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Dihydropteroate Synthase : Purification by Affinity Chromatography and 
Mechanism of Action 
By Colin J. Suckling, John R. Sweeney, and Hamish C. S. Wood," Department of Pure and Applied Chemistry, 

University of Strathclyde, Thomas Graham Building, Cathedral Street, Glasgow G1 1 XL 

The purification of dihydropteroate synthase by affinity chromatography on a sulphonamide bound to agarose is  
described. The discovery that binding to the affinity column occurs only in the presence of the co-substrate, the 
pteridine diphosphate (2). or the corresponding monophosphate (3).  i s  discussed in relation to an ordered kinetic 
mechanism of action of the enzyme. 

THE enzymes involved in the biosynthesis of tetrahydro- 
folate by bacteria and other parasites (Scheme) have 
proved to be of especial significance in chemotherapy. 

generation inhibitors of this type will be facilitated by a 
detailed understanding of the structure and properties of 
the enzyme in question. Such studies are well under 
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Thus the powerful antibacterial agent Septrin consists 
of two components, trimethoprim (5) and a sulphonamide 
(sulphamethoxazole) , which are specific inhibitors of two 
of these enzymes. dihvdrofolate reductase and dihvdro- 

way with dihydrofolate reductase. Purification of the 
enzyme has been achieved in several laboratories,2 the 
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primary structure of the enzyme from Escherichia coli has 
been e~tablished,~ and crystallographic studies to eluci- 
date the conformation of the enzyme are being carried 
out? It seemed appropriate that a similar study of 
dihydropteroate synthase should be undertaken. Since 
purification of the enzyme by classical techniques has 
been achieved only with diffi~ulty,~ we have investigated 
the purification of the enzyme by the biospecific technique 
of affinity chromatography.6 We have also carried out 
some studies of the mechanism of action of the enzyme. 

Afinity Chromatography .-Di h ydrop t eroate syn t hase 
(E.C. 2.5.1.15) catalyses the reaction between 2-amino- 
7,8-dihydro-6-hydroxymethylpteridin-4-one diphosphate 
(2) and 9-aminobenzoic acid (4) .5 The sulphonamide 
(6) is a potent competitive inhibitor of dihydropteroate 
synthase (Ki 8 x mol l-l), and possesses a suitable 
functional group for attachment to  the solid support 
without impairing the specific inhibitor-enzyme inter- 
action. 

Agarose in the form of the beaded derivative Sepharose- 
4B was activated with bromine cyanide and coupled to 
the spacer arm bis-(3-aminopropyl) a ~ n i n e . ~  The sul- 
phonamide (6) was condensed with the Sepharose conju- 
gate by using l-cyclohexyl-3-(2-morpholinoethyl)car- 
bodi-imide methotoluene-p-sulphonate in aqueous di- 
methylformamide. The product gel contained 1.7 0.8 
pmol of inhibitor per ml of settled gel as shown by sul- 
phur analysis. 

Despite the potency of the sulphonamide (6) as a 
competitive inhibitor, crude enzyme from Escherichia 
coli preparations in either 0.2~-Tris-HCI buffer, pH 8.5, 
or O.lM-potassium phosphate buffer, pH 8.0, did not bind 
to  a 60 x 8 mm column of the sulphonamide-Sepharose 
(Figure 1). Both protein and enzyme activity were 
eluted essentially together, although the enzyme was 
slightly retarded by the column. However, when either 
buffer contained additionally 18~~-2-amino-7,8-di- 
hydro-6-hydroxymethylpteridin-4-one diphosphate (2) 
and Sm~-dithiothreitoI to inhibit oxidation of the di- 
hydropteridine diphosphate, essentially all the enzyme 
activity was retained on the column while the bulk of the 
protein was eluted. Immediately upon removal of the 
dihydropteridine diphosphate (2) and the dithiothreitol 
from the buffer, enzyme activity emerged from the column 
(Figure 2). The obligatory presence of the dihydropteri- 
dine diphosphate (2) in the enzyme solution applied to 
the column and the elution effected by its removal are 
good evidence for the biospecificity of the process. The 
eluted enzyme represents a purification of 180-fold in one 
step. 

