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Abstract-Nucieoside deoxyrihosyltransferase has been extensively purified from extracts of Lacroba- 
cillus leichmannii. The enzyme was initially co-purified with ribonucleotide reductase and then separated 
from the latter by affinity chromatography on dGTP-Sepharose. A new procedure is described for the 
synthesis of 6-@-aminobenzylamino)purine. The latter was diazotized and reacted with Sepharose 
substituted with m-phenylenediamine to produce an affinity material for chromatography of the trans- 
ferase. Some properties of the purified transferase are described, including remarkable stability to heat 
and to guanidine hydrochloride. With thymidine as donor, the transferase had a very broad specificity 
for the purine acceptor. the only modifications not tolerated being the loss of the tautomeric N in the 
imidazole ring and, possibly, substitution at the R-position. The enzyme was used for the convenient 
synthesis of twelve analogs of 2’-deoxyadenosine on the 10@400 mg scale with an average yield of 64 
per cent. The method was readily applicable to larger scale preparations and the enzyme was recoverable 
from the final reaction mixtures in good yield. Of the nucleosides synthesized, the 2-chloro and 2-bromo 
analogs of 2’-deoxyadenosine were especially good inhibitors of the growth of KB and CCRF-CEM 
cells in culture 

Analogs of 2’-deoxyadenosine are of considerable 
interest because of the potent effects of the parent 
substance on cells [l-6]. Although millimolar con- 
centrations of deoxyadenosine are required in the 
medium to inhibit cell growth and intracelluIar DNA 
synthesis, the requirement for these high levels is 
largely due to rapid destruction of deoxyadenosine 
by adenosine deaminase and the subsequent action 
of purine nucleoside phosphorylase. When deoxy- 
adenosine cytotoxity is determined in the presence 
of adenosine deaminase inhibitors such as deoxy- 
coformycin 17-91 or erythro-9-(2-hydroxy-3- 
nonyl)adenine (EHNA) [8, lo], however, cell 
growth is inhibited by deoxyadenosine at concentra- 
tions in the range l-100 ,uM. It therefore seems pos- 
sible that analogs of 2’-deoxyadenosine, which are 
poor substrates for the deaminase, might be powerful 
inhibitors of cell replication even in the absence of 
a deaminase inhibitor. This could provide a better 
approach to the control of cell growth, since the 
effect of deoxycoformycin on the susceptibility of L 
cells to 2’-deoxyadenosine is irreversible [8], sug- 
gesting that serious toxicity problems might be 
encountered with the use of deoxycoformycin in 
uiuo. 

We previously reported an enzymatic route to the 
S’-triphosphates of ~I-deoxytubercidin. 2’-deoxytoy- 
ocamycin and 2’-deoxyformycin 111). A new, facile 
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enzymatic route is presented here for the preparation 
of analogs of 2’-deoxyadenosine, most of which were 
modified in the six-membered ring of the base. This 
method requires only the adenine analog and thy- 
midine as starting materials and utilizes the nucleo- 
side deoxyribosyltransferase (EC 2.4.2.6) from Lac- 
i~ba~il~~ ~~i~~rna~nii, to catalyze the reaction: 
adenine analog + thymidine 

F 2’-deoxyadenosine analog + thymine 
The substrate specificity of the enzyme and several 
of its properties have been investigated, and it has 
been used to prepare several deoxyadenosine ana- 
logs on a scale of 100-400mg. These analogs have 
been tested for growth inhibitory effects on human 
cells in culture. 

MATERIALS AND METHODS 

Purines were synthesized by the procedures given 
in the references in brackets: 2,8-dichloroadenine 
[12], ‘I-deazaadenine [13], 6-allylaminopurine [14], 
2-amino-6-methylthiopurine [ 1.5],2-azaadenine (161, 
8-aza-2,6-diaminopurine [ 171, 8-aza-2&-dimethyl- 
thiopurine 1181, 8-aza-6”methylthiopurine 1191, 2- 
azidoadenine [20], 6-benzylaminopurine 1211, 2- 
chIoroadenine [22], 1-deazaadenine [23],2-dimethyl- 
aminoadenine 1241, 6-dimethylamino-2-methylthio- 
purine [ZS], 6-dimethylaminopu~ne [26], 2-Auo- 
roadenine [27], Z-~uoro-6-methylpurine [27], 2- 
hydroxy-6-methylaminopurine [28], isoguanine sul- 
fate [29], 2-mercaptoadenine [29], 2-mercapto-6- 
methylaminopurine [ZS], 6-methoxypurine [30], 2- 
methyladenine (311, &methylaminopurine [32], 6- 
methylpurine [33], and 2-methylthioadenine [31]. 
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2-Bromoadenine was prepared by amminolysis of 
2,6-dibromopurine [34] according to the method 
used for amminolysis of 2,6-dichloroadenine 1221. 
The following bases were purchased: 2-amino- 
adenine from Vega; 4-aminopyrazolo-[3,4-d] 
pyrimidine and 8-azaadenine from the Aldrich 
Chemical Co. (Milwaukee, WI); and purine from 
HetChem. 

