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Abstract-Sc/ti.sm.s[)nra marwni worms have been found to have an adenosine phosphorylase enzyme 
which requires inorganic phosphate during cleavage and r-ribose-l-phosphate for synthesis of adenosine 
from adenine. Kinetics of the reaction show a K, of 5”6 x IO- ’ M for adenosine and a broad pH activity 
range from 60 to 8-O. The adenosine phasphorylase activity can be distinguished from purine nucleoside 
~h~~~b~r~l~s~ by substrate specificity and by product inh~bjt~on studies. 

~~~~s~~~~~~~~~ ~~~~~~s~~~j worms lack the capability of de 

MWO synthesis of purine nucleotides [ 1 J. Adenine and 
adenosine are readily converted to adenine nucleotides 
by intact worm pairs 121, Extracts of worm pairs were 
shown to contain enzymes associated with purine “sal- 
vage” pathways, ie. adenine phosphoribosyl transfer- 
ase, adenosine kinase and hypoxanthine-guanine phos- 
phorihosyl transferase [3]. In intact worm pairs, the 
synthesis of adenine nucleotides from adenosine was 
shown to proceed primarily by biochemical pathways 
that did not involve adenosine kinase [2,3]. The pres- 
ence of an adenosine cleavage enzyme. i.e. phosphory- 
lase or hydrolase, in S. rnunsor~i has been suggested in 
previous studies [2,4]. The data reported in this paper 
show that extracts of S. ~~~~~~s~~~j and vomitus from S. 
~?~UK~OIZ~ both contain an enzymatic activity that cata- 
lyzes the phosphorolysis of adenosine yielding adenine 
and ribose- I-P. 

MATERlAtS AND METHODS 

Radioactive nucleosides were obtained from 
Schwartz BioResearch. Inc. Adenine, hypoxanthine. 
adenosine and inosine were obtained from P-L Bioche- 
micals. Adenosine deaminase and R-I-P? were pro- 
ducts of Sigma Chemical Co. Tubercidin (7-deaza- 
adenosine) was a gift of the Upjohn Co. and Formycin 
A 17-amino-3(a-o-ribofuranosvl)pyrazolo-C4.3-dlpyri- 
midine] was a gift of Dr. Hamao Umezawa, Institute 
of Microbiological Chemistry, Tokyo, Japan. Formy- 
tin B [7-hydroxy-3(/?-n-ribofuranosyl)pyrazolo-[4,3- 

* Supported by USPHS RR-0.5665-05 and Rockefeller 
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t Abbreviations are as follows: EDTA. ethylene diamino 
tetra-acetic acid: A, adenine; AR. adenosine: HR, inosine; 
H. h~~~~~~~~~h~Ile~ and R-l-P, r-u-ribos~-i-phospfl~te. 

d]pyrimidi~e] and 6-thioguanosine were purchased 
from CalBiochem Corp. Nh-methyl adenosine was 
obtained from Terra-Marine Bioresearch, La Jolla, 
Calif. and 2-fluoro-2’-deoxyadenosine was abtained 
from Drug Research and Development, National 
Cancer Institute, Bethesda, Md. 

Worms used in these studies were obtained ori- 
ginally from a Puerto Rican strain. A complete life 
cycle is maintained in our laboratory using Austra- 
lo&is ~~~b~~~~s as the vector snail. Adult S’. ~~~~2s~~~~ 
were recovered from infected CF’ mice and washed 
free of plasma and erythrocytes with 20 ml Fischer’s 
medium [5]. Forty pairs of worms were homogenized 
at 4” in 05 ml of 0.15 M KC1 containing 10 mM EDTA 
adjusted to pH 65 with Tr~s~hydroxyamino)m~than~ 
(THAM). The resulting homogenate was centrifuged at 
38,000 g for 20 min at 4’. The clear supernatant fluid 
beneath the floating lipid layer was used as the source 
of enzyme activity. In other experiments, worms were 
recovered from infected mice by perfusion [6} and 
placed in chilled saline to induce regurgitation. The 
regurgitated gut contents (“vomitus”) were concen- 
trated and lyophilized. This lyophilized material was 
kindly prepared for us in the laboratory of Dr. A. 
Capron, Lilte, France. Four mg of the lyophilized 
material was added to 100 ~1 of 0.15 M KC1 containing 
10 mM EDTA adjusted to pH 6.5 with THAM, homo- 
genized and then centrifuged at 38,000 9 for 10 min. 
