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Mechanism of Action of the Folate Blocker
Diaminodiphenylsulfone (dapsone, DDS)

Studied in E. coli Cell-Free Enzyme
Extracts in Comparison to

Sulfonamides (SA)'
J. K. Seydel, M. Richter, and E. Wempe 2

The exceptionally high antibacterial ac-
tivity of DDS against M. /eprae (' 2 . 1 ') leads
to the question of the underlying molecular
mechanism. The special situation in lepro-
sy, i.e., the lack of an in vitro system to
cultivate M. //pate, forced us to study the
mechanism of action and structure-activity
relations of sulfones in model strains in or-
der to search for the reasons for their ex-
tremely high activity against M. leprae
(0.0016 //mold in the mouse foot pad
( 11.12.1K,28 .n In studies with other bacterial
strains, it has been found that sulfonamides
(SA) (1) and sulfones (DDS) (II) act as "fol-
ate blockers."

CO—s1,,•\ Il•

Recognition of the importance of p-amino-
benzoic acid (PABA) in folic acid metabo-
lism and the ability of certain folate deriv-
atives and/or products to reverse the effect
of SA or sulfones has led to a general the-
ory of SA and DDS action. In principle,
this theory states that SA and DDS are
competitive inhibitors of the enzymatic in-
corporation of PABA in folic acid synthesis
( 211). The sequential pathway of folic acid
synthesis has been evaluated by Jaenicke
and Chan (1. Brown ( 4 • 3 ), Shiota, et al. ( 2 "),
and Ortiz and Hotchkiss (I") and is given in
Fig. I. It has also been shown that bacte-
rial- ( 1 ". 111 ), plant- ( 8 . 1 '), and plasmodial- (")
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cell-free folate synthesizing extracts are in-
hibited by SA.

MATERIALS AND METHODS
Determination of DDS and sulfonamide in-

hibitory activities i 30 and k 50 in a cell-free
system. The ratio of the amount of folate
produced in the reaction mixtures (reac-
tants and concentrations as described by
Miller, et al. (Il)) containing DDS or sul-
fonamides respectively to that produced in
controls was used as fractional activity a.
The concentration of inhibitors causing a
50% inhibition of folate synthesis was ob-
tained by plotting i = 1 — a vs. the loga-
rithm of the inhibitor concentration (DDS
or SA). In kinetic experiments the rate of
folate synthesis was evaluated graphically
from the initially linear portions of plots of
the amount of folate synthesized vs. time.
The concentration of DDS or SA causing
a 50% inhibition in the rate of folate syn-
thesis was evaluated from plots of 1/(k. —
k ;) vs. the reciprocal of the inhibitor con-
centration where k„ and k ; are the rate con-
stants for folate synthesis in the absence
and presence of inhibitor. For a detailed
description, see Miller, et al. ( 14 ).

Assay of folate growth equivalents. The
methods have already been described ( 11 ).

Minimum inhibitory concentrations
(MIC). The methods for MIC determina-
tion have been previously described
( 1..23.24 ).

QSAR analysis. Statistical analysis was
performed with a Wang computer 70013 or
2000 VP. For all regression equations the
number of data points or number of com-
pounds used is n; the correlation coefficient
r, the standard deviation s, and the F-test
are given.
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Pteridine derivatives. The pteridine ana-
log of DDS 6-(N-4.4'-diaminodiphenylsul-
fonyl) methyl-pteridine has been synthe-
sized in accordance with the description
already published for the SA analog N'-d-
(5- iii ethyl isoxazolyl)-N '-(6-pteri din yl-
met hyl) sulfanilamide ( 1 ),

nmr (I)MSO• NI MH,) 1)1)72(5  III)

AA'BB ccntcn•d :rt 6.65 ;md 7.53 (3^1)11,. 1)) 452(S 211)

us (((.I N NaOH) 165 nun( 6.1)4), 3(1)) nm (e =- 19.1)5). 225 nm (c __ 26.11))

Enzv nu►tic reaction mixtures for the de-
termination of reaction rates for DI)S and
SA incorporation into a (lihydrofolic acid an-
alog. The reactants and concentrations
were as described previously ( 2) with the
exception that PA BA derivatives were re-
placed by DDS or SA.

