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Analogs of thymidine-5’-monophosphate, thymidine-5’-monophosphate-p-nitrophenylr, 
and adenosine-S-monophosphate with an amino or azido group in the 3’-position have been 
synthesized by convenient methods. These compounds were tested as substrates for acid 
phosphatase from potatoes (EC 3.1.3.27), 5’-nucleotidase from snake venom (EC 3.1.3.5), 
alkaline phosphatase from calf intestine (EC 3.1.3. l), and phosphodiesterase from snake venom 
(EC 3.1.4.1). The influence of the modification was found to increase with the higher specificity 
of the enzymes (thus, e.g., 5’-nucleotidase does not accept the 3’-modified thymidine 
derivatives). 

INTRODUCTION 

In many organs one can find enzymes with phosphohydrolytic activities of different 
specifiities such as acid and alkaline phosphatases, nucleotidases, phosphodiesterases, 
etc. (I-5). This phenomenon seems to play a certain role in the differentiation of cells. 
Thus there is an interplay of alkaline phosphatase and 5’-nucleotidase in human bone 
changing during development. In Paget’s disease this change is disturbed (2). 

In order to investigate different enzyme’s requirements for their substrates, we 
synthetized several modified nucleotides. The 3’-OH group was chosen as the site of 
modification since this position is close to that of the phosphate, viz., the site of enzyme 
action. The 3’-OH was replaced by either an azido or an amino group, and the 
compounds were studied with regard to their ability to act as substrates for several 
phosphohydrolases. The newly introduced 3’-group should give a slower reaction with 
enzymes requiring the 3’-OH group for substrate recognition. Under acidic conditions 
the 3’-amino group could also interfere with the cleavage of the Y-phosphate residue by 
forming an inner salt. 

Chemical Synthesis of the Nucleotide Analogs 

The 3’-azido derivatives of thymidine-5’-phosphate (2) and thymidine-S-phosphoric 
acid p-nitrophenylester (4) were synthesized by phosphorylation of 3’-azidothymidme 
(1) (6) with POCl, in acetone and with p-nitrophenylphosphorodichloridate (7) in 
pyridine, respectively. 3’-Aminothymidine-5’-phosphate (3) was prepared from (2) as 
described by Glinski et al. (8). As the 3’amino derivative 7 could not be synthesized by 
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hydrogenation of (4), it was prepared by phosphorylation of 3’-phthalimide thymidine 
(5) (9) with p-nitrophenylphosphorodichloridate in pyridine and subsequent cleavage of 
the protecting group using hydrazine hydrate (9). 

tiH2 

3’-Aminoadenosine (8) is a substrate for adenosine kinase (9) (IO), and so its 
5’-phosphate could be synthesized enzymatically in 45% yield: 

yH2 NH2 

8 9 

The structure of the new compounds was unambiguously established by their 
chromatographic behavior (see Table 3), their spectroscopic properties, and by 
chemical or enzymatical degradation, including chromatographic comparison of the 
products with authentic compounds. The 5’-monophosphate analogs 5 3, and 9 were 
dephosphorylated by alkaline phosphatase to form the parent compounds, and the 
nitrophenylester derivatives 4, 6, and 7 were either treated with .l NNaOH to yield the 
5’-monophosphates or with phosphodiesterase and alkaline phosphatase to yield the 
nucleoside analogs. 
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Biochemical Studies 

We compared the substrate behavior of the 5’-monophosphate analogs 2,-3, and 9 
with that of thymidine-5’-monophosphate (5’-TMP) and adenosine-5’-monophosphate 
(5’-AMP), respectively, for acid and alkaline phosphatase and for 5’-nucleotidase. The 
substrate behavior of the diester analogs 4 and 7 was compared with thymidine-5’-p- 
nitrophenylphosphate (5’-NO,phe-TMP) for the enzyme snake venom phospho- 
diesterase. All enzymes were obtained from commercial sources. The hydrolysis of 5’- 
phosphates can be monitored by various methods (II, 12). In order to detect side 
reactions we followed the reaction by quantitative thin-layer chromatography, taking 
samples every 20 min and determining the rate of hydrolysis from the nucleoside/ 
nucleotide ratio. The hydrolysis of the p-nitrophenylester bond by snake venom 
phosphosphodiesterase could easily be monitored by measuring the absorbance at 405 
nm. 