The superllatant fluid was used as the source of 
enzyme activity. 

The formation of adenosine from adenine and E-D- 

ribose-l-phosphate was measured in a coupled reac- 
tion with adenosine deaminase by following the de- 
crease in absorbance at 265 nm as a function of time. 
Observations were made at 30”, using a Gilford 
recording spectrophotometer equipped with a pinhole 
adaptor. The reaction volume (170 ~1) contained 180 
mM sodium cacodylate buffer, pH 6-1, 6 mM EDTA, 



40x. R. P. MfxH, A. W. SENFT and D. G. SLNET 

TIME tm~n.) pi of enryma 

Fig. 1. t& pat~el: linear phosphorolysis of adenosine-8-14C by an extract of S. n~ar~soni. Aliquots (20 & 
of a reaction mixture containing adenosine4Gi4CI inorganic phosphate and an extract of5 r~~sok were 
subjected to paper chromatography (see text for details). The rate af adenine-X-14C production was linear 
and completely dependent upon the presence of inorganic phosphate. Ri&i purwl: phosphornlysis of 
adenosine-8-‘4C as a function of the amount of S. ~u~~.~~~I~ extract. Aliquots (Xl $1 of reaction mixtures 
containing increasing volumes of exlracts of S. ~~~~~~Q~~~ were subjected to paper c~rorna~ogr~ph~ afrer 
a 2%min incubation period. The r;kte of formation of ad&n&- 14C WIS a linear fur&on of the amount 

of S. w~rs~rr~i extract added to the reaction mixture. 

17 /LM units of crystalline calf adenosine deaminase, 
1.7 mM r-n-ribose- I-phosphate and 0~06 mM adenine. 

The formation of adenine from adenosine and inor- 
ganic phosphate was carried out in a 320-/J reaction 
mixture containing I1 JLM adenosine-8-“C (sp. act., 55 
,Ki/moIe). 180 mM potassium phosphate buffer. pH 
7.0, and 6 mM EDTA at 25’. Aliquots (20 ~1) of the 
reaction mixtures were spotted on Whatman 3 MM 
paper after 20-. 4@, 60- and X0-min reaction rime and 
subjected to descending chro~tograpby in water- 
saturated ~?-butano~~~H~~~ (100: I). In this solvent 
system, the purine derivatives migrate in the order 
A > AR > H > HR. Non-radioactive compounds 
were spotted as ultraviolet markers prior to chromat- 
ography. After 55 hr of running time, the sheets were 
air dried. The ultraviolet-absorbing spots for A, AR, H 
and HR were cut out, and the radioactivity associated 
with the marker compounds was measured by a liquid 
scintillation counting technique [7]. 

Purine nucleoside phosphorylase activity was mea- 
sured in a similar fashion to adenosine phosphorylase 
activity. cxccpt that 18 FM inosine-X-‘4C {sp. act. 34.9 
#Zi/~~rnole) was substituted for adenosine-8-‘JC. The 
radioactivity associated with hypoxanthine was a mea- 
sure of the purine nucleoside phosplloryiasc activity. 

The rate of production of adenine-8-‘“f or of 
hypoxanthine-8-j “C was measured at various time 
periods up to 1 hr and enzyme concentrations over a 
final dilution range of 1: 100 to I: 500 of the superna- 
tant from homogenized worms. 

The substrate specificity of adcnosine phosphorylase 
was determined by chromatography. Worm pairs of S. 
nwmui (8Ojml) were homogenized in 0 15 M KC1 con- 
taining 11) mM EDTA and adjusted to pF-i 6.5 with 
THAM and centrifuged at 38,ooO 9. The supernatant 
fluid was passed through a P-6 potyacrylamjde mole- 
cular sieving column in order to remove smalf molecu- 
lar weight. ~~l~rav~o~ct-absorbing cornpo~ellts~ The 

protein peak eluted with 0.15 M KCl, 10 mM EDTA. 
adjusted to pH 6.5 with THAM, was used as the source 
of enzyme activity. This enzyme preparation was incu- 
bated overnight at room temperature with various 
nucleoside analogues in the presence and absence of 
300 mM phosphate buffer at pH 7-O and containing IO 
mM EDTA. The reaction was stopped by the addition 
of an equal volume of ST0 perchloric acid; HC18, was 
removed by addition of KSCO, and centrifug~t~on to 
remove KCIU,. 