Bacterial growth kinetics. E. co/i (muta-
for) maintained on agar slants was used as
the test organism. The culture broth was
dextrose-salts-casamino acids (vitamin-
free), which has been described by Anton
('). Tri met hoprim (TM P) was supplied by
Deutsche Wellcome GmhH, Grosshurg-
wedel: PABA and DDS were from com-
mercial sources.

Growth. A broth culture was inoculated
from an agar culture and allowed to grow
for 12-16 hr. All cultures were grown at
37°C. A dilution of this culture—the prelim-
inary culture—was allowed to grow into the
logarithmic phase. When a concentration of
about 10-10" organisms/ml was attained,
this culture was used to prepare experi-
mental probes (10' organisms/ml).

Total count (Coulter Counter). Samples
of the experimental cultures were diluted
with particle free saline (0.85 C/e)-fornrtlde-
hyde (0.2Yc) solutions so that a count of
I000-20,000 organisms was obtained. Di-
luted samples were counted with a Coulter
Counter model "ZB'' equipped with a 30
µm orifice. Counts per 50 µl were obtained.
Instrument settings were: . I/aperture cur-
rent I: I/amplification '/2; matching switch
40 K: gain 10: lower threshold 7 and upper
threshold maximum ('11 27). Time of drug
addition was as indicated.

RESULTS AND DISCUSSION
Determination of cell-free activity (i 50) of

SA and DDS. Brown (') has determined in-
hibitory activities of several SA in such a
cell-free folate synthesizing system. He re-
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FIC. I. Reaction scheme of 7.8-dihydropteroic
acid (III) biosynthesis.

ported that these activities in general are
proportional to the antibacterial activities
(minimal inhibitory concentrations or MIC)
of these compounds. The relatively small
number and the heterogeneity of the stud-
ied compounds, however, have limited util-
ity for detailed quantitative structure-activ-
ity relationships (QSAR). Similarly, the
data have limited utility in assessing the
role of permeability as it relates to antibac-
terial activity.

To gain more information about structur-
al requirements and the physicochemical
forces which are directly related to the en-
zyme-SA or enzyme-DDS interaction and
to find an explanation for the observed op-
timum in whole cell activity (MIC), the in-
hibitory activity of DDS and of a closely
homologous series of SA''' have been stud-
ied in our laboratories. Results of some typ-
ical (single point) experiments conducted to
determine the inhibitory activities of sev-
eral N'-phenyl (Ill) and N'-pyridyl (IV)
sulfanilamides and DDS (II) are given in
Figs. 2 and 3.

a•. /\_^/^ st t.-.II

\

--((1) III

11.i-(() r111.—\11 / K Iv

They show a plot of fractional inhibition of
folate synthesis against the inhibitory con-
centration used, i.e., dose response curves.
The amount of folate synthesized was de-
termined after a fixed time interval (3 hr).
From such plots the SA or DDS concentra-
tion was determined which caused SOc/c in-
hibition of folate synthesis (i 5 ). The tested
SA (°50 in total) show a wide range in
physicochemical properties (e.g., lipophil-
icity 7r, log P), electron distribution (pKa),
and steric effects (E,) and exhibit an ap-
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FIG. 2.^Determination of the inhibitory activity of
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proximately 25-fold variation in inhibitory
activity in the cell-free system. It is inter-
esting to note that the shapes of the dose
response curves for all highly active SA are
identical whereas the shape for the DDS
curve is different ( Fig. 2). For SA the con-
centration for the half maximum inhibitory
effect is almost half the concentration for
the maximum effect (total inhibition)
whereas for DDS the concentration needed
for total inhibition is almost 12 times higher
than for the half maximum effect. It has
been stated that the ratio of the drug con-
centration causing 90C; inhibition over that
causing 10Y inhibition (1,„il,„) for compet-
itive inhibition is usually around 100 while
the ratio for inhibition by reactions with
substrate is usually between 5 and 25 ("").
For highly active SA we observe a ratio of
approximately 10 and with DDS a ratio of
approximately 70. The inhibitory potency
of DDS in E. roll cell-free systems is ap-
proximately 20-fold less than that of the
most active SA. This is in contrast to the
statement of Maren ("), who found the in-
hibitory activity of DDS to he comparable
to that of sulfapyrimidine. Similar activities
of DDS have been found in cell-free sys-
tems obtained from Plasmodium berghei

