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SUMMARY

MCCULLOUGH, JERRY L., AND i\IAREN, THo�IAs H. : Dihydropteroate synthetase from
Plasmodiuni berghei: isolation, properties. and inhibition by dapsone and sulfadiazine.
Mol. Pharmacol. 10, 140-145 (1974).

Dihydropteroate synthetase, which catalyzes the condensation of 2-amino-4-hydroxy-6-

hydroxymethyldihydroptenidine pyrophosphate and p-aniinobenzoic acid to form dihy-

dropteroic acid, has been isolated from cells of the rodent malarial organism Plasmodium

berghei; some of its properties are described. The optimum pH for enzyme activity was

found to be 8.5. The apparent Michaelis constants for p-aminobenzoic acid and the hydroxy-
niethyldihydropteridine pyrophosphate were found to be 2.8 �i�r and 1 .4 �i, respectively.

Both 4 ,4’-diarninodiphenylsulfone (150 = $9 �.eru) and sulfadiazine (I�� = 180 zM) were
effective inhibitors of enzyme activity. The inhibition of the enzyme by these drugs come-
lated with their activity in vito against P. berghei infections.

I NTRODUCTION

The sulfones 4 , 4’-diaminodiphenylsul-

fone (dapsone) and 4 , 4’-diformamidodi-
phenylsulfone are of considerable chemo-
therapeutic interest l)ecause of their use in
the treatment of new resistant forms of
human malaria of the Plasmodium falciparuin

type (1). It has been shown that DDS2 and
certain derivatives of it are effective inhihi-
tons of Escherichia coli dihydropteroate syn-
thetase (2). Since dihydropteroate synthe-
tase is presunmbly also the site of action of

these drugs against the malarial organism

ii! l’ll’O, an understanding of the properties
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of this enzyme from plasmodia is important

for the further rational development of
effective inhibitors. This report summarizes
our studies on the isolation and properties of
dihydropteroate synthetase obtained from

the rodent malarial organism Plasmodium

berghei. A comparison is made of the inhibi-
tion by DDS and sulfadiazine of the enzyme
and the activity of these drugs in vivo
against P. berghei infections.

MATERIALS AND METHODS

EDTA, Tris, and bovine serum albumin
were purchased from Sigma Chemical Corn-

pany; Sephadex G-25, from Pharmacia 1i�ine

Chemicals, Inc.; saponin, from J. T. Baker

Chemical Company ; and [7-’4CJp-amino-
benzoic acid (specific activity, 5.85 rnCi/
mmole) , froni New England Nuclear Corpo-
ration. 4 , 4’-Diaminodiphenylsulfone was

obtained from Parke, Davis and Company,
and sulfadiazine, from Lederle Laboratories.
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Stock solutions of DDS and sulfadiazine

were made by dissolving the compounds in
1 % dimethyl sulfoxide.

Synthesis of pteridines. 2-Amino-4-hy-
droxy-6-hydroxymethylpteridine (hydroxy-
methyipteridine) was prepared by the con-
densation of 6-hydroxy-2 , 4 , 5-triaminopyri-
dine sulfate with 1 , 3-dihydroxyacetone by
the method of Baugh and Shaw (3). The
pyrophosphate ester of hydroxyniethyl-
pteridine (hydroxymethyiptenidine pyro-
phosphate) was prepared and purified by
column chromatography on DEAE-cellu-

lose according to Shiota ci al. (4). Hy-

droxymethyipteridine pyrophosphate was
reduced to 2-amino-4-hydroxy-6-pyrophos-

phorylmethyl-7 , 8-dihydropteridine (hy-
droxymethyldihydropteridine pyrophos-

phate) with dithionite as described by Shiota
et al. (5). This material was prepared prior
to each experiment. Formation of the duty-

dro compound was assessed by examination
of the ultraviolet absorption spectrum (6).
The concentration of dihydropteridine com-

pounds was determined at 330 rim (pH 7.1),
using a molar extinction coefficient of 6200

(5).