Affinity column for purification of nwleoside 
deoxyrihosyltransferuse. Holguin and Cardinaud 1351 
have reported the preparation of several types of 
affinity materials for chromatography of nucleoside 
deoxyribosyltransferase from Lactobaci~~as helueti- 
ca.s. We were unable to obtain 6-~-aminobenzylaltl- 
ino)purine by the procedure they describe and used 
the following procedure instead. 6Xhloropurine 
(32 mm&es), p-nitrobenzylamine (65 mmoles) and 
NazC03 (32 mmoles) were suspended in 5Oml of 
dimethylformamide and stirred at SO”. All dissolved 
except a part of the Na:COz. Heating was continued 
and samples were removed at 2-hr intervals to exam- 
ine the progress of the reaction by t.1.c. on silica 
pIates developed with chloroform-methanol (24:l). 
Since the reaction was still incomplete after 1.5 hr, 
the temperature was raised to 100” for 3 hr and the 
mixture was then cooled to room temperature. After 
removal of the solvent under vacuum on a rotary 
evaporator, the residue was redissolved in 40ml of 
dimethylformamide. and 120 ml of water was added 
to precipitate the product. After standing overnight 
at room temperature, the precipitate was collected 
by filtration, washed thoroughly with water, and 
dried under vacuum (15 ym Hg) at room tempera- 
ture over P205. The crude product was extracted 
twice with boiling 95% ethanol and three times with 
acetone at room temperature and was finally crys- 
tallized from dimethylformamide. Yield: 1 .S3 g 
(5.66mmoles, 17%) of crude product from which 
1.12 g of crystallized material was obtained. Elemen- 
tal analysis was as follows: Found: C, 53.15%; H, 
3.92%; N, 30.93%. Calculated for CtiHloO?N~: C, 
53.27%; H, 3.72%; N. 31.08%. The melting point 
was 288-289”. A value of 220-226” has been reported 
previously f36], presumably for an impure material. 
Proton n.m,r. results confirmed the identity of the 
product. ‘H n.m.r, at 360 MHz in db-DMSO (chem- 
ical shifts in ppm relative to internal TMS): 
4.87(-NH-C& ); (7.63, 7.65, 8.21. 8.24 
(CH-C&--N02); 8.19 (H-8); 8.21 (H-2): 8.41 
(-NH-CH?); 13.02 (N9-E-I). The material had 
an RF of 0.23 in the t.1.c. system described above. 
Ultraviolet absorbance maxima in aqueous solution 
were 279 nm at pH 1 .O, 270 nm at pH 7.0, and 277 nm 
at pH 12.5. 

6-~-AminobenzyIamino)purine was prepared by 
reduction of the nitro derivative as follows. 6-b- 
Nitrobenzylamino}purine (0.22 mmole) in 20 ml of 
glacial acetic acid was hydrogenated in the presence 
of 40mg of 10% palladium on charcoal at one 
atmosphere hydrogen pressure and room tempera- 
ture. The reaction was complete in 8 hr as indicated 
by assays for the aromatic amine [37] and t.1.c. in 
the system described above. The catalyst was 
removed by filtration through Celite, and the filtrate 
was evaporated to dryness at reduced pressure on 
a rotary evaporator. Without further purification the 

product was reacted with Sepharnse to which M- 
phenylenediamin~ had been coupled. 

m-Phenylenediamine was coupled to Sepharose 
4B-200, which had been activated by cyanogen 
bromide according to the method of Porath et al. 
[38]. Immediately after 5OOg of Sepharose had 
been activated and washed, m-diphenylamine 
(25 mmoles) dissolved in water was added to the 
stirred suspension at 5” and the mixture was stirred 
overnight at 5”. The product was washed with 5 liters 
of 0.5 M NaCl and then with water until the absorb- 
ance of washings at 270 nm was less than 0.05. 