= 22 ,umol ( 2 ')), compared to a cell-free
system of E. coil (1 2,, = 35 iumol) (see also
Ferone (")).

Comparison of whole cell inhibitory activ-
ities (NIIC, E. coli) and cell-free system in-
hibitory activities (i 50). If the inhibitory ac-
tivity in whole cell systems (MIC) is plotted
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Flo. 3.^Determination of the inhibitory activity

several N'-pyridyl sulfonamides. Plots of inhibition
(i) or cell-free folate synthesis versus log of the SA
were used to determine i„, values tither 3 hr). 1 19

in a double logarithmic system against the
activity we have found in the cell-free sys-
tem (i .-,„) ("), a linear relationship is ob-
tained (Fig. 4). It is apparent that with the
exception of 4 compounds (43, 44, 45 and
47), the results with all SA and dapsone can
be described by an equation for a straight
line:

log^0.64 log NIIC + 0.75^22^095^0.13^187

This relationship indicates that the differ-
ences in NIIC values are paralleled by dif-
ferences in cell-free activities. Therefore,
these differences cannot be attributed to
permeability factors hut must he associated
with the reactions of the SA and sulfones
with the enzyme proteins of E. coll. It
seems therefore most likely that perme-
ability factors do not contribute substan-
tially to the antibacterial activity of the
tested compounds in vitro. The results are
good evidence that the rate determining
step in both systems is the same and is not
the permeation step (associated with the
rate constant k, in Fig. 5). Other reaction
steps which could he rate determining are
competition with the natural substrate,
PAI3A, by SA or sulfones for binding sites
on the enzyme (associated with the rate
constant k 2 in Fig. 5) or the reaction rate of
product formation (k„ in Fig. 5).

QSAR of whole cell and cell-free activities.
The observed variance in MIC values has
been correlated to and explained by
changes in the physicochemical properties
of the o-, m-, and p- substituted SA. In
this correlation the pKa value was expe-
cially important as an indicator of changes
in electron distribution ( 22 ). To account for
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coil). For discussion of deviating compounds 43-45

and 47 see text. (") Numbers designate different com-

pounds.

a special "steric — effect in case of the o-
substituted SA, a dummy parameter, D, has
been introduced into the regression equa-
tion (2) having the value I for o- substi-
tuted derivatives and 0 for m- and p-
substituted SA. The following equation was
obtained:

n r s
log 511C„ ..„„ 0.67(sKa - 0.241) - 4.74 IS 0.95 0.14 67 (2)

A similar analysis to explain the observed
variance in cell-free activities (i,-„,) resulted
in the following equation:

n r s
log 0.46pKa - 0.331) - 2.47 18 0.97 0.08 121 (3)

The dependencies on structural changes are
almost identical in both systems, thus sup-
porting the assumption that the interaction
with the enzyme proteins is the rate deter-
mining step (associated with the rate con-
stant k, in Fig. 5).