Assay of dihydropteroate syiithetase ac-

tivity. Dihydropteroate synthetase activity

was measured by a modification of the radio-

active assay of Richey and Brown (7), based
on the incorporation of [‘4C]p-aminobenzoic
acid into dihydropteroate. Each reaction
mixture was prepared to contain, in a vol-

urne of 0.4 ml, Tris-HC1 buffer, pH 8.5, 100
mM ; MgCl2 , 10 m�u ; 2-mercaptoethanol, 50

mM ; hydroxyrnethyldihydiopteridine pyro-
phosphate, 0.12 m�i ; [‘4C]p-aminobenzoic

acid, 0.04 mu (except in the reaction mix-
tures for 150 determinations, in which the
concentration of p-aminobenzoic acid was

0.01 rni�t) ; inhibitor, as indicated ; and 1.2
mg of partially purified dihydropteroate

synthetase extract. Blank determinations
contained all components except enzyme.
The reaction mixtures, in 1 X 7 cm test

tubes, were stoppered and incubated for 1
hr at 37#{176}.The reactions were stopped im-
mediately by the addition of 25 .�moles of
EDTA (pH 8.3). Each reaction mixture was

evaporated to dryness under reduced pres-
sure and redissolved in 0.075 ml of 0.05 r�t
Tris, pH 8.0, and 0.05 ml was applied (each

in an area 1.0 X 4.0 cm) to Whatnian Xo.

3MM chromatography paper. The chro-
matograms were developed by descending

chromatography with 0.1 �i potassium phos-

phate buffer, pH 7.0, for 4 hr at 25#{176}.Under

these conditions pteroate (dihydropteroate
is oxidized to pteroate during the evapora-
tion step) remains at the origin, whereas uii-
reacted [‘4C]p-aminobenzoic acid niigrates
ivith an R� value of 0.7$. Areas correspond-

ing to the origin of the developed chroiiiato-
grams i�ere cut out and counted by liquid
scintillat ion spect ronietry . A I 1 enzynie assays

were done in triplicate, and the points drawn

on the figures represent the averages of
these experimen tal values . Enzyme activity
is expressed as I1tLI1OII1( )les ( )f dihydropt crc )tlte
produced per hour.

The concentrations of 1)1)8 and sulfadia-
zinc re(fuired for 50 � inhibition (I��) of di-
hydropteroate synt hetase act iv ity � crc tie-

temniined l�- titration of at least five levels
of inhibitor in tIre standard reaction system.

Protein was detemniined liv the biuret

ITletht)d (8), using crystalline bovine sertini

albumin as the standard.
All deterniinations of radioactivity were

ruade iii a Becknian niodel 1650 scintillation

spectronieter, using Bray’s (9) scint illat ion

fluid.
Preparation of (lihy(lropteroate sy nthetase

extract. The J)#{149}berghei infection was oh-

tamed froni Dr. Leo Itaite, working un(ler
the auspices of the �Valter Reed Army In-

stitute of 1{eseareh, and was niaintaine(I in
13 (±2)-g male (h1)�1 mice (Charles River
Laboratories, %Vilniington, \Iass.) by weekly

transfer of blood froni infected mice. For

preparation of the erizynie extracts, 300

mice ��ere given art intraperitoneal injectn)n
of 0.5 nil of infected blood containing Ill)-

proximately 10� parasit ized eryt llr( )(��t (‘S.

Blo )d f( )r t he (‘IIZVIIW ext ract loll ( wit li-

drawn On the fifth day of infection ; para-

siternia, 55-70 e; ) � obtained by decapi-
tation and collected into 5 � a(lueous sodiuni

citrate solution (one-tenth the final volume).
Unless otherwise noted, all the following
steps were performed at 4#{176}C.The plasma
and l)Uffy coat were removed by centrifu-
gation for 10 mm at 2200 X p. The parasit(’s
were released from the red cells by lvsis with

saponin as described by I’erone et a!. (10).
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After this procedure, the brown pellet (con-
sisting of free parasites, some leukocytes,

and fibrous matter) was resuspended in an

equal volume of 0.05 iu Tnis-HC1 buffer, pH

8.0. The suspension was pas.sed twice through

a l”rench pressure cell (Aminco) at 15,000-
20,000 psi and centrifuged at 91,000 X g