FIGS. 1 AND 2. Hydrolysis by acid phosphatase from potatoes at various pH values. Ordinate: 
percentage of unreacted nucleotide, determined as described in the Experimental section. 0,3’-N,-5’-TMP 
(2); a, 3’-NH,-5’-TMP (3); +, 5’-TMP; V, 3’-NH,-Y-AMP (9); 9 5’-AMP. 

Acid Phosphatase Studies 

The acid phosphatase from potatoes is an unspecific phosphate monoester hydrolase 
with a broad pH optimum. Its maximum activity is at pH 5.6, but it still cleaves 
phosphate esters in the range of pH 3-6 at a reasonable rate. In order to see whether the 
protonation of the 3’-amino group in 3 and 9 influences the reaction rate, assays at pH 
3 and pH 5.6 were performed (Figs. 1 and 2). 

All analogs were cleaved by the enzyme at both pH values, the rate of cleavage for all 
compounds being higher at pH 5.6. The natural compounds 5’-AMP and 5’-TMP were 
better substrates; 5’-AMP is the substrate with the highest reaction rate. In order to 
compare their cleavage rates at different pH values, the initial velocity for all 
compounds was determined and calculated relative to 5’-AMP (Table 1). The results 
show that protonation of the amino group seems to have no influence on the rate of 
hydrolysis. At pH 5.6 the amino compound 3 is cleaved faster than the azido 
compound 2; at pH 3 both are cleaved very slowly. 
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FIGURE 2 

5 ‘-Nucleotidase Studies 
The S-nucleotidase from snake venom is an enzyme that specifically cleaves 5’- 

nucleotides; 2’- and 3’-nucleotides are not hydrolyzed. As Fig. 3 shows, nucleotides 
with an unmodified 3’-OH group are much better substrates for this enzyme. 
Compounds 2 and 3 are very poor substrates. After 5.5 hr only 1.1 and 2.8%, 
respectively, of these analogs were cleaved [these results may be due to unspecific 
phosphatases in the enzyme preparation (13)l. 

Examples in the literature support this sensitivity of nucleotidases toward modifi- 
cation in the sugar moiety. Thus 2’Gmethylated nucleotides are no longer substrates 
(14, IS). By contrast a 5’-nucleotidase from rat liver is able to cleave 3’- 
deoxythymidme-5’-phosphate (16). Naito et al. described the properties of a 5’-nucleo- 
tidase from chicken liver that has an optimum at pH 6.5 in nucleotide cleavage. Withp- 
nitrophenylphosphate as substrate, the maximum activity was found to be in the acidic 
range (17). It is therefore possible that some acid phosphatases, which have only been 
tested with p-nitrophenylphosphate as a substrate (I), act as nucleotidases under 
physiological conditions. 

TABLE 1 

INITIAL VELQCITIES V, OF THE HYDROLYSIS BY DIFFERENT PHOSPHOHYDROLASES 

Compound No. 

Acid phosphatase 

V” WY at 

pH3 pH 5.6 

Alkaline phosphatase 

v, cm at 
pH 10.5 

5’-AMP - 100 100 100 
3’-NH*-Y-AMP 9 12 20 23 
S-TMP - 50 83 46 
3’-N,-5’-TMP 2 <l 38 58 
3’-NH,-5’-TMP 3 <l 65 35 

5’-Nucleotidase 

V. (%I at 
pH 8.4 

100 
1 

68 
<l 
<l 

B Referred to V, of 5’-AMP = 100%. 
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FIG. 3. Hydrolysis by 5’nucleotidase from snake venom. Ordinate: percentage of unreacted nucleotide, 
determined as described in the Experimental section. 0, 3’N,-5’-TMP (2); A, 3’.NH,-5’-TMP (3); + 5’- 
TMP; r, 3’-NH,-5’-AMP (9); Cl, 5’-AMP. 