Kinetics of inhibition and formation of an-
alogs. The deviation of compounds 43, 44,
45 and 47 in Fig. 4 leads us to an interesting
observation. These compounds, which
show more potent inhibitory activities in a
cell-free system (i,,) than in whole cells
(MIC) (Fig. 4) hut still less than expected
according to equation 3, have very low p Ka
values (---s.6.5). i.e., they are more than 90%
ionized under the conditions of the experi-
ment. For these compounds the kinetics of

Possible rate determining steps in sulfonamide ISA)

action on E.coli

E. coli

3
SA^SA • E.. k2 — SAE —', E• product

-h i^-k2

Total probability Pr^p2 • p3

log P = log 1/C . log p • log P • log 13

•
5. Schematic drawing of possible rate deter

mining steps in antibacterial action.

inhibition was determined in a cell-free sys-
tem. An example is given in Fig. 6 for DDS.
The observed k,„ values (concentration

FIG. 6.^Determination of inhibitory activity of

DDS by the kinetic method.
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FIG. 7. kinetics of inhibition of rotate synthesis by

DDS (25 p.M) with 1•) and without (0) preincubation.
In the case of preincubation 25 01 DDS were prein-
cubated for 3 hr with 7.8-dihydro-b-hydroxyrnethyl-
pterin (32 ttM). and PAHA ( 220µM) was subsequently
added.

necessary to reduce the rate of dihydrofolic
acid synthesis to one half) are in agreement
with the observed values (concentra-
tion needed to reduce the amount of folate
produced after 3 hr to one half). For the
very active SA, however, the was much
smaller than the i,, for the first 2-3 hr in-
terval. Later, the rate of folate synthesis
returned to the rate of the control probe.
This behavior indicates a "use up'' of in-
hibitor in a reaction with the substrate di-
hydropteridine alcohol ("). In the case of
SA this has been demonstrated, and the
dihydropteroic acid analog has been iso-
lated and identified from cell-free reaction
systems and from whole cells ("• 25 ).

Studies performed in our laboratories re-
vealed that in the case of DDS, an analog
of dihydropteroic acid is formed. If in a
cell-free folate synthesizing enzyme system

FIG. 8. NMR spectra of DDS and its dihydropter-
inyl analog (solvent Dms0).

the substrate dihydropteridine alcohol py-
rophosphate is incubated together with
DDS in the absence of competing PABA,
no production of dihydropteroic acid oc-
curs (Fig. 7) when MBA is subsequently
added because all precursor dihydropteri-
dine alcohol pyrophosphate has reacted with
DDS to form the analog. The dihydropteroic
acid analog—where the PABA moiety has
been replaced by DDS—has been synthesized
and the structure identified by NMR spec-
troscopy (Fig. 8). The biochemically synthe-
sized product is identical with the synthetic
product.

H
N N A..N.r.CH2 OPP

H2 N'A'N A"NA"^H2N-©-S02-0-NH2

C H Synthetase

0
.0,,N,CH2 . NH-0-502 -0- NH2

H2 N N

To examine if the rate determining step
in inhibition of folate synthesis by SA and
sulfones is the competition for binding sites
or the rate of formation of the dihydropte-
roic acid analog, associated with the rate
constant k,, in Fig. 5, the kinetics of analog
formation was studied in the absence of
PABA. The decrease in substrate concen-
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Fu:. 9. Rate of formation of "folate analogs" by

various SA and DDS in absence of PARA (cell-free

folate synthesizing enzyme system E. coil).

ration (dihydropteridine alcohol) and the
formation (increase) of analog has been fol-
lowed by quantitative thin layer chroma-
tography ( 2 ). The results are given in Table
I and Fig. 9. All SA derivatives studied and
DDS show the same rate of analog forma-
tion despite the large variance in their in-
hibitory power (only PABA shows a faster
rate for its incorporation into dihydropte-
roic acid). Therefore the rate determining
step in folate inhibition is not the rate of

0 1 2 3 hr

FIG. 10. Reversal of DDS inhibited folate synthe-

sis by increasing concentrations of PABA (cell-free

folate synthesizing system E. co/i).

formation of the dihydropteroic acid ana-
logs hut the different affinity of the inhibi-
tory SA and sulfones to the enzyme dihy-
dropteroic acid synthetase compared to the
affinity of the natural metabolite PABA ex-
pressed by the Michaelis-Menten constant
K„,. The molar concentration of PABA
needed to reduce the inhibitory effect of
DDS (Fig. 10) and of various SA (at con-
stant concentration of the ionized form) to

1200
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BOO

E. 600

- 400

• 200

1400

1200

1000
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60(

TABLE 1.

