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Structural Requirements of Nucleosides for Binding by 
Adenosine Deaminase* 

Joseph G. Cory and R. J. Suhadolnikl 

ABSTRACT : The substrate specificity of adenosine 
deaminase has been studied in detail. It has been 
observed that a significant difference exists between 
the binding of those compounds altered in the 6 or 
9 position of adenine. Substitutions in the 6 position 
(Ne-methyl, -hydrogen, or -mercapto) of adenosine 
result in compounds that are competitive inhibitors. 
Substitution of a chlorine atom for the amino group 
in the 6 position (6-chloropurine ribonucleoside) re- 
sults in a nucleoside that is, in fact, a substrate for 
adenosine deaminase. Changes in the 9 substituent of 
adenine results in compounds that are either substrates 
(e.g., adenosine, 2 ’-deoxyadenosine, 3 ’-deoxyadenosine, 

I t has been shown by several workers (Kalckar, 1947; 
Chilson and Fisher, 1963; Coddington, 1962) that, in 
addition to adenosine, 2 ’-deoxyadenosine, 2-fluoro- 
adenosine, 2,6-diaminopurine riboside, and 3 ’-deoxy- 
adenosine (cordycepin) are substrates for adenosine 
deaminase. Ne-Methyldeoxyadenosine is a competitive 
inhibitor of adenosine deaminase, while adenine, 
adenylic acid, nicotinamide-adenine dinucleotide, and 
cytidine are neither substrates nor inhibitors of this 
enzyme. 

A number of adenosine analogs were surveyed as 
substrates or inhibitors of adenosine deaminase isolated 
from calf serum (Weinbaum et al., 1964). The activity 
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3 ’-amino-3 ’-deoxyadenosine, xylofuranosyladenine, 
and arabinofuranosyladenine) or inhibitors (e.g., 
9-hexyladenine, 9-pentyladenine, 9-cyclopentanolade- 
nine, and 9-cyclohexanoladenine). 

Seven of the 9 position substituent analogs studied 
were not bound by the enzyme (adenine, psicofura- 
nine, fructofuranosyladenine, 2 ’-adenylic acid, 3 ’- 
adenylic acid, 5 ’-deoxyadenylic acid, and 9-cyclo- 
hexyladenine). Based on these observations, it is 
concluded that the “binding site” of adenosine de- 
aminase is more specific for the substituent on 
position 9 than for the substituent on position 6 of 
adenine. 

of the calf serum deaminase was too low to determine 
the nature of the inhibition experimentally. To over- 
come this difficulty, calf intestinal adenosine deaminase 
was used. With this enzyme, we have evaluated ex- 
perimentally the nature of the inhibition and the 
inhibition constants. This study reports on the structural 
requirements necessary for compounds to bind at the 
“active site” as either substrates or competitive inhibi- 
tors of calf intestinal adenosine deaminase. 

Materials and Methods 

Adenosine deaminase from calf intestinal mucosa 
(type 1, 210 units/mg) was purchased from Sigma 
Chemical Co. Specific activity is expressed as pmoles 
of adenosine deaminated per minute/mg of protein. 
Compounds were tested as substrates by measuring 
the change in absorbance at 265 mp, using cells with 
5-mm path lengths, in a Beckman DU spectrophotome- 
ter. Reactions were carried out at 24-26’. Deaminase 
inhibition was determined by observing the decrease in 1729 
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the rate of adenosine deamination. Assay mixtures 
consisted of substrate, 0.05 M sodium phosphate 
buffer, pH 7.0, and 0.021 enzyme unit in a total volume 
of 1.5 ml. Michaelis constants and inhibitor constants 
were determined graphically from plots of v versus 
V i b l .  

The reaction products were determined as follows: 
the reaction mixtures were evaporated to dryness with 
steam under nitrogen, and the residues were treated 
with warm ethanol and centrifuged. The ethanol 
supernatant was decanted, spotted on Whatman No. 1 
filter paper, and subjected to descending chromatog- 
raphy with butanol-2 NH3 (86 : 14) and ammonium 
sulfate-sodium phosphate buffer-1-propanol (60 g : 100 
ml, 0.1 M, p H  6.8 :2.0 ml). The reaction products on the 
chromatograms were detected by ultraviolet light 
absorption. 

