 2-amino-4-hivdroxy-6-hyvdroxymethyldihvdropteridine, ATP. NMgClL,

and enzyme preparation,  After incubation at 37

for the times shown, p-AB was then

added to each reaction mixture and all were then reincubated for 2 howrs, Enough p-
AB was added so that if the p-AB and sulfathiazole had been added at the same
time no inhibition by sullathiazole would have been observed.

on this “irreversible inhibition™ is given in
Figure 4. As the incubation time is in-
creased the degree of irreversible inhibition
is also increased. This suggested that an
enzymatic reaction involving sulfathiazole
as o substrate might be occeurring during
the first incubation and that the net effect
of this reaction is to either use up other

substrate or to form a product that alfects
the formation of dihydropteroate from p-
AB. Further experiments indicated that in
order tor the trreversible inhibition to oc-
cur, Mg 4+ ATP and the dihyvdropterid-
ine substrate had to be present i the
reaction mixture douring the first incubation
period. This supported the view that a
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])l‘ntlllt'! wats lormed and snggested that the
product was an analog ol dihvdropteroate
in which the p-AB portion ol this produet
was replaced by sulfathiazole, One of the
effects of such a phenomenon should be
that the dihydropteridine substrate would
be consumed by reaction with sulfathiazole
and thus not he available for reaction with
p-AB after the latter compound was added
to the reaction mixture. I this were the
case, then by increasing the concentration
ol the dihydropteridine, one shonld observe
areversal of the inhibition. Such an experi-
ment was done and it was, indeed, found
that high concentrations of the diliydrop-
teridine in reaction mixtures did tend to
reverse the inhibition (1),

Conlirmation was obtained for the Torma-
tion of a sulfa drog-containing product
the incubation of sulfanilic acid-§* with
the enzvime preparation, the dihyvdropterid-
ine, ATP, and Mg+ . Analyvsis of the
incubated reaction mixture by means ol
paper chromatography followed by radio-
autography indicated that a radioactive
product has been formed (1), The forma-
tion of this product was shown to be de-
pendent on the presence in the reaction
mixture of the dihydropteridine, ATP and
Mg+ +. This provides strong support for
the view that sulfa drugs are able to re-
place p-AB as substrate for the enzyme.
Thus the observed competitive inhibition
can properly be desceribed as a case of
competition of sulfonamides with p-AB as
substrates for the enzyme. Once the sulla
has competed  successtully and  becomes
bound to the enzyme, it can then react in
the way that p-AB reacts to vield a pro-
duct.

Resistance to sulfonamides. Pato
Brown (') have isolated w number of
mutants of L. coli that will grow in the
presence of a higher concentration of sul-
fonamide than the parent wild-type strain
will tolerate. An examination of these mu-
tants revealed that they can be divided
into two classes. The enzyme svstem ex-
tracted from cells from one group ol these
mutants was identical with that obtained
from the parent strain as regards sensitivity
to sulfonamides and the Michaelis constant

and
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lor p-AB. These observations suggest that
these mtants are sensitive to the
growth-inhibitory  properties  of - sulfona
mides by being relatively impermeable to
the drngs. The second class ol mutants
contained an enzyvme svstem with a Michae-
lis constant for p-AB identical to that ol
the enzyme from the wild-type strain, but
was less sensitive to the imhibitory proper-

less

tiecs of the sulfonamides. Thas, these mu
tants appearced to contain cnzymes altered
to the extent that the combination of the
enzyvime with sulfonamide is aflected. One
such mutant from this group contaimed an
cnzyvme so altered that it was not stable to
heating at 46 C, although the enzyme [rom
the wild-type strain was completely stable
to this treatment.

Since these mutants were all isolated by
the multistep technie, it is likely that the
mutants  that examined  contained
more than mutation and that the observed
phenotypic characteristies were  therefore
the result of
event. The chances seem good, for exam-
ple. that those mutants that were observed
to contain altered enzyvmes as a result of a
mutation or mutations probably also might

Woere

more than one mutational

have  super-imposed  on these  mutations
others that might cause these organisms to
he relatively impermeable to sulfonamides.

Wolt and Hotchkiss (') have analyzed
a number of mutants of pneumococci that
are resistant to sulfanilamide and have re-
ported that the enzymes from these mu-
tants have a lower affinity for the drug
than the enzyme extracted from the wild-
tvpe sensitive strain. They could find no
evidence that altered permeability played
any part in imparting resistance to pneu-
mococcl,

Other possible mechanisms that could
theoretically be responsible for resistance to
sulfonamides are: over-production by the
resistant cells of p-AB or over-production of
the p-AB-utilizing enzyme. The only report
that has appeared that supports either of
these alternatives in one by Landy et al.
() in which they claim that strains of
Staphylococcus aurens resistant to sulfona-
mides over-produce p-AB.
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The enzymatic reactions that lead to the
hiosynthesis ol tetrahivdrotolic acid are as
tollows:

(1) 2-amino-4-hydroxy-6-hydroxyvinethyl-
dihvdropteridine -+ p-AB "L{' diliv-
dropteroie acid

(21 dihvdropteroie acid
M dihvdrololic acid

elutamic acid

(3) dihvdrotolic acid S tetrahivdro-
lolic acid.