Rate of H 2-pteroic acid^analog formation by^various^N 1-phenylsulfanilamides (SA)

in a cell-free^system in the absence of PABA at pH 7.71, 37 °C

R^

SA-conc. [pM] MIC^i 50^rate pKa^if D
H2N-0-502.NHI@'

 total^ion. Tract [pM]^[pM]^[mm 2 min-li

4-CH 3 5239^223 21.8^-^6.50 9.25^0.44 0

H 2840^223 16.0^45.0^7.40 8.97^0 0

4-CI 1242^223 13.0^35.0^7.58 8.56^0.83 0

4-C) 273^49 13.0^35.0^7.90 8.56^083 0

2-CI 991^223 28^13.5^6.35 8.18^0.37 1

2-CI 341^117 2.8^13.5^6.65 8.18^0.37 1

2-NO2 250^205 1.0^4.0^7.90 724^0.12 1

4-NO2 250^223 1.0^7.0^7.70 6.97^0.59 0

PABA 250^250 -^-^14.00 4.67^- -

DOS 250^0 16.0^32.0^7.50 -^logP0.9 0
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TABLE 2.

Competitive activity of PABA (KpABA) against various N 1 -phenytsulfanilamides (SA)

at constant concentration of ionized SA at pH 7.71, 37 °C, in a cell-free system

(PABA concentration range 10- 50 1..1M)

H2N-g-S 0 2 .N H
R

^[pM]

total^ion. tract.

MIC

[pM]
ui 50

[pMl

K- PABA

[pM]

pKa IC D

4-0CH 3 436.7 10 34.5 75.0 59 9.34 -0.12 0

H 185.2 10 16.0 45.0 68 8,97 0 0

4-CI 80.0 10 13.0 35.0 59 8.56 0.83 0

4-J 38.6 10 11.3 25.0 63 8.17 1.12' 0

4- COCH 3 16.3 10 2.0 10.5 54 7.52 -0.55 1 0

4- NO2 12.0 10 1.0 7.0 65 6.97 0.59 0

2-CI 39.4 10 2.8 13.5 93 8.18 0.37 1

2- NO2 13.4 10 1.0 4.0 100 7.24 0.12 1

DDS 50 0 16.0 350 16 - log P0.9 0

literature value

one-half of the effect in the absence of
PABA is given in Table 2 and Fig. 10 (cell-
free system). It is obvious that the ionized
form of SA is a more powerful inhibitor of
folate synthesis than dapsone. This is in
agreement with the other results obtained
with E. co/i, especially the MIC.

So far, the results of mechanism of action
studies of sulfones in a cell-free system and
in whole cell systems of E. co/i and also in
plasmodia seem to indicate identical inhib-
itory behavior compared to SA. Also, in a
strain of mycobacteria (M. kansasii) where
DDS shows a remarkable increase in inhib-
itory power (MIC 0.3 - 0.5 jug/m1 = 1.2 -
2.0 //mold), the inhibitory effect can be to-
tally antagonized by PABA (PABA:DDS =
2:1) ( 17 ).