The 6-~-aminobenzylamino)p~lrine was diazo- 
tized for coupling with the substituted Sepharose by 
the method of Cuatrecasas 1391 as follows. h-(j)- 
Aminobenzylamino)purine diacetate (577 mg, 
I.47 mmoles) in 21 ml of 1 .S N HCI at (I” was mixed 
with sodium nitrite (9.8 mmoles), in 7 ml of water 
at O”, stirred for 1 min and kept a further X min at 
0”. The mixture was then added to a suspension of 
60 g of the ~~-phenylenediamine-substituted Sephar- 
ose in 60 ml of 0.2 M NazC@ at 8”. The pH was 
immediately adjusted to 9.4. After 3 hr the substi- 
tuted Sepharose, which had now changed from col- 
orless to brown. was packed into a column and 
washed with 8 M guanidine hydrochloride in 0. I M 
sodium phosphate buffer, pH 6.0, until the effluent 
was colorless, and then with water until the absorb- 
ance of the effluent at 260 nm was below 0.05. 

Preparation and pur$ication of nucleoside &ox?- 
ribosyltransferase. The purification of ribonucleotide 
reductase from ~actobuc~~ll~s le~ch~zar~~~ji has been 
described previously [40,41). The nucleoside deoxy- 
ribosyltransferase co-purified with the ribonucleo- 
tide reductase up to the last step which involves 
affinity chromatography on Sepharose to which P’- 
(6-aminohex-1-yl)-dGTP has been coupled via cyan- 
ogen bromide activation. The nucleoside deoxyri- 
bosyltransferase passed through this column without 
retention and was subsequently purified on the affin- 
ity material described in the previous section which 
will be referred to as adenine-Sepharose. 

This final affinity chromatography was performed 
by a modification of the method of Holguin and 
Cardinaud 1351. Enzyme from the dGTP-Seph~~rose 
column was diaiyzed against 0,l M sodium phosphate 
buffer, pH 6.0, and applied to an adenine-Sepharose 
column (2 x 3.5 cm) that had been equilibrated pre- 
viously with the same buffer. The column was eluted 
first with 500 ml of the same buffer, and then with 
300 ml each of 1 M. 2 M and 3 M guanidine hydro- 
chloride in 0.1 M sodium phosphate buffer, pH 6.0. 
Fractions of 20 ml were collected and those contain- 
ing guanidine hydrochloride were dialyzed overnight 
against 0.1 M sodium phosphate buffer. pH 6.0. 
Fractions were subsequently assayed for enzyme 
activity and their protein concentrations determined. 
The data for a complete purification are shown in 
Table 1. 

Assay of nucleoside deoxyribosyltransferase. The 
standard reaction mixture contained 0.25 mM aden- 
ine, 2mM thymidine. 25 mM sodium phosphate 
buffer, pH 6.0, and enzyme. The mixture was incu- 
bated at 37” for 10 min and terminated by addition 
of 2ml of diphenylamine reagent [41]. After color 
development at 37” for 4 hr. absorbance at 595 nm 
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was compared with that of a standard containing 
0.25pmole deoxyadenosine, enzyme and all other 
components of the reaction mixture except adenine. 
Absorbance values were corrected by subtracting the 
absorbance found in controls containing enzyme and 
all components except adenine. A unit of activity is 
delined as the enzyme required to synthesize 1 pmole 
of deoxyadenosine per min under the standard assay 
conditions. 

Enzymatic synthesis of analogs of 2’-deoxyaden- 
osine. A suspension of the purine (0.46 to 
1.6mmoles) was stirred at 37” in 2.5 mM citrate 
buffer, pH 6.0, containing thymidine (1.0 to 
1.64 moles/mole of purine) and nucleoside deoxy- 
ribosyltransferase (10-30 units, usually purified 
through Step 6, i.e effluent from the dGTP-Sephar- 
ose column: in the case of 2-bromoadenine purified 
through Step 7). The total volume was 20-40ml. 
Incubation and stirring at 37” were continued for 
2-4 days. Formation of the deoxyadenosine analog 
was monitored either by t.1.c. on cellulose (with 
development by 5% aqueous disodium phosphate 
saturated with isoamyl alcohol) or by the calorimetric 
assay involving the diphenylamine reagent. When 
the reaction had reached equilibrium, the reaction 
mixture was diluted to 40-60ml with water and 
applied to a Dowex 50 x 8 column (NH:, 400 mesh, 
4 x 91 cm) that had been equilibrated with 0.1 M 
ammonium borate buffer, pH 7.3. The column was 
initially washed with the same buffer, which succes- 
sively eluted thymidine and thymine. When elution 
of thymine was complete, as determined by moni- 
toring absorbance of the eluent at 260 or 280nm, 
the eluting fluid was changed to 0.05 M ammonia, 
and elution of the deoxyadenosine analog was mon- 
itored in the same way (Fig. 1). 