Alkaline Phosphatase Studies 
Alkaline phosphatase from calf intestine is an unspecific phosphate monoester 

hydrolase which is not as sensitive against modification at the 3’-position as the ones 
described before. All analogs are cleaved at a reasonable rate (Table 1) as compared to 
5’-AMP. 

Interestingly the 3’-azido derivative of 5’-TMP appears to be a better substrate than 
the unmodified compound. (Fig. 4 and Table 1). The influence of the 3’-amino group is 
more important for the adenosine derivative than for the thymidine compound. 

Phosphodiesterase Studies 
Phosphodiesterase from snake venom cleaves nucleotide diesters to yield nucleotide- 

5’-monophosphates. Kinetic studies (see Fig. 5 and Table 2) show that all analogs are 
substrates for the enzyme. The azido compound 4 is cleaved with a higher rate and the 
amino compound 7 with a lower rate than the unmodified thymidine derivative. 

Not only the reaction rate but also the binding is altered by modification (Table 2). 
The most polar compound 7 is much better bound by the enzyme than the least polar 
one 4. 

FIG. 4. Hydrolysis by alkaline phosphatase from calf intestine. Ordinate: percentages of unreacted 
nucleotide, determined as described in the Experimental section. 0, 3’-N,-5’-TMP (2); A, 3’-NH,-5’-TMP 
(3); + 5’-TMP; v, 3’-NH,5’-AMP (9); D, 5’-AMP. 
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FIG. 5. Lineweaver-Burke plot of the hydrolysis by snake venom phosphodiesterase. Incubation 
conditions are described in the Experimental Section. A, 3’-NH,-5’.NO,phe-TMP (7); x, 5’-NOShe-TMP; 
@ 3’-NOShe-TMP (4). 

TABLE 2 

KINETIC DATA FOR THE HYDROLYSIS OF DIESTER DERIVATIVES BY 

SNAKE VENOM PHOSPHODIESTERASE 

Compound No. K, [Ml v,,, [$I 

5’-NO,phe-TMP - 1.1 x 10-a 4.0 x 10-s 
3’-N,-5’-NO,phe-TMP 4 4.3 x 10-a 3.3 x 10-7 
3’-NH,-5’-NOShe-TMP 7 2.1 x 10-J 8.1 x 1O-9 

The influence of other modifications at the sugar moiety on the substrate specificity 
for snake venom phosphodiesterase has been studied previously. Ribo- and deoxyribo- 
nucleotides are cleaved at about the same rate (28). Differently linked thymidine 
dinucleotides (S-5’ and 3’-5’) were also cleaved, the K,,, values differing by a factor of 
130 (19). 2’Gmethyl (20) as well as 2’azido (21) and 2’-amino (22) groups do not 
prevent enzymatic reaction but decrease the reaction rates to a certain extent. Richards 
et al. studied several (2’-5, 3’-5’, 5’-5’) arabino- and ribonucleotides. They were also 
cleaved and had K,,, values differing by a factor of 20 (23). A P-N internucleotide bond, 
described by L&singer et al. (24) and Jastorff et al. (25) is not stable against enzymatic 
degradation, but the reaction rate is slightly decreased. 