Bacterial growth kinetic studies. To get
further information which might indicate a
deviation in the mechanism of action of
DDS in comparison to SA-at least to a
certain degree-bacterial growth kinetic
studies have been performed ( 7 ' 27 ). In these
studies the rate of growth of bacteria is de-
termined during the exponential growth
phase in the absence and presence of inhib-
itors. The number of organisms in a defined
volume of culture medium is counted with
a Coulter Counter as a function of time and

inhibitor concentration. If the number of
bacteria (N) per volume is plotted against
time (t) in a semilogarithmic graph, a
straight line is obtained:

log N = log N„ + 
 kt
 (4)

2.303

From the slopes of these curves the gen-
eration rate constant (k) can be calculated.
Figure 11 gives an example of the growth
of E. roil in the absence and presence of
various concentrations of DDS. In agree-
ment with the results in the case of SA ( 27),
a lag phase of approximately 5 generation
times is observed before onset of inhibition.
The lag phase is independent (sampling
every 30 min) of the type and concentration
of the SA or sulfone used and is due to a
pool of dihydrofolate within the bacterial
cell. After depletion of this pool, a new
steady state growth as a function of inhib-
itor concentration is obtained. It is inter-
esting to note that a second stronger inhi-
bition phase is observed after a constant
time interval if the cultures are treated with
DDS. The reason for this is not yet under-
stood. This point will be stressed later.

The relation between concentration and
inhibitory effect (decrease in generation
rate constant) can be linearized by the fol-
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FIG. 11. Typical generation rate curves of E. co/i
(intitallor) at 37 in the presence of various concen-
trations of DDS. The curves, final drug concentrations
(p.m o1/1) and apparent steady state rate constants,
lv„„„ x 10 ' in sec I were: (x) control 3.63: (0) 5 DDS,
3.43: (•) 10 DDS, 3.09: (A)15 DDS, 2.8 and for the
second inhibition phase: (0) 5 DDS, 3.13: (•) 10 DDS,
2.45: (A) 15 DDS. 1.97: (•) 20 DDS. 1.71: ( 25 DDS,
1.39.

lowing equation (Lineweaver-Burk-Plot):

1/(k,, — koh..) ^ KA + KR
Cnos

where k„ is the rate constant of the control
culture, k„,,, the rate constant in the pres-
ence of DDS, C,„„ is the DDS concentra-
tion, K ., the activity constant obtained from
the slope of a curve where 1/(k„ — is
plotted against I/C (see Fig. 12), and K R --
1/k„ for C The obtained activity con-
stant for DDS was K .,,,,,, = 9.02 x 10 -2 M •
sec•1 - ' and for 3-sulfa-5-methylisoxazole

was 0.425 x 10 -2 M•sec•1 - '. The ratio
of the activity constant K As ,,, for these two
compounds is the same as the ratio of the
MIC values (MIC,,,, = 16 Arnold: MIC sm , =
0.8 Amo1/1; E. •oil). Also, the synergistic be-
havior of DDS in combination with a dih-
ydrofolate inhibitor like trimethoprim (TMP)
or pyrimethamine ( 2") is comparable to the

E. cc:di

Flu. 12. Example of quantitative relation between
apparent E. ( -oh growth rate constants and
DDS concentration (total counts). The curve is plot-
ted in accordance with the equation: 1/(k„ — lv ; ,„„) =

—I K + K„.

synergism observed in the case of SA in
combination with TMP (Fig. 13). The
mechanism of the synergism of combina-
tions of SA and TMP or DDS and TMP is
still not understood. As a hypothesis es-
pecially to explain the extraordinarily high
antibacterial effect of DDS alone against M.
leprae, we would propose that the formed
DDS-dihydropteroic acid analog might act
itself at the dihydrofolate reductase level,
thus causing a more than additive (i.e., syn-
ergistic) effect to the inhibitory power of
dapsone alone.

