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Finally, the results of the irreversible inactivation
of adenosine deaminase by 1 and 3 represent an in-
teresting example which must be considered when a
comparison is made between two irreversible inhibitors
of an enzyme. If the irreversible inactivation of an
enzyme is performed only with a single concentration
of each inhibitor, it is possible to draw an erroneous
conclusion concerning the relative effectiveness of the
inhibitors. For example, if the irreversible inhibition
of adenosine deaminase were performed with 0.1 m}{/
concentrations of 1 or 3, it would be found that 3 in-
activates the enzyme more rapidly than 1, If, however,
a similar experiment were performed at 0.03 m} con-
centration of inhibitor, it would be found that 1 is more
effective than 3. This apparent reversal of potency of 1
and 3 as irreversible inhibitors of adenosine deaminase
oceurs because the observed first-order loss of enzyme
activity is a function of both K; and ks, When the ir-
reversible inactivations are carried out at concentrations
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of inhibitor which do not saturate the enzyme, the
amount of the total enzyme, [E;], in the reversible
enzyme—-inhibitor complex is dependent on K;. The
amounts of E; in the reversible E-I complex at 0.10
mM and 0.03 mM concentrations of 1 are 0.88[E;]
and 0.70[E;], respectively, whereas in the case of 3,
the amounts of E; in the reversible E-I complex at the
sanie concentrations are 0.18[E;] and 0.067[E].
Thus, for 3, a much larger percentage change in the
concentration of the reversible E-I complex will occur
than in the case of 1 which, in turn, would result in an
apparent reversal of effectiveness of these compounds
as irreversible inhibitors of adenosine deaminase.
From these data it is clear that in comparing irreversible
inhibitors of an enzyme, the observed first-order in-
activation rates should not be employed unless the K;'s
of the compounds are equal. Rather, the comparison
should be made by the procedure outlined in this paper
so that both K; and ks are evaluated.
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Previous studies on the inhibition of adenosine deaminase with compounds that contain an asymmetric center

utilized the corresponding racemic compounds.

In order to determine if adenosine deaminase exhibits a stereo-

selectivity in complexation with one enantiomer of a bL mixture, the syntheses of p-(—)and 1~(4) isomers of 9-(2-
hydroxypropyl)adenine (6-p and 6-L) were undertaken because the pL racemate of this eompound has previously

been shown to be a good reversible inhibitor of this enzyme.

Enzymic evaluation of ~(+ )-9-(2-hydroxypropyl)-

adenine (6-L) and p~(— )-9-(2-hydroxypropyl)adenine (6-p) revealed that 6-L is a much better inhibitor of adeno-

sine deaminase than is 6-p; the ([I]/[S])o.s of 6-L = 0.148, whereas the ([I]/[S])s.5 of 6-p = 1.48.

A rationaliza-

tion for this difference in inhibitory properties is presented. Calculations based on the ([I]/[S]).; of 6-L com-
pared to the ([I]/[S])o.; of 9-(2-hydroxyethyl)adenine reveal that the free energy of binding of the methy! group

of 6-L is —1.15 keal, a value which cannot be accounted for on the basts of hydrophobie forces alone.

Thus, the

positive involvement of van der Waals forces is invoked. Based on these and other data, it is coneluded that there
is a specific methy] binding region on adenosine deaminase which forms a unique “tight fit” or *“lock and key”” type
of fit with the methy! group of L-(+ )-9-(2-hydroxypropy!)adenine (6-L).

It is well-known that many enzymes exhibit stereo-
selectivity when complexes are formed between the
enzyme and a molecule that contains one or more asym-
metric centers. Recently, it has been suggested that
calf intestinal mucosal adenosine deaminase has both
polar and nonpolar areas which are important for
binding the substituents at the 9 position of a 6-sub-
stituted purine derivative.?

Since many of the compounds which have been found
to inhibit adenosine deaminase contain an asymmetric
center, the possibility existed that the enzyme was only
combining with one of the enantiomers of a pL mixture.
It became desirable, therefore, to determine if adeno-
since deaminase exhibits either a specificity or selec-
tivity? when combining with an inhibitor molecule.
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from the National Cancer Institute, and a training grant (5-T1-GM-555-05)
from the Division of Medical S8ciences, U. 8. Public Health Services, Beth-
esda, Md. (b) Recipient of 1966 Lusford Richardson Pharmacy Award.