Fractions (20 ml) containing the deoxyadenosine 
analog were pooled, concentrated to a small volume 

3c 
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under reduced pressure and applied to a Dowex 
1 X 2 column (OH-, 400 mesh, 6 x 26 cm) to remove 
borate. The nucleoside was eluted from the column 
with water, the ultraviolet-absorbing fractions were 
pooled and concentrated under reduced pressure, 
and the concentrate was freeze-dried. 

In some cases it was necessary to remove contam- 
inating bases and thymidine by further chroma- 
tography on a Biogel P-2 column (2.8 x 200 cm) that 
had been equilibrated previously with 0.05 M 
ammonia. Elution was performed with the same 
concentration of ammonia. The nucleoside product 
was examined for ultraviolet-absorbing contami- 
nants by t.1.c. on cellulose in 5% disodium phosphate 
saturated with isoamyl alcohol. In some cases the 
nucleoside was crystallized from a suitable solvent 
(Table 3). Elemental analysis was performed by 
Galbraith Laboratories, Knoxville, TN, on a sample 
of the crystallized material after drying for 2 hr at 
117” under reduced pressure (50 pm Hg) over P205. 

Growth inhibition of cultured human cells by 
deoxyadenosine analogs. Human lymphoblastic cells 
(CCRF-CEM, [42]) were grown in RPM1 1640 
medium supplemented with 10% of heat-inactivated 
fetal calf serum and kanamycin (200 pg/ml). Cells at 
an initial density of 1 x 106per ml were grown in a 
volume of 4.5 ml in Falcon flasks (No. 3013, 25 cm2 
growth area, canted neck). Nucleoside solutions 
were sterilized by millipore filtration, and the con- 
centration of the filtrate was determined spectro- 
photometrically before aseptic addition of a suitable 
volume to each flask. Cell counts were determined 
in duplicate by withdrawing 0.1 ml-samples of the 
cell suspension from the Falcon flask and mixing 
each of them with 5 vol of a 0.08% solution of 
erythrosin B; the numbers of dye-excluding cells 
were then counted in a hemocytometer. Samples 
were taken for counting at 24, 48, 72 and 96 hr. 

I I 1 1 

I 

! 
Fraction No.{20 ml/fraction) 

Fig. 1. Purification of enzymatic products from thymidine and 2-bromoadenine by ion-exchange chroma- 
tography. The reaction mixture (40 ml) was applied to a Dowex 50 X 8 column (400 mesh, NH: form), 
and elution was performed at a flow rate of approximately 3.5 ml/mitt. Major components of the peaks 
were as follows: (1) enzyme and thymidine, (2) thymidine, (3) thymidine and thymine, (4) thymine, 
(5) 2-bromoadenine, and (6) 2-bromo-2’-deoxyadenosine. For other details see Materials and 

Methods. 
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Table 1. Purification of nucleoside deoxyribosyltransferase* 

Purification 
step 

Volume 

(ml) 

Total Protein Specific 
activity cont. activity 
(units) (mgiml) (unitsimg) 

Yield Purification 

(9) factor 

1. 
2. 

3. 

4. 

5. 

6. 

7. 

Crude extract 
Protamine sulfate 
precipitation 
Ammonium sulfate 
precipitation 
Sephadex G-100 
filtration 
Second ammonium 
sulfate 
precipitation 
dGTP-Sepharose 
chromatography 
Adenine-Sepharose 
affinity 
chromatography 

* Extract from 320 g of bacterial paste 

Duplicate cultures were grown at each nucleoside 
concentrate and for each time period. Results 
reported are for the 48-hr period. In the case of the 
more potent nucleosides, the EC50 values increased 
on successive days but were still in the same ratio. 