Poe (") has also made a proposal to ex-
plain the synergism observed for combina-
tions of SA and dihydrofolate reductase in-
hibitors. He assumes that SA and also DDS
act not only at the enzyme dihydropteroic
acid synthetase (Fig. I) but also at the di-
hydrofolate reductase. The published K 1
values (see Table 3) for various SA and
DDS acting on dihydrofolate reductase
show, however, that they are at least two
orders of magnitude larger than the inhibi-
tion constants observed for inhibition of
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FIG. 13. Typical generation rate curves of E. coil
(mutallor) at 37°C in the presence of DDS and TMP
alone and in combination. The curves, final drug con-
centrations (iimo1/1) and generation rate constants

k„„ x 10 4 see werewere as follows: (x) control 3.766:

(•) 10 DDS, 3.096; (0) 0.4 TMP, 3.25; (n.) 10 DDS,
0.4 TMP ± 0.0.

dihydropteroic acid synthetase. It is, how-
ever, interesting to note that DDS shows a
higher affinity towards E. cell dihydrofol-
ate reductase than SA whereas the affinity
for the main target enzyme dihydropteroic
acid synthetase, is opposite as shown
above. One could speculate, therefore, that
in the case of M. leprae the affinity of DDS
towards dihydrofolate reductase might
even be larger, thus causing an inhibiting
effect in addition to the inhibition of
dihydropteroic acid synthetase. The two
phases of inhibition of DDS seen in E. coli
cultures could also indicate that there is an
inhibitory effect of the analog formed by
DDS and phosphorylated dihydropteridine
alcohol (see reaction scheme). An experi-
ment was designed in which PABA was
added after 4 hr to a culture inhibited by
DDS. After this time a certain amount of
the DDS analog has been formed: the in-

0 1 2 3 4 5 6 7 8 hr

FiG. 14. Typical generation rate curves of E. cull
(mutallor) at 37°C in the presence of DDS, PAHA and

TMP alone and in combination.

hibitory action of this analog should at least
not immediately he antagonized by the ad-
dition of PABA, which has no affinity for
the dihydrofolate reductase, and could
show a synergistic or additive effect in
combination with TMP. The results are giv-
en in Fig. 14 together with the curves ob-
tained in the presence of DDS alone and in
a mixture with TMP. It is clearly demon-
strated that at least in the case of E. cell,
the DDS inhibitory activity can be totally
antagonized by PABA, i.e., there seems to
be no additional activity of the DDS analog
or DDS alone at the dihydrofolate reduc-
tase level.

Hypothesis about an additional mecha-
nism of action of DDS in M. leprae. It seems
reasonable to assume that DDS acts on the
folate synthesizing pathway of M. leprae in
a similar way as shown for E. co/i, espe-
cially if one considers the results obtained
for other bacterial strains and even for plas-
modia. The reported extremely high inhib-
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TABLE 3.

Inhibition constants of sulfonamide for E.coli dihydrofolate reductase and E.coli

dihydropteroate^synthetase

Compound

K 1 (M)

Dihydro-

pteroate

1)ihydro-

folate
0K 1 -

1
synthetase reductase

Sulfaquinoxaline 1.3^x 10 4 1.7 .1^0.4^x 1 41 '4

4,4'-Diaminodiphenyl-sulfone 1.8^x 10
-4 3.0 I^1.1^x 10

-4
Sulfamerazine 4.0 x 10-6 4.0 x 10 6.3 I 2.2 x 4

10

Sulfapyridine 1.5^x 10 5 5.7 x
4

10 1.7 I^1.2^x 10 3

6 -4
Sulfathiazole 2.3^x 10 7.4^x 10 9.6 I 4.8 x 4

10

Sulfamethoxazole 2.0 x - 3
10 2.3 I^0.3 x 10 3

Sulfinilic^acid 8.3 x 10
6

3.5 x 10- 5 6.5 I 0.8 x 10 3

Sulfaguanidine 1.7^x.10 5 3.9^x 10
3

5.6 x 10^1

Sulfisoxazole 6.5 x^10 5 3.0 I^0.3 x 10 3

Sulfanilamide 6.7^x 10-5 2.4^x 10--0 1.3 t 0.7 x 10 2

From:^M.Poe:^Science^194,^533 (1976)

itory power of DDS against M. leprae
might be explainable by assuming one or a
combination of the following possibilities:

I) a very high affinity to the enzyme di-
hydropteroic acid synthetase. This
does not seem to be very likely from
the experience with reversible com-
petitive inhibitors. In all cases known
so far, the affinity constant of a strong
inhibitor was in the order of magni-
tude of the natural metabolite.

