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ABSTRACT 

Hydrolysis of purin-6-yl 2-deoxy-I-thio-/3-D-arabino-hexopyranoside (2) to 6- 
mercaptopurine and 2-deoxy-D-glucose is catalyzed by hydronium ion and almond 
B-D-gkosidase. The dependence of rate on acidity in water and deuterium oxide 
indicates that 2 and its conjugate acid undergo hydrolysis via a mechanism that in- 
vokes a partially rate-limiting proton transfer. Although 2 is - lo3 more reactive 
than 6-purinyl p-D-glucothiopyranoside (1) in dilute aqueous acid, 1 is a better 
substrate for almond B-D-glucosidase. 

INTRODUCTION 

The hydrolysis of purin-6-yl I-thio-/?-D-glucopyranoside (1) to 6-mercaptopurine 
and D-glucose is catalyzed by hydronium ion, almond /?-D-glucosidase, and hog 
liver thioglycosidase . I.2 The dependence of rate on acidity in water and deuterium 
oxide ipdicates that both neutral and acid forms of 1 undergo hydrolysis via the 
A-l mechanism (oxocarbonium ion formation is rate-limiting). We suggested that 

the 106-foId greater reactivity of 1 than that of phenyl l-thio-B-D-glucopyranoside 
may be due in part to departure of the aglycon group as the thermodynamically 
more stable thioamide rather than the thioimidate, and that the proton source 
for N-l could be HO-2. For p-D-glucosidase, it has been reported that 2-O-methyl-D- 
giucosides are not appreciably hydrolyzed by the enzyme3-5, which suggests that 

HO-2 may play a role in the enzymic reaction. To test the possible involvement of 

HO-2 in acid-catalyzed and almond B-D-glucosidase-catalyzed hydrolysis of purinyl 
thio-D-glucosides, we synthesized purind-yl 2-deoxy-1-thio-fi-D-arabino-hexopyrano- 
side (2), and we report here the results of its hydrolysis in dilute acid solution and in 

acetate buffer containing almond /I?-D-glucosidase. We aiso prepared the known 

pyrid-2-yl I-thio-p-D-glucopyranoside (4) so as to compare its hydrolytic lability with 

that of 1 and 2. 

*To whom correspondence should be addressed. 
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- m-p. 123O, [cc]E6 -15” (C 2.5, hl c oroform).; one spot on t.1.c. (alumina-coated 
microscope slides, chloroform); CHCr3 295 (log E 3.45); n.m.r. (CDCI,): 6 2.8 (m, 
2 H, H-2), 44.3 (m, 3 H, H-5, gx), 
2.5 Hz, Ja,,,, 

5-5.4 (m, 2 H, H-3, H-4), 5.9 (2 d, 1 H, J nx.c 9 
8.5 Hz, H-1, B anomer), and 7.4-7.85 (m, 3 H, purine, 12 H, arom). 

Anal. Calc. for &HZ3N701$3 - 2H,O: C, 49.16; H, 3.49; N, 12.55. Found: 
C, 49.38; H, 3.56; N, 12.63. 

Pttrin4yl 2-deo-Yy-I-rltio-P-D-arabino-Ite.ropyranoside (2). - Compound 4 
(5 g, 8.5 mmol) was added to dry methanol saturated with ammonia (100 ml) and 
stirred for I5 h at 5 O. The resulting solution was concentrated to 25 ml in the rotary 
evaporator and transferred to a nitrogen bag. Addition of excess peroxide-free, dry 
ether9 to the concentrate precipitated 2. The solvent was decanted, and the residue 
redissolved in dry methanol and reprecipitated with etherq_ This process was repeated 
6 times, when the compound gave one spot on t.1.c. (alumina-coated microscope 
slides, chloroform-methanol), white, amorphous solid (36 ok yield), very hygroscopic, 
m.p. 94” (dec.), [U]~~ -45.3O (c 1.5, methanol); I-,“,‘,“” 285 (log E 3.97); n.m.r. 
(Me,SO): 6 2.79 (m, 2 H, H-2), 3.9-4.4 (m, 5 H, H-3-H-6), 5.2 (2 d, 1 H, J__, 2.5 Hz, 
J nx.nx 8.3 Hz, H-l), and 7.6-8 (3 s, 3 H, purine). 