for 30 mm. The reddish brown, turbid
supemnatant fluid was stored frozen for 16
hr and centrifuged at 91,000 X g for 30 mm
upon thawing. The supemnatant solution was
then fractionated by adding slowly 1 1 .4 g

of solid ammonium sulfate to 100 ml of solu-

tion. The mixture was stirred for 1 hr and
centrifuged for 1 hr at 27,000 X g. Am-

monium sulfate (34 g) was added to 100 ml of

the supernatant solution. The mixture was
stirred for 1 hr and centrifuged for 1 hr at
27,000 X g. The precipitate was then dis-
solved in 10-20 ml of 0.05 �t Tris-HC1 buffer,
pH 8.0, and dialyzed for 36 hr against the

same buffer (three changes of 6 liters of
buffer). The dialyzed material was then
centrifuged for 1 hr at 1 18,000 X g. The
clear extract was applied to a column of

Sephadex G-25 (2.5 X 26 cm) which had
been equilibrated with 0.05 �i Tris-HC1
buffer, p11 8.0. The same buffer was used to

elute the enzyme from the column. The mi-
tial protein eluates were combined and used
as the dihydropteroate-synthesizing extract.

RESULTh

Enzyme extraction. To detect sufficient
dihydropteroate synthetase activity in the
crude extracts, it was necessary to use ap-
proximately 300 mice with a high percentage
of parasitized red cells (55-90 %) . Attempts
to remove the hemoglobin from the crude cx-
tract by either chloroform-ethanol precipita-
tion ( 1 1) or treatment with carboxymethyl

Sephadex (10) resulted in complete loss of
enzyme activity . Attempted removal of
hemoglobin by gel filtration on Sephadex

0-100 resulted in simultaneous elution of
enzyme activity and the hemoglobin peak.
In the method finally adopted, small mole-
cules were removed from the crude extract
by gel filtration on Sephadex G-25 providing

an enzyme preparation with a maximum
specific activity of 0.12 nrnole/’hr/nig of

protein. Under the assay cond�tions de-

FIG. 1. Time course of the enzymatic reaction

p-Aminobenzoic acid concentration with stand-

ard reaction mixture: S, 10 �iai; A, 100 �zM.

scribed above, with p-aminobenzoic acid con-
centrations of both 10 �e�i and 40 �LM, the en-
zyme reaction proceeded linearly for 60 mm
( Fig. 1). The reaction rate was linear and

proportional to enzyme concentration, with
1.2 mg of protein (if enzyme extract per me-

action mixture. The enzyme preparation was

stable for several months at - 20#{176}.Since red
cells do not synthesize folates de novo and

consequently have no folate synthetase,
there was no contamination of the P. berghei

enzyme by that of the host cells (mouse eryth-
rocytes).

General properties. The enzyme exhibited
activity from pH 6 to 9.0, with a maximum

at pH 8.5, in Tnis-HC1 buffer (Fig. 2). The
reaction velocity at pH 7-8 was greater in
Tris than in phosphate buffer and negligible

in acetate buffer from pH 4 to 6.
The initial reaction velocity was deter-

mined as a function of substrate concentra-

tion for p-aminobenzoic acid (Fig. 3) and
hydroxymethyldihydroptenidine pyrophos-
phate (Fig. 4) . These initial velocity data

were fitted to the equation for a hyperbola
l)y means of the F()RTRAX program of

Cleland (12), which analyzes the data by
the niethod of least squares, weighted for the
fourth powers of the experimental velocities.
Apparent Km values of 2.80 �r and 1.41 �r
were thereby obtained for p-arninobenzoic

acid and hydroxymethyldihydropteridine

pyrophosphate, respectively. The apparent
Km values and their standard errors are sum-
nianized in Table 1 . These values are similar
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[��A]� folate biosynthesis.
Mg� has been shown to be required for

dihydropteroate synthetase activity for E.

coli (7) and D. pneumoniae (13), but not

Veillonella (5) . The P. berghei enzyme frac-
tions obtained by gel filtration on Sephadex
G-25 or G-100, as well as those fractions ob-
tamed after extensive dialysis against Tnis
buffer, were active in the absence of 1\Ig++ in

the standard assay. The addition of Mg�,
at concentrations as high as 1 �r, had no
stimulatory effect on enzyme activity.