Cytotoxicity for KB cells was determined accord- 
ing to the protocols of Geran et al. [43]. 

RESULTS 

Purification of nucleoside deoxyribosyltransferase. 
As shown in Table 1, the procedure for purification 
of ribonucleotide reductase (Steps l-6) caused a 
lo-fold purification of nucleoside deoxyribosyltrans- 
ferase, with about 40 per cent recovery of activity 
in the fraction not retarded on the dGTP-Sepharose 
column (Step 6). Ribonucleotide reductase was 

eluted from the d-GTP-Sepharose column subse- 
quently. Further purification of the nucleoside de- 
oxyribosyltransferase by affinity chromatography on 
the adenineSepharose (Step 7) produced an overall 
purification of about 260-fold, with about 28 per cent 
yield. The elution profile obtained with the affinity 
column is shown in Fig. 2. Virtually all the activity 
was eluted by 2 M guanidine hydrochloride, whereas 
earlier washes brought off most of the protein. This 
in in contrast to the results of Holguin and Cardinaud 
[35] who found that this activity from L. helveticus 
required only 1 M guanidine hydrochloride for elu- 
tion from an affinity column in which the ligand was 
6-(p-aminophenyl-n-hexylamino)purine. 

Enzyme at either Stage 6 or Stage 7 caused no 
metabolic transformations of reactants or products 
other than deoxyribosyl transfer, and enzyme from 

Guonidine HCI 
IM 2M 3M 

I 1 I 

h 

0 10 20 30 40 50 60 70 

Fraction No.(20ml/fractioni 

Fig. 2. Affinity chromatography of nucleoside deoxyribosyltransferase. An enzyme solution (15 ml. 
4.5 mg protein/ml), eluted from the dGTP-Sepharose column, was applied to the column. Elution was 

performed at a flow rate of 1.5 ml/min. Other details are given in Materials and Methods. 
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Fig. 3. Effect of temperature on the stability of nucleoside 
deoxyribosyltransferase. Effect of temperature on enzyme 
activity during the assay (0). The standard reaction mixture 
was incubated at the temperature indicated for 10 min 
before color development. Thermal inactivation of the 
enzyme prior to enzyme assay (0). Enzyme was heated at 
the temperature indicated for 10 min, cooled, and stored 
at 4” overnight before subsequent assay of activity at 37” 

under standard conditions. 

Stage 6 was used in most preparations of deoxy- 
adenosine analogs. For the investigation of the 
characteristics of the nucleoside deoxyribosyltrans- 
ferase, enzyme from Stage 7 was used, but enzyme 
at Stage 6 had rather similar properties. 

Properties of the purified nucleoside deoxyribosyl- 
transferase. Several properties of the transferase 
were investigated so that conditions for the purifi- 
cation of the enzyme and its utilization as a pre- 
parative tool could be optimized. 

The enzyme exhibited a pH optimum at pH5.9 
with a symmetrical decline in activity as the pH was 
raised or lowered from this value. At pH 4.5 and 7.5 
the activity was approximately 60 per cent that at 
pH 5.9. Reaction rates at various thymidine concen- 
trations under otherwise standard conditions gave 
a linear double-reciprocal plot and indicated an 
apparent K, of 0.48mM. When the adenine con- 
centration was varied under otherwise standard assay 
conditions, the highest velocity was reached at 
0.5 mM, with significant inhibition as the concentra- 
tion was increased to 2mM. These results are in 
good agreement with those reported previously by 
Beck and Levin [44] for the nucleoside deoxyribo- 
syltransferase from L. leichmannii. The transferase 
from L. helveticus also exhibits substrate inhibition 
by adenine [45,46], although hypoxanthine appar- 
ently does not exhibit substrate inhibition of this 
enzyme [47]. 

Since previous experience had indicated that the 
transferase might be rather stable to heat [48.49], 
we further investigated this aspect of the L. leich- 
mannii enzyme. The results (Fig. 3) indicated that 
the L. Ieichmannii enzyme is even more stable than 
the L. helveticus enzyme [49], losing only about 35 
per cent of its activity after exposure to 100” for 10 
min. When the assay of enzymatic activity was con- 
ducted at various temperatures, however, a rather 
different picture emerged. The highest activity was 
found at 55” (with a lo-min incubation), and at 80” 
only slight activity remained. 