Anal. Calc. for C,,H,,N,O,S - 0.5H,O: C, 42.98; H, 4.93. Found: C, 43.20; 
H, 5.03. 

The anomeric configurations of the 2-deoxy-D-arabitzo-hexosides were based on 
the quantitative conversion of2 into hydrolysis products by/&D-glucosidase (see below) 
and on the H-l signal in the n-m-r. spectra lo In this study, the H-l signal for CL-D _ 

anomers occurred as a broad singlet Oro_s -6 Hz) in the region 6 4.5-5.5, a coupling 
constant J -3 Hz being predicted. For P-D anomers Jaxveq was -2.5 Hz and J..,,,, 
-9 Hz; for the pair of doublets, Jax,eq -3 Hz and JaX,_ - 10 Hz being predicted. 
The assignments of anomeric protons for compounds of this study followed closely 
those for 3-amino-2,3,6-trideoxy-L-arabiilo-hexopyranosides1’. The exclusive forma- 
tion of the X-D anomer in 5 is in contrast to the predominant formation of the P-D 
anomer in l-S-acetyl-2-deoxy-3,4,6-tri-0-(p-nitrobenzoyl)-l-thio-8-D-arabirro-hexo- 
pyranose, an intermediate that we synthesized but were unable to convert into 2. 
This may be explained in terms of the anomeric effect”, which may be intensified 
in 2-deoxyglycosides13. 

Kinerics and product analJ,sis. - Acid-catalyzed reactions were effected under 
pseudo-first-order conditions at 303 in dilute hydrochloric acid, /l 0.1 hl (KCl) as 
previously described*, and were followed by monitoring the release of 6-mercapto- 
purine at 325 nm. Pseudo-first-order rate constants were obtained by multiplying 
the slopes of plots of log (.4,-,4.)/(&-A,) vs. time by 2.303. Such plots were 
linear to at least three half-times. For reactions effected in D,O, the pD was 
calculated by adding 0.4 to the pH meter readingls. For almond 8-D-glucosidase- 
catalyzed reactions, the enzyme concentration was 0.01 mg/ml. These reactions 
were effected at 37” in 0.1&r potassium acetate buffer, pH 5.0, and the total con- 
centration of protein was adjusted to 0.1 mg/ml with bovine serum albumin. Reactions 
were started by addition of jr1 aliquots of 1 in N,N-dimethylformamide and 2 and 4 in 
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water to 3-ml cuvettes containing the enzyme. Reactions of 1 and 2 were followed 
by monitoring the release of 6-mercaptopurine at 325 mu. Reactions of 4 were 
followed by monitoring the reIease of Z-pyridinethione at 272 nm. The rates were 

calculated from the initial slopes of plots of A V.S. time: initial velocity = slope/&t. 
T- nna+n+a L..cT‘~- -u c n ifin n 1ll ~LGLcIl.zr “UILCZI, yrr J.“, I”5 G = A 32 F,v- c;_-P.-,.~..+P.....,‘~.% ..-a l-- -r-L-l I”1 “-ul~~uqJL”pulllL~ CLllu lug e = 3.85 f-or 

Zpyridinethione. The spectra of completed reactions of 2 resembled those of 6- 
mercaptopurine-2-deoxy-D-arabino-hexose; the spectra of completed reactions of 4 
resembled those of Z-thiopyridone-2-deoxy-D-arabino-hexose. The conversion of 2 
to products in 0.1~ hydrochloric acid and in the buffered enzyme solutions was 
quantitative, based on the ratio (observed/actual) of molar absorptivity constants, 
which were 0.99 and 0.99, respectively. Similarly, the enzyme-catalyzed hydrolysis of 
4 was quantitative. 