We are grateful to Dr. J. Montgomery of Southern 
Research Institute for 9-(cyclohexyl)adenine, 9-(cyclo- 
pentyl)adenine, 9-(n-pentyl)adenine, 9-(n-hexyl)adenine, 
cis-2-[9-(6-aminopurinyl)]cyclopentanol, cis-2-[9-(6- 
aminopurinyl)]cyclohexanol, and 7-(P-~-ribofuranosyl)- 
adenine; to Dr. J. Fox of Sloan-Kettering Institute for 
Ne-methyladenosine; to Dr. G. M. Savage of Upjohn 
Co. for 9-(P-~-psicofuranosyl)adenine; to Dr. E. J. 
Reist of Stanford Research Institute for 9-(a- and 
-P-D-fructofuranosyl)adenine, 9-(~-~-xylofuranosyl)- 
adenine, and 9-(P-~-arabinofuranosyl)adenine; to Dr. 
C. A. Nichols of Roswell Memorial Park for tuber- 
cidin; and to Dr. N. Gerber for 3’-amino-3’-deoxy- 
adenosine. Triacanthine was isolated from Gleditsia 
triacanthos (Leonard and Deyrup, 1962). 

Results and Discussion 

Adenosine analog models have been employed to 
ascertain the structural requirements for binding at the 
“active site” of calf intestinal adenosine deaminase. 
The models utilized in this present communication 
either maintain the integrity of the natural substituent 
at the 6 position of adenosine while the 9 position 
substituent was varied or vice versa. In this way the 
ambiguities involved in interpreting the results of 
previous studies on this enzyme where substitutions 
were made on the 6 and 9 positions simultaneously 
have been minimized (Schaeffer and Bhargava, 1965). 

Seventeen position-9 analogs (Ia-q) and four posi- 
tion-6 analogs (IIa-d) were tested as either substrates or 
inhibitors of adenosine deaminase. The compounds 
studied were as follows: 

A correlation of structure and activity of these com- 
pounds is shown in Table I. It is presumed that a com- 
pound which acts as a substrate or competitive in- 
hibitor binds at the active site of the enzyme. 

The data in Table I show that 9-purine ribonucleoside 
(compound IIb) is bound to the enzyme as an inhibitor, 
while adenine (compound Ib) is neither a substrate nor 
an inhibitor. Although adenine has the amino group 
in the 6 position, no binding to the enzyme occurs 
when the ribose moiety at the 9 position is absent. 
However, 9-purine ribonucleoside which has the ribose 1730 

NHz X NH2 yibose 

R 
I 

iibose H 
I1 I11 

iibose 
V 

Ia, R = D-ribose 
b , R =  H 
c, R = 2‘-deoxyribose 
d, R = 3’-deoxyribose 

e, R = 3’-amino-3’- 
deoxyribose 

f, R = D-xylose 
g, R = D-arabinose 
h, R = D-Dsicose 

& 
IV 

i, R = P-fructofuranosyl 
j, R = 2’-ribose phosphate 
k, R = 3’-ribose phosphate 
1, R = 5’-deoxyribose 

m, R = n-hexyl 
n, R = n-pentyl 
0, R = cis-2-cyclopentanol 
p, R = cis-2-cyclohexanol 
q, R = cyclohexyl 

phosphate 

IIa, X = NHCH3 
b , X = H  
c, X = SH 
d, X = C1 

on the 9 position of the purine ring but no amino group 
at position 6 is bound to the enzyme as a strong com- 
petitive inhibitor (Ki = 8.8 X 10-6). When other 
changes were made on the 6 position [6-mercapto- 
purine ribonucleoside (compound IIc), NG-methyl- 
adenosine (compound IIa)], these compounds were also 
competitive inhibitors. 6-Chloropurine ribonucleoside 
(compound IId) is even a substrate for adenosine 
deaminase. Inosine and chloride ions are the products 
of this reaction (Cory and Suhadolnik, 1965). These 
data, therefore, emphasize the importance of the 9- 
position substituent in bringing about binding of the 
substrate to the enzyme. It is of interest to note that 
Schaeffer et al. (1964) reported that the “isostearic 
nucleosides” with noncarbohydrate substituents at the 
9 position but with a 6-hydrogen, 6-mercapto, 6- 
hydrazino, and 6-chloro substituent were noninhibitory. 
By altering the 6 and 9 positions simultaneously, 
Schaeffer and Bhargava (1965) concluded that the 
6 position of the purine ring was critical for binding to 
the enzyme. Studies in our laboratory in which other 
model compounds were used (compounds IIa-d) 
provided data which lead to different conclusions. 
When compounds were used in which the substituent 
in the 9 position was ribose or deoxyribose, alteration of 
the 6 position substituent produced compounds that 
were bound to the enzyme and acted as competitive 
inhibitors or as a substrate in the case of the 6-chloro- 
purine ribonucleoside. However, the 6-chloropurine 
compounds with the noncarbohydrate moiety as the 
9 substituent were essentially noninhibitory (Schaeffer 
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TABLE I: Relative Initial Velocity of Adenosine Analogs and Per Cent Inhibition of Adenosine Deaminase. 