DISCUSSION 

The unspecific phosphomonoesterhydrolases alkaline and acid phosphatase do 
accept the modification at the 3’-position. In principal one cannot see any significant 
difference between the influence of the rather polar amino and the less polar azido group 
on the enzyme reaction. Thus the 3’ position seems not to be essentially involved in 
binding and/or catalytic reaction. Quite different is the more specific 5’-nucleotidase: 
The 3’ position seems to be in an essential contact with the active site of the enzyme. 
The catalytic activity is markedly reduced by substitution of the 3’-OH groups by an 
amino and an azido group as well. In a further study we will try to establish if, and in 
which way, these substrate analogs are bound to the enzyme. 
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In the case of the 5’-phosphodiesterhydrolase, phosphodiesterase, the 3’ position 
seems to be involved in binding and enzymatic reaction. By substitution of the 3’-OH 
group by an amino or an azido group, the binding constants as well as the reaction rates 
are significantly influenced. The meaning of these data for the mechanism of molecular 
interaction between substrate and enzyme shall be investigated further. 

EXPERIMENTAL 

General Procedures 

Ultraviolet spectra were recorded using a Shimadzu spectrometer UV-200; the ir 
spectra were measured with a Perkin-Elmer Infracord spectrometer using the KBr 
method. Thin-layer chromatography was performed on Riedel-de Haen silica gel F 254 
or Merck PF 254 using solvent systems A (n-propanol-cont. ammonia-water, 7 : 1 : 2, 
v/v/v) and B (acetone-benzene-water, 8 : 2 : 1, v/v/v) and on Macherey & Nagel PEI- 
cellulose using the solvent system C (0.1 M triethanolamine-formic acid, pH 3.3). 

Paper chromatography was performed by the descending technique on Schleicher & 
Schiill 2043 b paper with solvent system A. Paper electrophoresis was also, carried out 
on Schleicher & Schiill 2043 b paper using the solvent systems D (0.05 M ammonium 
formate, pH 3.3), E (O-05 M ammonium formate, pH 4) and F (0.1 M triethyl- 
ammonium bicarbonate, pH 7.4). 

Chromatographic data and uv and ir spectra of all compounds synthesized are given 
in Table 3. 

Materials 

DEAE-cellulose DE 52 was purchased from Whatman and DEAE-Sephadex A25 
from Pharmacia Fine Chemicals. Adenosine kinase from Baker’s yeast (EC 2.7.1.20) 
used in this study was generously given by Dr. H. Sternbach, Giittingen. 3-Amino-3’- 
deoxyadenosine (8) was a generous gift from Drs. R. M. Kula and M. Morr, 
Stockheim. 3’-Azido-3’-deoxythymidine (1) and 3’-phthalimido-3’-deoxythymidine (5) 
were prepared according to literature procedures (6) and (9), respectively. Snake venom 
phosphodiesterase (EC 3.1.4.1) and alkaline phosphatase (EC 3.1.3.1) were purchased 
from Boehringer-Mannheim. 

Preparation of the Nucleotide Analogs 

3’-Azido-3’-deoxythymidine-Y-phosphate (3’-N,-TMP) (2). 3’-Azido-3’-deoxythy- 
midine (1) (267 mg, 1 mmol) was stirred with dry acetone (6 ml), pyridine (1.6 ml; 20 
mmol), and POCl, (0.11 ml, 1.2 mmol) for 2.5 hr at -75°C. Water (2.5 ml) was added. 
After warming up to room temperature the mixture was evaporated to dryness, the 
residue was dissolved in water, and the pH was brought to 7.5. Compound 2 was 
isolated by column chromatography on DEAE-cellulose (4 x 35-cm) column with a 
linear gradient of 0.01 to 0.2 M triethylammonium bicarbonate buffer, pH 7.5 (3 liters 
each). Compound 2 was eluted at a concentration of 0.15 M. The yield was 320 mg 
(92%). 

3’-Amino-3’-deoxythymidine-5’-phosphate (3). This compound was synthesized 
from 2 as previously described (8). Purification was performed as described for 
compound 2. The yield was 90%. 