2) a very low concentration of the com-
peting PABA within the bacterial cell.
Since the MED values of DDS against
M. leprae are extraordinarily low,
this is not very likely.

3) an additional inhibitory effect of DDS
or the formed analog at the dihydro-
folate reductase site or 4) a synergistic
effect of DDS or the formed analog at
the dihydrofolate reductase. These ar-
guments are still likely to have some
relevance even if no evidence can be
derived from the studies on E. coil as
discussed above. Studies on M. 110

with a high sensitivity for DDS are in
progress in our laboratory to further
address these points.

5) accumulation of DDS within bacterial
cells of M. leprae (deep compart-
ment). In experiments with M. kan-

Panitch and Levy found a 14-
I5-fold accumulation of DDS within
the bacterial cells after 8 days of treat-
ment of the bacterial culture (Fr).

6) an additional action outside of the fo-
late synthesizing enzyme system.

7) The extremely slow generation rate of
M. leprae and folate metabolism is the
rate determining step. Inhibition of fo-
late metabolism by DDS might he very
powerful under these circumstances.

SUMMARY
The antibacterial activity of DDS has

been studied in whole cell (E. co/i), cell-
free folate synthesizing enzyme extracts
and compared to effects obtained for sul-
fonamides (SA). It is shown that DDS acts
as a synthetase inhibitor in the folate syn-
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thesizing enzyme system. DDS reacts with
the substrate 7,8-dihydro-6-hydroxy-
methylpterinopyrophosphate to form a
7,8-dihydropteroic acid analog. Bacterial
growth kinetic studies were performed to
test for possible synergistic activity of the
analog in combination with DDS. Possible
reasons for the extremely large inhibitory
power of DDS against M. leprac are dis-
cussed.

RESOMEN
Se estudii) 1.1 actividad antibacteriana del DDS en

celtdas totales (E. co') y en extrados lihres de celtdas

tine contcnian las entimas nccesarias para la sintesis
del folato. Los resultados se compararon con los oh-

tenidos con sulfonamides (SA). Se encontni que el
DDS mina cones inhihidor en el sistcma enziimitico

que participa en la sintesis del folato. lit DDS reac-

ciona con el substrato 7,8-dihidro-6-hidroximetil-pter-

in-pirofosfato para formai - un amilogo del ;kid° 7.8-

dihidropteroico. TambiCm se hicieron estudios sobre

la cinetica del crecimiento hactcriano para prohar la

posible actividad sinergistica del amilogo en comhi-
naciOn con el DDS. Se discutcn algunas posibles ra-

zones pant explicar el gran podcr inhihitorio del DDS

sobre el M. leprue.

RESUME
L'activite anti-bacterienne de la DDS a ete étudiée

sur des cellules entieres de E. coll. ainsi que stir des

extraits enzymatiques depourvus tie cellules et syn-

thetisant le folate. Cette activite a ete comparee aux
effets ()Menus avec les sulfonamides. On a ainsi

montre que in DDS agit comme inhihitcur de la syn-

thetase, dans le système enzymatique synthetisant le
folate. La DDS réagit avec le 7,8-dihydro-6-hydroxy-
methylpterinpyrophosphate, pour former un analogue

de l'acide 7,8-dihydropteroique. Des etudes cinctiques

de la croissance bactérienne ont etc menees ;din
d'etudier l'activite syncrgique éventuelle de cet ana-

logue en comhinaison avec la DDS. Les raisons qui

pourraient expliquer le pouvoir inhibiteur extrême-

ment puisant tic la DDS contre leprae, sons dis-

cutees.
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