IflhiibitiOfl of dihydropteroate synthetase by

DDAS and sulfadiazine. Both DDS and sul-

fadiazine are effective drugs in the treatment

of P. bergliei infections in vito (14). Since

these drugs presumably act in vivo on dihy-

dropteroate synthetase, it was important

to test their effectiveness as inhibitors of the
isolated enzyme in vitro, with the goal of in-
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FIG. 2. Effect of pH and buffers on dihydro-

pleroate synihetase activity

The standard assay procedure was followed,
with modification of the pH of the reaction mix-
tunes. The concentration of buffer in each reaction

mixture was 100 mM. The pH values plotted are

measured values obtained immediately after corn-
pletion of the reaction. �, sodium acetate buffer;

A, potassium phosphate buffer; #{149},Tris-HC1
buffer.

FIG. 3. Effect of p-aminobenzoic acid (PABA)

concentration on dihydropteroate synthesis

Reaction mixtures were the same as described
under MATERIALS AND METHODS. The p-amino-

benzoic acid concentrations were varied between
2.0 and 40.0 ELM.

to those reported for dihydropteroate syn-
thetase isolated from E. coli (7) and Diplo-

coccus pneuinoniae (13).

Although various pteridines were tested

as substrates, only the pyrophosphate ester
of hydroxymethyldihydropteridine was effec-
tive. No activity was observed with hydroxy-
methyldihydropteridine, hydroxymethyldi-
hydropteridine monophosphate, or the oxi-
dized forms of these pteridines. These

results agree with previous reports that
hydroxymethyldihydropteridine pyrophos-

FIG. 4. Effect of hydroxymethyldihydropteridine

pyrophosphate on dihydropteroate synthesis
Reaction mixtures were the same as described

under MATERIALS AND METHODS. The hydroxy-
methyldihydropteridine pyrophosphate concen-

trations were varied between 2.0 and 76.0 �M.

TABLE 1

Values of apparent Km of p-aminobenzoic acid and
hydroxyniethyldihydropleridine pyrophosphate

for dihydropteroate synthetasefrom P. berghei

Apparent Km values were obtained by fitting

the data of Fig. 3 and Fig. 4, respectively, to the

equation for a hyperbola (12).

Substrate Appa ren t Km

�cM

p-Aminobenzoic acid 2.80 ± 0.18
Hydroxyrnethyldihydropteri-

dine pyrophosphate 1.41 ± 0.16
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T.un�i: 2

Effectiveness of DDS and .sulfadiazine as inhibitors
of dihydropteroate synthetase from

P. berghei

Inhibitor I�o() K,’

5M pM

l)l)S 89 19

Sulfadiazine 180 39

‘ Concentration of inhibitor required

a 50� decrease in enzyme activity.
b Calculated from Eq. 1.

to effect

tegrating such data with chemotherapeutic
activity in the animal. DDS and sulfadiazine

proved to be effective inhibitors of dihydro-
pteroate synthetase. A comparison of their

50 % inhibitory concentrations is presented
in Table 2. DDS (I�� = 89 �M) was twice as
effective as sulfadiazine (I�� = 180 �‘).

Using these 150 values and the Michaelis
constant for p-aminobenzoic acid (Table 1),
K1 values (Table 2) for DDS (19 � and
sulfadiazine (39 ,.�r) were calculated from
the following equation (15) for reversible
competitive inhibition, rearranged to solve

for K5

[I]/i - [I]
K1 = _______

1 + [S1/L
(1)

where i is the fractional inhll)ition ; [I], the

concentration of inhibitor causing i frac-

tional inhibition; [8], the substrate concen-
tration; and K8 , the Michaelis constant for
S. Application of the K, value for DDS to
the chemotherapeutic situation in vivo will

follow under DISCUSSION.