An improved purification has been achieved by using 
the same inhibitor and spacer arm attached to Sepharose 
through an s-triazine derivative lo rather than by 
activation of the Sepharose with bromine cyanide. The 

a C. D. Bennett, Nature, 1974, 248, 67. 
J. J. Rurchall, personal communication. 
D. P. Richey and G. M. Brown, J .  Biol. Chem., 1969, 244, 

6 C. R. Lowe and P. D. G. Dean, 'Affinity Chromatography,' 
1682. 

Wiley, New York, 1974. 

required sulphonamide-Sepharose derivative was pre- 
pared in this case by (a) the reaction of 2,4-dichloro- 
6-methoxy-s-triazine (7) with Sepharose under mildly 
basic conditions, ( b )  condensation of .the resulting tri- 
azinylagarose (8 )  with bis-(3-aminopropyl) amine in 
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aqueous solution a t  pH 8.5, and (c) reaction of the 4- 
aminoal kylamino-6-me t hoxy-s- t riazin -2-ylagarose (9) 
with the sulphonamide (6) by using a water-soluble 
carbodi-imide as described above. The product gel 
thus obtained contained 4-5 vmol of inhibitor per ml 
of settled gel. This material proved very efiective in 
an affinity column for purification of dihydropteroate 
synthase, a purification of 730-fold being obtained 
under conditions identical with those described above. 

That a phosphate ester is important for inducing a 
binding site on the enzyme for the sulphonamide, and 
presumably also for 9-aminobenzoic acid since sulphon- 
amides are competitive inhibitors, was shown by the fact 
that only the dihydropteridine diphosphate (2) and the 
corresponding monophosphate (3) were able to promote 

'I H. Bauer, J .  Amer. Chem. SOC., 1939, 61, 613. 
8 P. Cuatrecasas, J. B i d .  Chem., 1970, 245, 3069; S. C. 

March, I.  Pankh, and P. Cuatrecasas, Analyt. Biochem., 1974,60. 
149. 

E. Steers, P. Cuatrecasas, and H. B. Pollard, J .  Biol. Chem., 
1971, 246. 196. 

l o  T. Lang, C. J. Suckling, and H. C. S. Wood, in prepaxation. 
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successful affinity chromatography of the enzyme as 
described above. Other compounds tested did not effect 
binding of the enzyme to the column (Table). 

We also wished to establish whether or not a column 
prepared with 9-aminobenzoic acid, one of the substrates 
of the enzyme, as ligand could function successfully in 
affinity chromatography. A column -of $-aminobenzoic 
acid-Sepharose, prepared as described from Sepharose 
activated with bromine cyanide, did not bind dihydro- 
pteroate synthase under conditions identical with those 
which were successful with the sulphonamide-Sepharose 

ing site on the enzyme for the second substrate, $-amino- 
benzoic acid. This implies that an ordered binding se- 
quence is required by dihydropteroate synthase in which 
the dihydropteridine diphosphate (2) binds to the enzyme 
before 9-aminobenzoic acid or sulphonamide. This 
sequence is summarised in the Cleland l2 diagram (Figure 
3). Recent detailed studies of the kinetics of the enzy- 
mic reaction l3 support our mechanistic interpretation. 

Similar results have been reported for both kinetic l4 
and affinity chromatography 16 studies on lactate dehy- 
drogenase although in this case the existence of an ordered 
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column. This may have been due to the low degree of 
substitution (0.1 pmol ml-l) of ligand to Sepharose 
achieved in this case, but more probably reflects the fact 
that amides derived from 9-aminobenzoic acid have little 
antibacterial activity . l1 

Induction of enzyme binding 

Compound 
(2) 
(3) 

P yrophosphoric 
acid (PPi) 
(1) + PPi 

Binding of 
enzyme 

Yes 
Yes 
No 

No 

No 
No 

Concentration in 
buffer (M) 
1.8 x 10-5 
5.9 x 10-4 
1.0 x 10-3 

(1) 1.2 x 10-3; 
PP~ 2.4 x 10-3 

8.0 x 10-5 
4.0 x 10-5 

Although all the foregoing evidence is consistent with 
a biospecific process, it was important to demonstrate 
that the spacer arm and Sepharose itself do not contribute 
any non-specific binding of the enzyme. Surprisingly, a 
blank column composed of bis- (3-aminopropyl) amine 
only linked to Sepharose activated by bromine cyanide 
retained completely all protein and all enzyme activity. 
However, this column did not retain enzyme activity 
when the buffer contained dihydropteridine diphosphate 
(2) and dithiothreitol. 