RESULTS 

Equation I describes the dependence of kobs_, the pseudo-first-order rate 

k ohs. = [a - cI&or an) + b - +or ai)]/[c + &or an)] (0 

constant, on aH (or an), the activity of hydrogen (deuterium) ion for hydrolysis 

of 2 in dilute acid solution. The values of the constants CI, b, and c in water (deuterium 
oxide) in the aH (or an) range 0.002-0.054 for nine concentrations of acid for each 
solvent are: 1.96 (0.98) min-‘, 57(49)&1-l min-I, and 5.33 x 10e3 (4.37 x 10e3)~, 
respectively*. For hydrolysis of 2 in 0.02-O.lhi potassium acetate-acetic acid buffer 
and 5 concentrations of buffer, pH 4.3, kobs_ = (8.93 + 0.09) x 10s3 min-’ and 
the rate constants are independent of the total buffer concentration. Hydrolysis 
under similar conditions, but at pH 5.03, showed a linear increase of kobs. with an 
increase of the total buffer concentration, and the equation of the line is kobs_ = 
6 x 10d3 M-’ mine1 [total buffer] f 1.?6 x low3 min-‘_ 

For the /I-D-glucosidase-catalyzed reactions of I, 2, and 4, initial velocities 
were measured sunder ctenclv state cn&t_ion_~~ For 2 Q&C nnnntanenw hvdmlvsis ------r ,) _~_“__‘_____ --J -- ---I --- 
in pH 5 acetate buffer was appreciable and initial velocities were corrected by sub- 

TABLE1 

Substrate K>t X IO3 (M) v,,, x I@(M) m.WJ Vmaz X I03/K3r min-1 

1 12 7.6 64 
2 1.1 0.08 7.4 
4 1.1 0.41 37 

uConcentration range: 1, 0.1~1.0kIM; 2, O.l-1.12m~; 4, 0.16-0.62mM. Temp. 37”; pH 5; P 0.1~ 
(KCI). 

*These constants are those for which the sums of the squares of the differences between observed 
and calculated rate constants were minimized. 
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tracting the calculated rates (rate = kobs. [Z-J), where kobs. is for hydrolysis of 2 
in O.lM buffer at pH 5, from thk measured enzyme rates, For 1,2, and 4, Michaelis 
parameters were computed in the usual way from double-reciprocal plots of l/vi 
Y.S. l/[s], and they are provided in Table I. 

DISCUSSION 

Acid-catalyzed reaction. - The rate law of equation (I) for hydrolysis of 2 
in dilute acid suggests that both 2 and its conjugate acid 2H undergo acid-catalyzed 
hydrolysis according’ to Scheme 1. Equation (2), derived for Scheme 1, has the form 
of equation (I). Comparison of the constants k, = 368~~’ min-’ and 

products 

2H 

Scheme 7 

k cabs. = %A, aH + kb a;)/(& + ad (2) 

kb = 57M-l min-l of 2 with those’ of 1 shows that the 2-deoxy-arablilo-hexoside is 
hydrolyzed - lo3 times faster. For those cases studied, 2-arabino-hexosides are more 
reactive than the parent gtucosides by - 103, and this result has been attributed to 
eIectronic effects on oxocarbonium ion stability”. Since the difference in reactivity 
between 1 and 2 agrees with experimental evidence with glycosides and Zdeoxy- 
glycosides, assuming common elements of mechanism, we conclude that the ab- 
normally high reactivity of 1 and 2 is likely not due to participation in the hydrolysis 
reaction by HO-2, but rather is due to the thiopurine group. 

From the data just reported, the kinetic isotope effects of the deuterium 
solvknt, k,(H,O)/k,(DzO) 2.5 and k,(H,O)/k,(D,O) 1.3, may be calculated. These 
values are in contrast to those observed for 1 (0.4 and 0.5 for k, and k,, respectively’) 
and for methyl 2-deoxy-a-D-arabirzo-hexopyranoside’5-’7 lk(H,O)/k(D,O) 0.43. 
Whereas for the latter compound, 1 and lH, the isotope effects support the A-l 
mechanism, which involves a fast proton transfer to the sulfur atom, followed by a 
rate-limiting C-l-S bond-cleavage to give an oxocarbonium ion and the aglycon, for 
2 and 2H the isotope effects support an ASE-2 type mechanism, which involves a rate- 
limiting proton transfer to the suIfur atom*ompanied by C-l-S bond cleavagelsW1 ‘. . 