DISCUSSION

The enzyme dihydropteroate synthetase,
which catalyzes the synthesis of dihydro-
pteroate from 2-amino-4-hydroxy-6-hydroxy-

methylpteridine pyrophosphate and p-amino-
benzoic acid, has previously been isolated
from several sources, including Lactobacillus

plantaruin , Butyribacteriuni rettgeri, Fusobac-

teriuin fusiforme, and T’eillonella (4), D.

pneumoniae (13), Staphylococcus epiderm idis

(16), plants (17, 18), yeast (19), and recently
from the plasmoidial organism Plasmodiuni

cliabaudi (20). The properties of the P.

bergliei enzyme, including the substrate

specificity for pteridines, values of Michaelis
constants, and optimal pH for activity, are
comparable to those previously reported by
Richey and Brown (7) for the highly pun-
fled enzyme from E. coli. We found that
addition of i\Ig� was not necessary for di-
hydmopteroate synthetase activity. It is

possible that since a relatively crude extract
was employed for these studies, enough
Mg� could have been present to satisfy
any possible requirements. Indeed, the find-
ing that the enzymatic reaction was stopped

immediately by the addition of EDTA
would suggest a divalent cation requirement

for enzymatic activity.

These data suggest that folate biosynthe-

sis in P. berghei proceeds via the pathway

de note by the reaction of hydroxymethyldi-
hydropteridine pyrophosphate with p-amino-
benzoic acid to give dihydropteroate. Al-

though the conversion of dihydropteroate
and glutamate to dihydrofolate has not been
demonstrated in vitro, it it might be inferred
that this pathway is operative in vivo, since
dihydrofolate reductase has previously been

isolated from P. berghei (10).

The values of K� for DDS and sulfadia-
zinc were calculated from Eq. 1 for neversi-
ble competitive inhibition ( 15) . Data were
not obtained in the present study to show
that the inhibition of the enzyme from P.

berghei was reversible and competitive in

nature. We feel, however, that this is likely,
since both compounds have previously been

shown to be reversible competitive inhibitors
of folate synthetase from E. coli (2). In

addition, the antimalarial activity of DDS

in vivo against P. bergliei can be overcome by

the addition of exogenous p-aminobenzoic
acid (14). Further evidence is the finding
that the sulfonamides sulfanilamide and sul-

faguanidine are reversible competitive in-
hibitors of folate synthetase from P. c/ia-

baudi (20).
Our data arid those of Vogh and Gleason

(14)� enable us to calculate fractional in-
hibition (i) of dihydropteroate synthetase

necessary to overcome P. bergliei infection

in vivo. Rearrangement of Eq. 1 for reversi-

3 B. P. Vogh and L. N. (ileason, personal com-

i�rinicat iOfl.
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[II

tIl + K(1+ [Sj/K8)

Implicit in the use of Eq. 2 are the conditions
that E < S and E < I. Equation 2 is solved
numerically by using the K for DDS front
Table 2 and K1 for p-aminobenzoic acid from
Table 1. (I) is the minimum molar concen-

tration of DDS in plasma (free) which over-
comes P. berg/wi infection in mice. This
value is estimated from the mean total
plasma level of 6 �ug/ml (free plus bound) at
the lowest curative dose, 5 mg/kg every S

hr, days 2-10 (14). Based on the value of
54 r;� reported for the binding of DDS to
mouse plasma in vitro (21), (I) is calculated

to he 11.0 /hM. [8] is the molar concentration
of p-aminobenzoic acid in plasma (free). The

total molar concentration of p-aminoben-
zoic acid in mouse plasma (free plus bound) is
reported to be 2.1 �&�i (22). Although the

plasma binding of p-aminobenzoic acid in
the mouse has not been reported, Anton’s
data (23), showing low (less than 40 %)
plasma binding for a variety of aromatic

amines in the mouse, suggest that the value
is probably low. We have calculated values
of i from Eq. 2, assuming either no plasma

binding of p-aminobenzoic acid, whence i =

25 %, or 90 % binding of p-aminohenzoic

acid, whence i = 35 %. We conclude tenta-
tively that when 25-35 % of dihydnopteroate
synthetase is inhibited, P. berghei infection

. can be eliminated from the mouse. To our
knowledge, this type of correlation has not

been attempted PreviouslY in antimicrobial

chemotherapy, and it appears an interesting

and useful exercise.
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