Mechanism of Action.-It appears that the co-sub- 
strate dihydropteridine diphosphate (2) induces a bind- 

l1 E. H. Northey, Chem. Rev., 1940, 27, 85. 
l2 W. W. Cleland, Biochim. Biophys. Acta. 1963, 67, 104. 
l3 R. Ferone and S. R. Webb in ' Chemistry and Biology of 

Pteridines,' ed. W. Pfleiderer, de Gruyter, Berlin, 1976, p. 61. 
l4 G. W. Schwert in ' Pyridine Nucleotide-dependent Dehydro- 

genases,' ed. H. Sund, Springer Verlag, Berlin, 1970, p. 133. 

mechanism was known before the affinity chromatography 
experiments were carried out. Our results therefore 
show the potential of affinity chromatography in the 
elucidation of aspects of the mechanism of enzyme action. 
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FIGURE 3 Cleland digram 

Finally, an ordered mechanism for dihydropteroate syn- 
thase has an important bearing upon the mode of action 
of the antibacterial sulphonamides and the implications 
of this are under investigation. 

EXPERIMENTAL 
Substrates and Inhibitors.-The following compounds 

were prepared by literature methods : 2-amino-6-hydroxy- 
methylpteridin-4-one by synthesis of D- or L-neopterin,'e 
treatment with periodate," and reduction of the 6-formyl- 
pteridine produced with sodium borohydride; 18 the corres- 
ponding pteridine monophosphate and diphosphate by treat- 
ment of the pteridine with polyphosphoric acid and separ- 
ation of the mixed phosphates by ion-exchange chromato- 
graphy.l* The pteridines were converted into the corres- 
ponding 7,8-dihydro-derivatives by reduction with sodium 

l5 P. O'Carra and S. Barry, F.E.B.S. Letters, 1972, 21, 281. 
l6 M. Viscontini, R. ProvenzBle, S. Ohlgart, and J. Mallewalle, 

l7 M. Viscontini and J. Bieri, Helv. Chim. Acta, 1971, 54, 2291. 
l8 M. Viscontini and Y. Furuta, Helv. Chim. Acta, 1973, 56, 

Helv. Chirn. Acta, 1970, 53, 1202. 

1710. 
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dithionite to give 2-amino-7,8-dihydro-6-hydroxymethyl- 
pteridine-4-one I@ (1) and the corresponding monophos- 
phate 

aminoglycine (6) was obtained by acidic hydrolysis 7 of the 
corresponding acetamido-derivative, itself prepared by the 
reaction no of 4-acetamidobenzenesulphonyl chloride with 
4-aminophen ylsulphonyIaminogl ycine. 2-Amino-7 , 8-di- 
hydro-6,7,7-trimethylpteridine-4-one (10) was obtained by 
a modification of a published method.21 Trimethoprirn (5 )  
was a gift from Burroughs Wellcome Co. 

Materials for Afinity Chromatogya$hy.-(a) Agarose in the 
form of Sepharose-4B was activated with bromine cyanide 
and coupled to bis-(3-aminopropyl)amine by the published 
methods.899 The resulting 3-( 3-aminopropyl)aminopropyl- 
aminoagarose (12 ml; settled volume) was washed on a 
Buchner funnel with 500,; aqueous dimethylformamide 
and sucked dry. The filter cake was resuspended in 50% 
aqueous dimethylformaniide (20 ml) and the sulphonamide 
(6) (180 nig) and I-cyclohexyl-3-(2-morpholinoethyl)- 
carbodi-imide methotoluene-p-sulphonate (700 mg) were 
added. The suspension was shaken gently a t  room tem- 
perature for 22 h and then Gashed with 50% aqueous di- 
mcthylforniamide (200 ml), methanol (200 ml), and water 
(200 ml). 
-4 sample (1 nil) was washed with acetone, dried, and 

weighed. Sulphur analysis indicated the presence of 1.7 f 
0.8 pniol of sulphonamide per ml of settled gel. 

(b)  With T. LAKG. 4-Cl~loro-6-methoxy-s-triaain-2-yZaga- 
rose ( 8 ) .  Dioxan-washed agarose (10 g) was added to a solu- 
tion of 2,4-dichloro-6-methoxy-s-triazine 22 (0.45 g, 0.002 5 
mol) in dioxan (20 ml), and the suspension was stirred for 
15 niin a t  room temperature. Water (20 ml) was added fol- 
lowed by 2hl-sodiuni carbonate (2 ml). The temperature 
was increased to 25-30 "C and M-sodium hydroxide (4 nil) 
was added dropwise over 10 min. After stirring for a 
further 20 min, the mixture was acidified to pH 6 with M- 
hydrochloric acid. The triazinylagarose was collected , and 
washed with dioxan (100 mi), 0.1M-sodium chloride (500 mi), 
and water (250 nil) (Found: N, 1.9; C1, 2.0%. Calc. N: 
C1 1.18: 1 ) .  