2 R=H 
3 R = COC,H_,NO,( P I 

5 R = coc,U,No,t~) 
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Anderson and Capon’ * and FifeI have called attention to the possibility that 
a spectrum of-transition states exist for acetals and thioacetals that undergo acid- 
catalyzed hydrolysis, and that the transition states differ in the extent of proton 
transfer and C-O bond-cleavage. For general acid catalysis to occur, one or a combi- 
nation of two features of A-l reactions must be altered: (a) the basicity of the acetal 
oxygen (thioacetal sulfur) atom must be reduced, and (b) C-O (C-S) bond-breaking 
(oxocarbonium-ion formation) must be enhanced. With respect to 2, both of these 

criteria are met, assuming that the proton transfer is to the sulfur atom”. Con- 
cerning the second feature, 6-mercaptopurine appears to be a superlative* leaving- 
group’, and absence of HO-2 in 2 favors oxocarbonium-ion formation, on electronic 
and steric grounds23, in contrast to 1. Based on these theoretical considerations and 
the kinetic isotope effect of the deuterium solvent, hydrolysis of 2 appears to represent 
at least a borderline case of the ASE-2 mechanism in thioacetal hydrolysis_ The 
results of the acetate-acetic acid buffer experiments were not definite, and, because 
of the possible ambiguities in interpretation of “buffer catalysis” experiments for 
acetal and ortho ester hydrolysist4, we did not pursue these experiments further. 

/I-D-Ghcosidase-catalyzed reaction. - It is generally believed that glycosidases 
catalyze hydrolysis of glycosides via oxocarbonium ions or glycosyl-enzyme inter- 
mediates. Burst kinetics have been observed for hydrolysis of p-nitrophenyl D-D- 

glucopyranoside catalyzed by B-D-glucosidase in aqueous dimethyl sulfoxide at low 
temperatures _ , 25 This coupled with studies of secondary deuterium isotope effects’q 
suggests that almond j?-D-glucosidase operates via a glucosyl-enzyme intermediate**_ 
For such a mechanism, it can be shown that 1’ ,,.,,,/KAi = k2E,IKS where k, is the rate 
constant for glucosyl-enzyme complex formation and KS is the dissociation constant 
‘for the Michaelis complex. Based on this ratio, the order of substrate reactivity is 
1 > 4 > 2 (Table I), and 2 is indeed a substrate for the enzyme, albeit a poorer one 

than 1 by a factor of - l/10. It may be concluded that HO-2 is not a substrate require- 
ment for B-D-glucosidase activity, and thus it does not play an obligatory catalytic 
role in the enzyme mechanism_ This result lends support to the glycosyl-enzyme 
mechanism for almond B-D-glucosidase. Failure of 2-0-methylglucosides and 2 to 
serve as (good) substrates for the enzyme suggests the presence of a binding point 
for HO-2 that helps provide an optimum orientation of the substrate for most efficient 
hydrolysis. One could speculate that the enzyme accepts a hydrogen bond from the 
substrates, or that little bulk tolerance exists at C-2, even for a methoxyl group. 
Compounds 1 and 4 appear to have comparable reactivities in dilute acid2*“*, and 

they are less reactive than 2. However, 1 and 4 are better enzyme substrates than’ 2, 

which could be anticipated from the known specificity tliat the enzyme has for B-D- 

*At pH 6.8, tetrahydro-2-(6purinylthio)pyran is hydrolyzed with a pseudo-first-order rate constant 

of -0.2 min-l at 30”. This may be compared with kobs. 0.0014 min-1 for the hydrolysis”l*22 of 
tetrahydro-2-(p-nitrophenoxy)pyran, at pH 7, in zQS$/~ aqueous l+dioxane at 50’. 

**A stable enzyme-D-glucose intermediate was reported for the short-term reaction between methyl 
a-D-glucosidase and methyl a-D-[1JCJglucopyranoside27. 
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glucopyranoses; likely, 1 and 4 are more productively bound and oriented in the 

active site, and this more than compensates for the differences in inherent reactivity 

between 1, 2, and 4. 
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