Twenty $ neutralized extract was spotted on What- 
man 3 MM paper. Chromatographic separations were 
accomplished by using two solvent systems: H,O- 
saturated n-butanol--NH,OH ( 100: I ) and boric acid 
Hz0 SSY,; ethanol-NH,OH (l-5 g:67 ml: 158 ml:25 
ml). 

RESLI LTS 

Since adenine is a poor substrate for calf intestinal 
adenosine deaminase J_X], the decrease in absorbance 
at 265 nm in a reaction mixture containing adcninc. x- 
u-ribose- l-phosphate, excess adenosine deaminasc and 
the s~~pernatant extract of S. ~~~ff~?su~~j is proportional to 
the rate of adenosine production. In the absence of x- 
~-ribose-~-phosphate. the rate of decrease in absor- 
bance was less than O$I@2 A,,,/min. Upon the addition 
of R- 1 -P, the rate of decline in absorbance increased to 
0.010 A,,,/min in the presence of 6 ,uI worm superna- 
tam. The decrease in absorbance above background 
rate of change at 265 nm was not only dependent upon 
the presence of R-l-P but also was proportional to the 
amount of worm supernatsnt or amount of vomitus 
extract in the reaction mixture. Substitution of THAM 
for cacodylate buffer in the reaction mixture caused 
7&80 per cent inhibition of enzyme activity. 

In the presence of 180 mM phosphate buffer fpH 7.0) 
and 6 mM EDTA, the rate of formation of adenine-X- 
“C from adenosine-X-‘4C was finear for 60 min and 
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Fig. 2. Lqfi ~L~IIV/: Lineweaver-Burk plot of adenoqinc phosphorqlase (ARP) and adenosine deaminase 
(ARD) in extracts of S. WUI.SOII~. The Michaelis constant for adenosme was 5.6 x 10-j M for adenosine 
phosphorylasc and I.1 x IO- ’ M for adenosine deaminase. Adenosine deaminase activity was measured 
by following the rate of formation of inosine-8-‘4C from adenosine-8-‘4C in the absence of phosphate. 
The paper chromatographic technique described for adenosine phosphorylase (see Materials and 
Methods) was used to separate and quantitate the production of inosine-8-‘“C from adenosine-8-‘4C. 
Righf paw/: adenosine phosphorylase (ARP) activity and purine nucleoside phosphorylase (PNP) activity 
as a function of pH. The rate of formation of adenine-8-14C from adenosine-8-‘4C was measured to deter- 
mine adenosine phosphorylase activity. The rate of formation of hypoxanthine-8-‘“C from inosine-X-“VI 

was measured to determine purine nucleoside phosphorylasc activity. 

was proportional to the amount of worm extract pres- 
ent (Fig. I). When phosphate was eliminated from the 
reaction mixture, no adeninc was formed during a 60- 
min incubation time. During incubation in phosphate- 
free buffer, only 10 per cent of the adenosine was dea- 
minated to inosine and no hypoxanthine was formed. 
Thus, the enzymatic activity which forms adenosine 
from adenine and R-l-P requires the presence of phos- 
phate to cleave adenosine to adenine, and the term 
schistosome adenosine phosphorylase should be used 
to describe this enzyme. 

The Michaelis constant for adenosine was 
5.6 + 3.7 x 10m5 M for adenosine phosphorylase and 
I.1 f 0.4 x lo-” M for adenosine deaminase (Fig. 2, 
left panel). Adenosine phosphorylase and adenosine 
deaminase activities in S. rnur7sor7i are I88 pmoles/minj 
worm pair and 264 pmolesjmin/worm pair respect- 
ively. The pH-activity curve for adenosine phosphory- 
lase is markedly different from the pH-activity curve of 
purine nucleoside phosphorylase. Adenosine phos- 
phorylase activity is relatively constant over a broad 
range from pH 6.0 to 8.0. Purine nucleoside phos- 
phorylase shows high activity at pH 6.0. but this 
diminishes substantially at pH values greater than 7.0 
(Fig. 2. right panel). 

Enzyme-catalyzed phosphorolysis of adenosine is 
completely inhibited by adenine, whereas hypoxan- 
thine causes no inhibition of this reaction (Table I). In 
contrast. phosphorolysis of inosine is inhibited about 
95 per cent by hypoxanthinc but only 20 per cent by 
adenine. Formycm A. an adenosine analogue, markedly 
inhibits the phosphorolysis ofadenosine, while Formy- 
tin B. an inosine analog. markedly inhibits the phos- 
phorolysis of inosine. The formation of adenine from 
adcnosinc and the formation of hypoxanthine from in- 

osine are differentially inhibited by various purine nuc- 
leoside analogues (Table I). 