4- [ 3- (3-A mino~ro~yZ)amino~ropyZamino]-6-methoxy-s-tri- 
nzin-2-ylagarose (9). The 4-chlorotriazinylagarose (8)  (ca. 
9 g) was stirred in a solution of bis-(3-aminopropyl)amine 
(1.31 g,  0.01 mol) and concentrated hydrochloric acid in 
water (20 nil) (pH 8.5) for 24 h at room temperature. The 
triazinylagarose was collected, washed with water (250 ml) , 
a mixture of O.OlM-hydrochloric acid and 0.lM-sodium chlor- 
ide (50 ml), water (50 ml), O.OlM-sodium hydroxide and 
0. lM-sodium chloride (50 nil ), 0.lM-sodium chloride (400 
nil), and water (250 ml) (Found: X, 2.9; CI, O.Oyo). 

Reaction of the tviazinylagarose (9) witk the sulphonamide 
(6) .  The sulphonaniide (6) hydrochloride (100 mg), the tri- 
azinylagarose (9) (5.5 ml settled volume), and l-cyclo- 
hex yl- 3- (2-morpholinoe th yl) carbodi-imide methotoluene-p- 

Is S. Futterman, J. Biol. Chem., 1957,228, 1031; M. Friedkin, 
B. J .  Crawford, and D. Misra, Fed. Proc., 1962, 21, 176. 

20 H. G. Kolloff, J .  ,4mev. Chem. SOL, 1938, 80, 950. 
2l W. Pfleiderer and H. Zondler, Chem. Ber., 1966, 99, 3008. 

(3) and diphosphate l 8  (2). 
4- (4-Aminophenylsulphonylamino) phenylsulphonyl- 

sulphonate (200 mg) were shaken gently for 48 h at room 
temperature in 507; aqueous dimethylformamide (20 ml) . 
'The suspension was filtered and the product gel was washed 
with water (200 ml), 507; aqueous dimethylformamide (200 
ml), methanol (200 ml), and water (1  00 ml) . Sulphur analy- 
sis on a dried sample showed the presence of 4.5 f 0.8 
pmol of sulphonamide per ml of settled gel. Before use 
in affinity chromatography this material was washed with 
dilute sodium hydroxide to generate the free base and then 
with water. 

Agarose 
was activated with bromine cyanide and coupled to  bis-(3- 
aminopropy1)amine as in (a). The resulting 3-(3-aminopro- 
py1)aminopropylaminoagarose (6 ml ; settled volume) , $- 
aminobenzoic acid (1 30 nig) , and I-cyclohexyl-3-( 2-morpholi- 
noethy1)carbodi-imide methotoluene-P-sulphonate (450 mg) 
in 30% aqueous dioxan (30 ml) were shaken gently for 24 h. 
The product gel was washed as in (a). The degree of sub- 
stitution (estimated by azo-dye formation) was 0.12 pmol 
of ligand per ml of settled gel. 

Enzyme Assays.-The crude protein preparations were 
(a)  a 0-50% ammonium sulphate fraction from E. coli, (b)  
an acetone powder prepared from E. coli, and (c )  a freeze- 
dried preparation from E. coli from which 6-hydroxy- 
methyldihydropteridine pyrophosphate kinase had been 
removed by gel filtration. 

Enzyme 
activity was assayed by using [1*C]-p-aminobenzoic acid.5 
Scintillation counting was carried out by using Bray's solu- 
tion.24 Enzyme-inhibitor dissociation constants (Ki) were 
determined according to Dixon's method.l6 

Afinity Chromatography.-A typical experiment was as 
follows. A column of sulphonamide-Sepharose (60 X 8 mm) 
was equilibrated with Tris-HC1 buffer ( 0 . 2 ~ ;  pH 8.5) con- 
taining dihydropteridine diphosphate ( I  8pM) , dithiothreitol 
(DTT) ( 5 m ~ ) ,  and magnesium chloride ( 5 m ~ ) .  To the 
column was applied crude enzyme [preparation (a)]  in this 
buffer (10 mg in 1.6 ml). This buffer was used to wash the 
column until sixteen 2 ml fractions had been collected. 
Washing was then continued with Tris-HC1 buffer (0.2M; 
pH 8.5) without any additives. Samples (0.1 ml) of the 
various fractions were assayed for dihydropteroate synthase 
activity ( 1  h at 30 "C). Activity was found chiefly in 
fractions 20-22. 

.A column which had been in constant use for 4# months 
performed essentially as described above. 

( c )  Coupling of p-aminobenzoic acid to Sefiharose. 

Protein was determined by Lowry's meth0d.2~ 
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