(2) H.J. Schaeffer and R. Vince, J. Med. Chem., 8, 507 (1965).

(3) The term selectivity implies that the inhibition of an enzyme occurs
mainly with one enantiomer of a DL pair, whereas specificity implies that the
activity is exclusively in one enantiomer of a pL pair.

In order to study this problem, we decided to prepare
the optically active forms of 9-(2-hydroxypropyl)ade-
nine, a good reversible inhibitor of adenosine deaminase,
and evaluate these compounds as reversible inhibitors
of this enzyme.

Chemistry.—The general method of synthesis of
D- and L-9-(2-hydroxypropyl)adenines was patterned
after the method utilized for the preparation of the
racemic compound. Optically pure p-(—)-1-amino-2-
propanol (2-p) was obtained from p-(—)-lactic acid
(1-p) in three steps by a modification of a previously
reported procedure® (see Chart I). Treatment of
2-p with 3-amino-4,6-dichloropyrimidine (3) resulted
m the formation of b-(—)-3-amino-4-chloro-6-(2-
hydroxypropylanino)pyrimidine (4-p). Cyeclization of
4-p with a mixture of triethyl orthoformate and con-
centrated HCI gave the required 6-chloropurine deriva-
tive (§-p), which upon treatment with liquid ammonia
gave D-(—)-9-(2-hydroxypropyl)adenine (6-nb). The
series of L isomers was obtained by a sequence of reac-

(4) H.J. Schaeffer, D. Vogel, and R. Vince, J. Med, Chem., 8, 502 (1965).

(3) D. E. Wolf, W, H. Jones, J. Valiant, and K. Folkers, J. Am. Chem,
Soc., 72, 2820 (1950).
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Results and Discussion

An examination of Table II reveals that adenosine
deaminase exhibits a significant stereoselectivity in
the formation of an enzyme—inhibitor complex with L-
(4+)-9-(2-hydroxypropyl)adenine (6-L). Initially one
might be tempted to speculate that if adenosine deami-
nase exhibits a stereoselectivity in the formation of an

TaBLe I1

INDEX oF INHIBITION AND PARTIAL INHIBITION OF ADENOSINE
DeaMiNase BY SoME 9-(HYDROXYALKYL)ADENINES

mJ concn for

9-Substituted adenine® 50% inhib (Is)® ((11/(8De.s
pr-2-Hydroxypropyl (6-pr) 0.016 = 0.002° 0.245 = 0.02¢
v-2-Hydroxypropy! (6-p) 0.098 = 0.005 1.48 = 0.008
L-2-Hydroxypropyl (6-L) 0.0098 = 0.0005 0.148 = 0.004
2-Hydroxyethyl (7) 0.070 = 0.004 1.1 =+ 0.054
pL-2-Hydroxybutyl (8) 0.078 = 0.003 1.2 = 0.04¢
pL-2-Hydroxyoetyl (9) 0.209 = 0.001 2.8+ 0.024

@ None of these compounds served as substrates of adenosine
deaminase. ® The concentration of adenosine in all experiments
was 0,066 mM. In no experiment of reversible inhibition did the
concentration of inhibitor exceed 0.12 mM. In those cases
where a larger valiue is shown for 509 inhibition, the value was
obtained by extrapolation of a plot of Vo/Vi vs, [I]. ¢ Average
deviation. ¢ Data from H. J. Schaeffer aud C. F. Schwender, J.
Pharm. Sct., 56, 207 (1967).

enzyme—inhibitor complex, it would be for the o isomer
of 9-(2-hydroxypropyl)adenine since the b isomer has
the same absolute configuration at the carbon atom
bearing the hydroxyl group as does the carbon atom at
the 27 position of the ribose moiety of adenosine. How-
ever, if one studies molecular models of certain similar
conformations of adenosine, 6-p and 6-L, a fact be-
comes apparent which offers a logical explanation for
the stereoselectivity of adenosine deaminase for the L
isomer (6-L) over the p isomer (6-D). An examination
of Chart II shows that if the adenine moiety and the 2’-