Compound 

Relative 
Initial Inhibition5 Ki 

Velocity ( %) x 105 

Ia 

Ib 
I C  
Id 
Ie 
If 
Ig 
Ih 
Ii 

Ik 
I1 
Im 
In 
Io 

I j  

IP 
Iq 

IIa 
IIb 
IIC 
IId 

Adenosine 

Adenine 
9-(P-~-2-Deoxyribofuranosyl)adenine 
9-(P-~-3-Deoxyribofuranosyl)adenine 
9-(P-~-3-Amino-3-deoxyribofuranosyl)adenine 
9-(P-~-Xylofuranosyl)adenine 
9-@-~-Arabinofuranosyl)adenine 
9-(P-~-Psicofuranosyl)adenine 
9-(P-~-Fructofuranosyl)adenine 
Adenosine 2’-monophosphate 
Adenosine 3 ’-monophosphate 
Deoxyadenosine 5 ‘-monophosphate 
9-(n-Hexyl)adenine 
9-(n-Pentyl)adenine 
cis-2-[9-(6-Aminopurinyl)]cyclopentanol 
cis-2-[9-(6-Aminopurinyl)]cyclohexanol 
9-(Cyclohexy1)adenine 

Ne- Meth yladenosine 
9-Purine ribonucleoside 
6-Mercaptopurine ribonucleoside 
6-Chloropurine ribonucleoside 

9-Substituent change 

6-Substituent change 

1 .0 

0 
1 . 2  
0.78 
0.46 
0.30 
0.20 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0.10 

0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

60 
45 
20 
6 
0 

80 
78 
12 

0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 . 9  
5 .0  

0 

0.53 
0.88 

37.0 

Reaction mixture contained substrate, 1.3 X 
adenosine deaminase. Assay mixtures contained adenosine, 1.3 X 
adenosine deaminase in a final volume of 1.5 ml. 

M ;  sodium phosphate buffer, pH 7.0, 0.05 M; and 0.021 unit of 
M; inhibitor, 1.3 X 1 0 - 4 ~ ;  and 0.021 unit of 

et af., 1964). These contrasting conclusions emphasize 
the importance of the proper choice of model com- 
pounds when studying enzyme-substrate binding. 

Removal of hydroxy groups of the ribose of adeno- 
sine produced substrates that were deaminated at 
varying rates [2 ‘-deoxyadenosine (compound IC) > 
adenosine (compound Ia) > 3 ‘-deoxyadenosine (com- 
pound Id) > 3 ‘-amino-3 ‘-deoxyadenosine (compound 
Ie)]. With monohydroxylated cyclopentyladenine or 
cyclohexyladenine derivatives, Schaeffer and Bhargava 
(1965) concluded that “the hydroxy group at 
C2’ makes a significant contribution to the binding, 
whereas the hydroxy group at C3‘ and the hydroxy- 
methyl group at C4’ make only a small contribution to 
the binding of this enzyme.” The fact that 2’-deoxy- 
adenosine is a better substrate than adenosine (Kalckar, 
1947) tends to argue against the C2’ hydroxy group as 
being more important in the enzyme-substrate binding. 
Since 3 ’-deoxyadenosine and 3 ’-amino4 ’-deoxyadeno- 
sine are both poorer substrates than either adenosine or 
2’-deoxyadenosine, it is concluded that the C3’ hydroxy 
group plays an important role in the binding of the 
substrate to the enzyme. 

In order to study the importance of the stereochemical 
configuration of the hydroxy groups on the furanosyl 

moiety on the 9 position of adenine, the rates of de- 
amination of 9-(fl-~-xylofuranosyl)adenine (compound 
If) and 9-(~-~-arabinofuranosyl)adenine (compound Ig) 
were compared with that of adenosine. With calf in- 
testinal adenosine deaminase, xylofuranosyladenine 
was more rapidly deaminated than arabinofuranosyl- 
adenine (Table I). LePage and Junga (1965) recently 
reported that adenosine deaminase from transplanted 
tumors deaminated these two compounds at the same 
rate. The data as reported in Table I indicate that 
changes in the stereochemistry of the hydroxyl groups 
of the furanosyl ring result in compounds that are 
poorer substrates (compounds If, Ig) than those com- 
pounds in which the hydroxyl groups are removed 
and replaced by a hydrogen atom or an amino group 
(compounds IC, Id, Ie). In all of the models studied, 
changes in the furanosyl ring substituted on the 9 
position of adenine affect the rate of deamination by 
adenosine deaminase. 