3’-Azido-J’-deoxythymidine-5’-p-nitrophenylphosphate (4) (3’-N,-5’-NOghe-TMP). 
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Into a stirred solution of 3’-azido-3’-deoxythymidine (1) (267 mg, 1 mmol) in dry 
pyridine (4 ml) at O°C was slowly dropped a solution of p-nitrophenylphosphorodi- 
chloridate (8) (303 mg, 1.2 mmol) in dry pyridine (1 ml). After 3 hr, water (3 ml) was 
added, and the solution was evaporated to dryness. The residue was dissolved in 
water-methanol (3 : 1, v/v), and the pH was brought to 7.5. Compound 4 was isolated 
at 4OC by column chromatography on DEAE-cellulose (3 x 50-cm column) with a 
linear gradient of 0.01-0.03 M triethylammonium bicarbonate buffer, pH 7.5 (3 liters 
each) and identified by its typical uv-spectrum. The yield was 290 mg (62%). 

3’-Phthalimido-J’-deoxythymidine-5’-p-nitrophenylphosphate (3’-Phth-5’-NOghe- 
TMP (6). A solution of 3’-phthalimido-3’-deoxythymidine (5) (85.3 mg, 0.23 mmol) in 
dry pyridine (2 ml) was slowly dropped into a solution of p-nitrophenylphosphoro- 
dichloridate (74.3 mg, 0.29 mmol) in dry pyridine (1 ml) at -1OOC. After 3 hr at 
-lO°C the reaction was stopped by adding water (2 ml). The solvent was evaporated, 
the residue was dissolved in methanol, and 6 was isolated by preparative thin-layer 
chromatography (two plates, 20 x 40 cm) in solvent system B. It was identified on the 
plate by its absorption at 254 and 365 nm and its typical uv spectrum. Compound 6 
wa$eluted from silica gel with solvent system A. The yield was 88 mg (67%). 

3’-Amino-J’-deoxythymidineJ’-p-nitrophenylphosphate (3’-NH,-5’-NOghe-TMP 
(7). To a solution of 3’-phthalimido-3’-deoxythymidine-5’-p-nitrophenylphosphate (6) 
(48 mg, 0.08 mmol) in methanol-water, 6 :4 v/v, 5 ml) was added a 10% ethanolic 
hydrazine hydrate solution (80 pl, 0.16 mmol). The mixture was stirred for 1 hr at 
45°C. The reaction was stopped with 1 N HCl (0.5 ml). After 20 min of stirring, the 
mixture was adjusted to pH 7.5 with triethylamine and diluted with water to 30 ml. 
Compound, 7 was isolated by column chromatography on DEAE-cellulose (2 x 50-cm 
column) with a linear gradient of 0.05-0.25 M triethylammonium bicarbonate buffer, 
pH 7.5 (1.5 liters each), and identified by its typical uv-spectrum. The yield was 12 mg 
(34%). 

3’-Amino-3’-deoxyadenosine-5’-phosphate (3’-NH,L-A) (9). 3’-Amino-3’-deoxy- 
adenosine (8) (50 mg, 0.19 mmol) was stirred with adenosine-5’-triphosphate 
(Na, salt) (235 mg, 0.43 mmol) and 0.12 U of adenosine kinase in 0.17 M triethanol- 
amine-HCl buffer, pH 7.5, containing 67 mM KC1 and 16.7 mM MgCl, (20 ml) for 20 
hr at 25OC. Water (60 ml) was added and 9 was isolated by column chromatography 
on DEAE-Sephadex (4 x 40-cm column). After washing with 0.2 M triethyl- 
ammonium bicarbonate buffer, pH 7.5 (1.5 liters), 9 was eluted with 0.22 M 
triethylammonium bicarbonate buffer, pH 7.5. The solution was evaporated, and the 
residue was crystallized from water-isopropanol in the presence of HCl (0.5 ml). The 
yield was 29 mg (45%). 

Cleavage of compounds 4, 6, and 7 with NaOH. Each compound 16.5 OD (0.5) 
pool)] was treated with 1 N NaOH (20 ~1) for 30 min at 1OOOC. The reaction products 
(p-nitrophenol and the corresponding monophosphates) were identified by electro- 
phoresis in solvent system F. 