Preliminary studies on extracts of S. rm7n.wr7i con- 
taining adenosine phosphorylase and purine nucleo- 
side phosphorylase, both of which catalyze the clea- 
vage of nucleoside analogues, indicate that 2-fluoro- 
adcnosine is cleaved, whereas 2-fluoro-?-deoxyadeno- 
sine and 7-deaza-adenosine (tubercidin) arc not (Fig. 
3). Isolation and separation of adenosine phosphory- 
lase and purine nucleoside phosphorylase from S. 717u77- 

sor7i are currently being attempted in our laboratory in 
order to perform more definitive substrate specificity 
studies. 

DISCLSSIOR’ 

Purine nucleoside phosphorylase (PNPase; purine- 
nucleoside:orthophosphatc ribosyltransferase, EC 
2.4.2.1) has been isolated from a variety of sources and 
has been shown to catalyze the reversible phosphoro- 
lysis of all naturally occurring purine nucleosides 
except adenosine [9]. However. purine nucleoside 
phosphorylase from beef liver [IO] and from fish mus- 
cle [I I] has been reported to convert adenine to its 
ribonucleoside in the nresence of R-l-P. Adenosine 
phosphorylase activity ilso occurs in membrane vesi- 
cles from Eschrrichiu coli r 121. 

This paper reports that enzymatic activity has been 
demonstrated in extracts of S. rlurr7sorG which catalyzes 
the following reaction: 

AR + P;=A + R-l-P 

The forward reaction is dependent upon phosphate, 
and the reaction in the reverse direction requires the 
presence of R-l-P. Differences in pH activity curves 
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Table I. Per cent inhibition of S. nza/zso~ti adenosine phosphorylase (ARP), purine nuclcosidc phosphorylase (PNP) and 
adenosine deaminase (ARD) due to the presence of various purine bases and purine nucleosidcs* 

Adenine 

Hypoxanthine 

Formycin A 

Formycin B 

h-Thioguanosine 

Nh-methyl adenosine 

Tubercidin 

2-Fluoro-2’-deoxyadenosine 

Concn 

(mM) 

2.3 
2.2 
I.6 
2.2 
I .9 
1.5 
I 4 
I.2 
I.0 
I.0 
I.4 
I.3 
I .o 
I.2 
0.56 
I.1 

ARP 

100 
100 

0 
0 

xx 
X2 
0 

I3 

14 
0 

29 
39 
84 
X9 

Per cent mhtbttton 
PNP 

20 
IX 
93 
9x 
20 
21 
93 
89 

I 00 
94 
43 
24 

100 
91 
I5 
0 

ARD 

x0 
x0 

0 
0 

YX 
93 

I 00 
100 
x0 
12 

100 
I 00 

* The data are the results of two separate experiments performed on two different days with freshly prepared extracts 
of S. niarlsoni 
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Fig. 3. Substrate specificity of phosphorylase from extracts 
of S. mansoni. The results of chromatography in a water- 
saturated butanol system (see Methods) are shown. The 
migration of tubercidin (Tu) and 2-Auoro-2’-deoxyadeno- 
sine (2FAdR) after 18 hr of incubation in the presence and 
absence of an extract of S. mmsorzi did not change. When 
Xtuoroadenosine (FAR) was used as a substrate, a marked 
decrease in intensity ofultraviolet absorption of the 2-fluoro- 
adenosine and the appearance of a new ultraviolet-absorb- 
ing spot which migrated further than 2-fluoroadenosine 
were noted. Chromatography in the borate solvent system 
showed similar results, i.e. the formation of a second ultra- 
violet-absorbing spot which migrated further than 2-fluor- 
oadenosine and the absence of cleavage of both tubercidin 
and 2-fluoro-2’.deoxyadenosine. Abbreviations: FA. fluor- 

oadenine; AdR, 2’-deoxyadenosine. 

* R. P. Agarwal. personal communication. 

and studies with product inhibitors and nucleoside 
analogues as inhibitors all indicate that adenosine 
phosphorylase activity is a separate entity from purine 
nucleoside phosphorylasc activity in extracts of S. mun- 
soni. This observation represents the first report of a 
nucleoside phosphorylase that is specific for adenosine. 