Two enzymes are involved in the Formation
ol dihivdropteroic acid (reaction 1), These
two have been separated by chromatogra-
phic technie and it has been found that one
of these enzyvmes (Enzvime A) catalyzes
the formation of an intermediate from the
pteridine substrate and ATP. The second
cnzyme (Enzyme B ocatalvzes the conver-
sion of this intermediate and p-AB to dihv-
dropteroic acide The enzyvmatic Formation
of dihydropteroie acid from p-AB and the
pteridine intermediate is imhibited by sul-
fonamides, OF a sulfonamides
tested, sultathiazole was the most effective
inhibitor and sullunilamide the least eflee-
tive, Experimental evidence has been ob-
tained that the enzyme actnally uses the
sulfonamides as substrates with the forma-
tion of sulfonamide-containing prodncts
that would he analogs of dihvdropteroice
acic. Thus, the inhibitory properties ol sul-
tonamides can be aseribed to these con
pounds competing with p-AB as substrates
lor the enzyme, This difters from the tradi-
tional view that sullonamides are classic
competitive inhibitors of the utilization of

p-AB.

series ol
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DISCUSSION

Dr. Prabhakaran. In studies of this type
it is common practice to do Lineweaver-
Burke plots of the results, Your data did not
show anv, Tave von done so?

Dr. Brown. We have done so on the ef-
feet of the inhibitors on the initial velocity
of the cnzyme.

Dr. Prabhakaran. The pathwavs of bio-
synthesis of reduced forms of folic acid
lave been well worked ont in other mi-
croorganisms and in animal tissnes, Do yvon
find anvthing new or difterent in I coli?

Dr. Brown. The pathways were the same.

Dr. Morrison. I wonder il vou have any
Kinctic information on the Michaelis con-
stunt for p-AB as compared with sullathia-
zole when the latter functions as a substrate
for Enzyme B. the condensing enzyme,

Dr. Brown. The Ko for p-AB has heen
determined to be approximately 2.0 x 10 °NTL
No exact value Tor the Ko for sultathia-
zole has bheen determined. althongh we do
know that the latter compound is ntilized
more cffectively than p-AB as substrate.

Dr. Bushby. Dr. Brown has shown ns the
stage at which sulfonamides act in the
svithesis of the co-enzyvme, tetrahvdrotolic
acid, and we shall Liter reter to the potenti-
ating eflect of pyrimethamine and  trime-
thoprim on the antibacterial  and  anti-
malarial activity of dapsone. 1 should like
to take this opportunity to point out the
stage i this syothesis in which pyrime-
thimine and trimethoprim act. They inter-
lere with the conversion of dihyvdrofolate to
its tetrahivdro  torm throngh  combining
with tetrahvdrofolate reductase. The po-
tentiation is therefore doe to the sulfona-
mides and these pyrimidines acting in the
same biochemical pathway but at diflerent
stagoes,
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Dr. Prabhakaran. Is it not true that the
sultonamides  diller Trom the sullones in
that theyv do not canse anemia and are not
cliective i leprosy?

Dr. Brown. | wonld have to ask Dr.
Shepard to answer that question.

Dr. Shepard. Initially the impression was
cained  that DDS much more toxic
than the sulfonamides with respeet to the
production  of  methemoglobinemin — and
anemii,. Later it was learned that the dif-
ference lay in the much slower exeretion ol
DDS. As a consequence. when DDS was
given in the same daily dosage as sulfona-
mides a very high blood level was built up.
with the ])I'l)(llll‘“lnl ol severe hemolytic
reactions. However, when the dosage was
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decreased to one that produced the same
blood levels of dre, DDS was Tound to he
no more hemolvtic than sullonamides.

Dr. Rees. What experience have von had
on the emergence ol resistance to DDS,
and other sulfonamides, to strains of bac-
teria other than mycobacteria? What was
the pattern of resistance, and, in particular.
were there rx:lmpll'\ ol “single-step mn-

tants™?

Dr. Brown. We have done no work with
DDS as an inhibitor, The muatants that we
have examined that are resistant to sulltona-
mides have all been derived from 1. coli,
and were obtained as multi-step mutants.
The resistance patterns that we have ob-
served are deseribed in the text.