The importance of substituting an hydroxymethyl 
group for the hydrogen atom at the C1’ of the 9- 
position substituent for binding to the enzyme was 
studied by using the compounds psicofuranosyladenine 
(Ih) and P-fructofuranosyladenine (Ii). These com- 
pounds were neither substrates nor inhibitors of the 1731 
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deaminase (Table I). These results indicate that the 
enzyme has a size specificity for the furanosyl ring at the 
9 position of adenine. The ,8 anomers are of interest here 
since this is the configuration needed for deamination 
of compounds by adenosine deaminase (Klenow, 
1963). 

To study the importance of the size and/or charge at 
the Cs’ position of adenosine, adenosine and deoxy- 
adenosine nucleotide monophosphates were studied 
(compounds Ij, Ik, 11). These three nucleotides were 
neither substrates nor inhibitors (Table I). These data 
show the importance of the size and/or charge at the 
C5’ substituent for binding at the enzyme site. 

Since changes in the stereochemistry of the ribose 
moiety of adenosine produces substrates with varying 
rates of deamination by the enzyme, it was of interest 
to study the binding of those compounds that contain 
aliphatic substituents on position 9 of adenine. The 
models used in this study were the adenine derivatives 
having at the 9 position n-hexyl (Im), n-pentyl (In), 
cyclopentanol (Io), cyclohexanol (Ip), or cyclohexyl 
(Iq) (Table I). The results obtained with 9-cyclo- 
pentanoladenine and 9-cyclohexanoladenine are in 
agreement with the results of Schaeffer and Bhargava 
(1965). In addition, 9-n-hexyladenine and 9-n-pentyl- 
adenine were also competitive inhibitors; 9-cyclohexyl- 
adenine was neither a substrate nor an inhibitor. On the 
basis of the compounds studied (Im-Iq), it is difficult 
to predict a pattern of binding to adenosine deaminase 
for the noncarbohydrate substituents on adenine. For 
example, 9-cyclohexanoladenine (Ip) is an inhibitor, 
but 9-cyclohexyladenine (Iq) is neither a substrate nor 
an inhibitor. It cannot be that the hydroxy group is the 
only difference, since 9-n-hexyladenine (Im) and 9-n- 
pentyladenine (In) are inhibitors. It is possible that the 
solubility of these noncarbohydrate substituents in the 
bound water of the protein is also an important factor 
to consider. 

The final three compounds employed in this study 
(111, IV, V) were included since they represent structures 
with substituents on the 3 and 7 positions of the purine 
ring as well as the 7-deazapurine ribonucleoside, 
tubercidin (compound V). These three compounds 
were neither substrates nor inhibitors for adenosine 
deaminase. Apparently the iV nitrogen of the adenine 
ring plays an important role in binding to the enzyme 
since substitution of a C-H for the N7 nitrogen [tuber- 
cidin (4-amino-7/?-~-ribofuranosyl-7H-pyrrolo[2,3-~- 
pyrimidine) (V)] results in a compound that is not 
bound. That the substitution of a carbon atom for the 
nitrogen atom changes the chemical and physical 
properties of the purine ring have been shown by the 

differences in electrophoretic mobilities of tubercidin 
and adenosine (Acs et al., 1964) as well as changes in the 
rate of hydrolysis of the N-riboside bond (Pike et al., 
1964). The fact that triacanthine (compound IV) and 
7-ribofuranosyladenine (compound 111) were neither 
substrates nor inhibitors might well be explained on 
the basis of the size of the 3 and 7 substituents (iso- 
pentenyl and ribofuranosyl) on the purine ring. How- 
ever, it is more probable that a substituent is required 
at the 9 position. Evidence for this is the data obtained 
for adenine (compound Ib) (Table I). 

A summary of the data in Table I indicates that a 
significant difference exists between the binding of those 
compounds altered in the two specific positions we have 
studied. Without exception, all of the 6-position sub- 
stituents studied were bound to the enzyme (com- 
pounds IIa-d) either as competitive inhibitors or as 
substrates. However, it is important to note that seven 
of the analogs studied (Ib, Ih-1, Iq), where changes 
occur in the 9 position, were not bound to the enzyme. 
Hence, it is concluded that the binding of adenosine 
analogs by adenosine deaminase is more specific for 
the 9-position substituent than it is for the 6-position 
substituent. A question remaining is, “how must the 
6-position substituent of adenosine be altered in order 
to prevent binding to the enzyme?” Additional 6- 
position analogs are currently being studied. 
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