The 20 per cent inhibition by adenine and Formycin 
A of purine nucleoside phosphorylase in extracts of S. 
rnun.soni suggests that adenosine also may be an alter- 
native substrate for purinc nucleosidc phosphorylase. 
Adenine has been reported to be an alternative sub- 
strate having a high Michaelis constant and a low 
maximal velocity for purine nucleoside phosphorylase 
isolated from human erythrocytes, rat brain and rat 
liver [ 131. 

An inhibition of adenosine phosphorolysis by 
THAM is possibly due to the structural similarity 
between the ribose portion of adenosine and THAM. 
Atomic models were used to construct molecular con- 
figurations of THAM and adenosine. These showed a 
marked similarity of the structural positioning of two 
hydroxy-methyl groups and the nitrogen atom of 
THAM when compared to the cis hydroxyl groups and 
number 9 nitrogen of adenosine. In addition to this, 
there is a similar steric compactness of both molecules. 
Inhibition of human purine nucleoside phosphorylase 
by THAM has been observed previously.* 

Since schistosomcs are dependent on salvage path- 
ways to fulfill their requirements for preformed pur- 
ines, a detailed knowledge of the pathways involved is 
crucial in the development of new chemotherapeutic 
agents. Quite likely. a successful therapy will entail use 
of a combination of drugs, each designed to block a 
specific route of nucleotide formation. 

Recently, a number of adenosine analogues have 
been considered as candidate antischistosomal drugs 
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[ 141. Various combinations of Formycins A and B, be expected [ 181. Considerations of the diagnostic pos- 
arabinosyl-6-mercaptopurine, 2-fluoroadenosine, N6- sibilities arising from these events will be presented 
phenyladenosine and tubercidin have been tried elsewhere. 
because of their potential for blocking known adeno- 
sine salvage pathways [4]. For the present, only tuber- 
cidin, as proposed by Jaffe et al. [ 151, appears to have 
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Central Hospital and University, Lille, France, and his In- 

potential clinical usefulness, Its effectiveness appears to stitute at Lille, for preparing the lyophilized schistosome 
rest on the following characteristics: (1) it is incorpor- vomitus used in the enzyme studies. The technical help of 
atcd into the nucleotide pool (probably via the nucleo- Jeannie Brown in maintaining the life cycle of S. munsoni 

side kinase enzyme); (2) it is not a substrate for adeno- and Malcolm McKeag in performing chromatography and 

sine deaminase and appears to inhibit schistosome enzyme assays is appreciated. 

purine nucleoside phosphorylase (Table 1): (3) it is a 
weak blocker of adenosine phosphoiylase (Table 1) 
and is itself probably not a substrate for phosphoro- 
lysis (Fig. 3); and (4) it is incorporated into worm nu- 
cleotides up to the triphosphate level. Concomitantly, 
as the tubercidin triphosphate concentration increases, 
there is a progressive decline in the concentrations of 
normal adenine nucleotides [14]. 

It is not known which of the following three sites of 
action might account for the antischistosomal effect of 
tubercidin, i.e. the inhibition ofpurine salvage, interfer- 
ence with nucleotide function, or interference with nuc- 
leic acid metabolism [ 161. The combination of tuberci- 
din with 2-ffuoro-~-deoxyadenosine should result in 
marked inhibition of purine salvage, since tuber&din 
inhibits purine nucleoside phosphorylase and 2-fluoro- 
2’-deoxyadenosine inhibits adenosine phosphorylase. 
Since 2-fluoro-2’-deoxyadenosine is converted to the 
corresponding monophosphate nucleotide and not to 
the di- and triphosphate nucleotides by human eryth- 
rocytes [ 173, its therapeutic index for treating schisto- 
somiasis may be highly favorable. In the event mam- 
malian tissues do not convert the deoxyadenosine ana- 
logue to di- or triphosphates, then incorporation into 
host nucleic acids would be precluded. In consequence, 
both toxicity and mutagenic potential might prove to 
be low. Current studies in our laboratory are in pro- 
gress to evaluate the therapeutic potential of f-fluoro- 
2’-deoxyadenosine. Preliminary findings of the effect of 
other combinations of multiple blocking agents have 
been reported [4]. 

Adenosine deaminase and adenosine phosphorylase 
have been identified in worm vomitus and thus may 
represent proteins which are normally present in the 
gut lumen of this parasite. Because of periodic regurgi- 
tation by this intravascular parasite, native enzyme is 
administered intravenously into the host’s circulation. 
It follows that hypersensitivity to such enzymes might 
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