Cleavage of compounds 2, 3 and 9 with alkaline phosphatase. Compounds 2 and 3 
[5 OD each (0.5 pmol)] and 9 17.5 OD (0.5 ,umol)] were incubated in 0.1 M Tris-HCl 
buffer, pH 9.5 (50 pl), with 5 pl of alkaline phosphatase (sp. act., 400 U/ml) for 2 hr at 
37OC. The dephosphorylated products were identified by paper chromatography in 
solvent system A. 
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Cleavage of compounds 4,6, and I with phosphodiesterase and alkaline phosphatase. 
Each compound 16.5 OD (0.5 ,umoI)l was incubated in 0.05 h4 Tris-HCl buffer, pH 8.4 
(50 d), with 5 ~1 of snake venom phosphodiesterase (sp. act., 1.5 U/ml) and 5 ~1 of 
alkaline phosphatase (sp. act.) 400 U/ml) for 2 hr at 37°C. The reaction products (p- 
nitrophenol and nucleoside analogs) were identified by paper chromatography in solvent 
system A. 

BIOCHEMICAL 

Materials and Methods 

Acid phosphatase from potatoes (EC 3.1.3.2) (sp. act., 60 U/mg), alkaline 
phosphatase from calf intestine (EC 3.1.3.1) (sp. act., 400 U/mg), and 
phosphodiesterase from snake venom (EC 3.1.4.1) (sp. act., 1.5 U/mg) from snake 
venom were purchased from Boehringer-Mannheim. 5’-Nucleotidase (EC 3.1.3.5) (sp. 
act., 17.4 U/mg) was purchased from Sigma, St. Louis, MO. 

Quantitative determination of nucleotide concentration on thin-layer plates was 
performed on a Vitratron densitometer Model TLD 200; quantitative spectrophoto- 
metric measurements were performed on Shimadzu spectrometer Model UV-200. 

Thin-layer chromatography was performed as described before. 
Acid phosphatase experiments. Nucleotides 2, 3, and 5’-TMP 120 OD each (2 pmol)l 

and 9 and 5’-AMP [30 OD each (2 pmol)l were incubated with acid phosphatase (0.6 
U) in 0.1 M Na-citrate buffer, pH 3 of pH 5.6, respectively (50 ,ul each), at 25’C. Every 
20 min, 5-~1 samples were separated on silica gel thin-layer plates in solvent system A, 
and the amount of unreacted nucleotide was estimated densitometrically. 

5’4ucleotidase experiments. Compounds 2,3, and 5’-TMP [20 OD each (2~~1)) and 
compound 9 and 5’-AMP 130 OD each (2 pmol)l were incubated with 5’-nucleotidase 
(0.14 U) in 0.05 M Tris-HCl, pH 8.4, and 0.05 M MgSo, (50 ~1) at 25OC. Every 20 
min, 5-~1 samples were taken, and the quantities of unreacted nucleotides were 
determined as described above. 

Alkaline phosphatase experiments. Cornpounds 2, 3, and 5’-TMP 120 OD each (2 
eel)] and compound 9 and 5’-AMP 130 OD each (2 pmol)l were incubated with 
alkaline phosphatase (0.2 U) in 0.1 M glycine/HCl buffer, pH 10.5, containing 1 mM 
MgCl, and 1 mM ZnCl, (50 ~1) at 25°C. The reaction was followed up as described 
above. 

Phosphodiesterase studies. Different concentrations of compounds 4, 7, and 
S’NO,phe-TMP in a 0.33 mM Tris-acetate buffer, pH 8.8, containing 30 mM of 
magnesium acetate (3 ml) were incubated with phosphodiesterase (1.5 mu) at 25OC. 
The extinction was followed at 405 nm. Initial velocity (V,) was determined for each 
concentration, and K,,, and V,,,,, values were determined by means of a Lineweaver- 
Burke plot. 
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