Since guanidine hydrochloride was used to elute 
the enzyme from the adenine-Sepharose affinity col- 
umn it was also of interest to determine the stability 
in the presence of this reagent. When enzyme was 
exposed to various concentrations of guanidine 
hydrochloride for 4 hr at room temperature and sub- 
sequently dialyzed against buffer at 4” overnight, it 
was found that there was little loss in activity. Even 
after exposure to 7 M guanidine hydrochloride there 
was only a 12 per cent loss of activity. Indeed, even 

Table 2. Specificity for the purine acceptor of nucleoside deoxyribosyltransferase* 

Inactive 
7-Deazaadenine 
2,8_Dichloroadenine 

Active 
6-Allyaminopurine 
2-Amino-6-methylthiopurine 
4-Aminopyrazolo[3,4-dlpyrimidine 
2-Azaadenine 
8-Azaadenine 
8-Aza-2,6_diaminopurine 
8-Aza-2,6_dimethylthiopurine 
8-Aza-6-methylthiopurine 
2-Azidoadenine 
6-Benzylaminopurine 
2-Bromoadenine 
2-Chloroadenine 
1-Deazaadenine 

Active (continued) 
3-Deazaadenine 
2,6-Diaminopurine 
2-Dimethylaminoadenine 
6-Dimethylamino-2-methylthiopurine 
6-Dimethylaminopurine 
2-Fluoroadenine 
2-Fluoro-6-methylpurine 
2-Hydroxy-6-methylaminopurine 
Isoguanine 
2-Mercaptoadenine 
2-Mercapto-6-methylaminopurine 
6-Methoxypurine 
2-Methyladenine 
6-Methylaminopurine 
6-Methylpurine 
2-Methylthioadenine 
Purine 

* Thymidine (40 mM), purine (25 mM), sodium citrate buffer, pH 6.0 (25 mM), and 
enzyme (2.5 units), in a volume of 0.25 ml, were incubated for 6 hr at 37”. Reaction 
was detected by t.1.c. on cellulose in the phosphate-isoamyl alcohol system. 
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this loss may have been due to incomplete removal 
of guanidine hydrochloride before assay, since quite 
low concentrations of guanidine hydrochloride in the 
assay caused marked loss of activity. Thus, the pres- 
ence of 0.1 and 0.2M guanidine hydrochloride 
decreased activity by 41 and 53 per cent respectively. 

Speci’city of the enzyme for purine acceptor. The 
specificity of the L. feichmannii transferase for the 
purine acceptor was studied by Beck and Levin [44], 
and Holguin et al. [%I] made a detailed study of this 
aspect of the enzyme from L. helueticus. These stud- 
ies showed that large modifications could be made 
in the six-membered ring without loss of substrate 
activity, although they frequently caused large 
changes in the equilibrium constant. Changes in the 
five-membered ring were tolerated less, and a tau- 
tomeric proton was found to be necessary on the 
imidazole ring. We have further investigated the 
acceptor specificity of the L. Ieichmannii enzyme; 
the results are shown in Table 2. An adenine analog 
that was substituted at the 8-position appeared to be 
inactive. This is consistent with a result obtained 
with the L. helveticus enzyme. Although 7-deaza- 
adenine did act as a substrate, S-azaadenine and its 
derivatives were active, and positional interchange 
of N-7 was tolerated because 4-aminopyrazolo(3,4- 
dlpyrimidine was active. Also in parallel with the 
results with the L. hefueficus enzyme, many substi- 
tutions were tolerated in the pyrimidine ring at the 
2- and 6-positions, even by bulky groups, and N 
could be replaced by C at the l- or 3-positions (and 
probably both together) or by adding N instead of 
C at the 2-position. 

Enzymatic preparation of analogs of 2’-deoxy- 
adenosine. The scale of the reaction can be readily 
increased for the production of analogs. To prevent 
the reaction volume from becoming very large, spar- 
ingly soluble adenine analogs were suspended in the 
reaction mixture which was stirred throughout the 
reaction period. The equilibrium constant for .the 
reaction varies considerably with the purine acceptor 
[50], so that the theoretical yield varies from prep- 
aration to preparation. Less favorable equilibria 
were overcome to some extent by using a greater 
excess of thymidine. In some cases the deoxynu- 
cleoside product was also sparingly soluble and crys- 
tallized as the reaction proceeded. In such cases, the 
material that was insoluble at the end of the reaction 
period was recovered by centrifugation. dissolved in 
ammonia, and purified by the same procedures used 
for the dissolved products in the reaction mixture, 
as described in Materials and Methods. 