Cuant 11
HO Ad Ad
Ad
0 A A
H CH, H
HO H H CH,
OH OH OH
adenosine 6-D 6-L

hydroxyl group of the inhibitor bind to the same points
on the enzyme that are utilized by the same groups on
adenosine, two situations can occur depending upon
which inhibitor is complexing with the enzyme.® The
D isonler (6-p) has the same absolute configuration at
the 27 carbon as adenosine; thus, the methyl group of
6-D projects into the same region that would normally
be occupied by the ribose moiety of the substrate.
Since this region on the enzyme would be expected to
be hydrophilic in nature, the methyl group of 6-p would
cause some repulsion to binding. That some repulsion

(8) These drawings are not to be interpreted to represent the actual con-
formation which binds to adenosine deaminase. Rather, they are drawn in
this perspective so that the effect of the methyl group in 6-p and 6-L may
be easily visualized.
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to binding is caused by the methyl group of 6-p can
be seen by comparing the [1]/[S]s of 6-p to the ([I]/
[S1)o.s of 9-(2-hydroxyethyl)adenine(7).

In the case of the L isomer (6-1), if the adenine moiety
and the 2’-hydroxyl group bind to the same points on
the enzyme as do the corresponding groups on 6-p, it
can be seen that the methyl group of 6-L will project
away from this hydrophilic region and would not cause
repulsion to binding. If the methyl group of 6-L were
not contributing to binding, the compound should have
an ([I1/[81)s equal to 9-(2-hydroxyethyl)adenine (7).
However, 6-L is bound much more tightly to the enzynie
than is 7. In fact, calculations based on the differences
of the free energy of binding of 6-L and 7 to adenosine
deaminase show that the methyl group of 6-L makes a
contribution to binding of —1.15 keal.® Cohn and
Edsall® have shown by means of quantitative solu-
bility measurements that the transfer of a methyl or
methylene group from an aqueous to a nonagueous
phase is accompanied by a free-energy change of ap-
proximately —730 cal. In an evaluation of the con-
tribution of the highly distance-specific van der Waals
forces, Salem!! has suggested that the maximum free-
energy contribution to binding which could be observed
for a methyl group is —600 cal. Belleau and Lacasse!?
have presented an excellent discussion of these two
types of forces in connection with a study of complex
formation with acetylcholinesterase and on the basis
of this study have shown that the positive involve-
ment of van der Waals attractions is of rare occurrence,
at least in the case of acetylcholinesterase. The
present inhibition studies on adenosine deaminase estab-
lish that there is a positive involvement of van der
Waals forces in the complexation of the methyl group
of 6-L. This methyl binding site is probably a cavity
on the enzyme which may preexist or which may be
formed by a conformational change of the enzyme.
That the enzyme forms a ‘‘tight fit” with the methyl
group of 6-L can be seen by comparing certain DL
inhibitors with 6-pL, For example, when the methyl
group of 6-bL is compared to an ethyl group as in prL-9-
(2-hydroxybutyl)adenine (8), it is seen that the com-
pound with a terminal ethyl group (8) in place of the
terminal methyl group, as in 6-pL, is a weaker inhibitor
than 6-pr. This phenomenon is even niore obvious
when the comparison is made between pL-9-(2-hydroxy-
octyl)adenine (9) and 6-pL. In this case, 9 is not one-
tenth as active as a reversible inhibitor as is 6-DL.
Thus, the preparation of inhibitors that have larger
groups in the area of a specific methyl binding region
results in weaker inhibitors.!® These data taken in
conjunction with the change in free energy of binding
of 6-L relative to 7 establish that there is a specific
methyl binding site on the enzyme and that there is a
“tight fit” or classical “lock and key” type of fit for
this methyl group.

(9) The differences in the free energy of binding of 6-L and T were calcu-
lated by the following equation: AF = —2.303RT log [Isn(T)/Isn(6-1)].

(10) E. J. Cohn and J. T. Edsall, “Proteins, Aminoacids and Peptides,"
Reinhold Publishing Corp., New York, N. Y., 1943, Chapter 9.

(11) L. Salem, Can. J. Biochem. Physiol., 40, 1287 (1962).

(12) B. Belleau and G. Lacasse, J. Med. Chem., T, 768 (1964).

(13) It is also possible that the area on the enzyme beyond the methy!
binding region may be quite polar and thereby repels the longer chain com-
pounds.