It may be seen from Table 3 that yields varied 
from 40 to 94 per cent with a mean of 64 per cent. 
Elemental analyses of the final materials gave sat- 
isfactory data, although in many cases they indicated 
the presence of a molecule of solvent. Purity was 
also checked by t.1.c. which indicated the absence 
of ultraviolet-absorbing impurities. 

Growth inhibitory effects of analogs of 2’-deoxy- 
adenosine. The effects of the various analogs on the 
growth of the two human cell lines are shown in 
Table 4. In the CCRF-CEM system, 2’-deoxyaden- 
osine itself was found to have an ECW of about 
300 PM. It can be seen that nucleosides of isoguanine 
and 2-methylthioadenine caused little more inhibi- 
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Table 4. Growth inhibitory effect of deoxyadenosine ana- 
logs on CCRF-CEM and KB cells in culture 

Purine base 
EC50 (PM)* 

CCRF-CEM KB 

8-Azaadenine 
8-Aza-7-deazaadenine 
8-Aza-2,6_diaminopurine 
2,6-Diaminopurine 
6-Methylaminopurine 
6-Benzylaminopurine 
6-Dimethylaminopurine 
Isoguanine 
2-Methylthioadenine 
2-Fluoroadenine 
2-Chloroadenine 
2-Bromoadenine 

43 > 10 
0.52 >lOO 
>>lOO > 10 
13 > 10 
87 > 10 
27 > 10 
-5 >1.7 
>lOO > 10 
>200 
0.23 1.7 
0.015 0.087 
0.017 

* Concentration of nucleoside required to decrease the 
number of dye-excluding cells (compared with uninhibited 
control) by 50 per cent at 48 and 72 hr. 

tion of growth than deoxyadenosine. Introduction 
of nitrogen at the 8-position or introduction of a 2- 
amino group into the adenine structure increased 
the growth inhibitory effects of the nucleoside, but 
introduction of both modifications simultaneously, 
instead of further increasing inhibitory potency, pro- 
duced a nucleoside no more active than deoxyaden- 
osine itself. Alkyl substitution on the exocyclic nitro- 
gen at C-6 caused modest increases in activity, but 
the most effective change in the base moiety was 
introduction of a halogen at the 2-position, the 2- 
chloro and 2-bromo analogs of 2’-deoxyadenosine 
being the most effective. In general, nucleosides 
most inhibitory for the growth of CCRF-CEM were 
also strongly inhibitory for the growth of KB cells, 
but an interesting exception was the 8-aza-7-deaza 
analog (deoxyribonucleoside of 4-amino- 
pyrazolo[3,4-d-lpyrimidine), which was fairly inhibi- 
tory for the growth of CCRF-CEM but not for KB 
cells. Possible differences in transport or metabolism 
of the nucleoside by the lymphoblastic (CCRF- 
CEM) and epidermoid carcinoma (KB) cells may 
account for this. 

In the case of 2’-deoxyadenosine, growth inhibi- 
tory effects were greatly increased in the presence 
of the deaminase inhibitor EHNA, the ECSII for 
deoxyadenosine becoming 25 PM for CCRF-CEM 
cells in the presence of 1 ,nM EHNA. When the 
growth inhibitory effects of the 2-fluoro and 2-chloro 
analogs of deoxyadenosine were determined in the 
presence of EHNA, however, there was no sig- 
nificant change in the EQ~. 

DISCUSSION 

Suitability of the transferase as a preparative tool. 
The nucleoside deoxyribosyltransferase of L. leich- 
mannii has proven to be very similar to the exten- 
sively studied enzyme from L. helveticus. This is 
particularly true in regard to the specificity for the 
purine acceptor in transfers from thymidine to pur- 
ine. Holguin and Cardinaud [35] reported that a 
second nucleoside deoxyribosyltransferase which 
specifically catalyzes deoxyribosyl transfer between 
purine bases is present in L. helveticus. In affinity 

chromatography of the L. leichmannii enzyme on 
adenine-Sepharose, purine-purine transferase 
activity eluted coincidently with purine-pyrimidine 
activity, so that we were unable to confirm the exist- 
ence of two distinct transferases. 

One feature of the transferase from L. leichmannii 
which is relevant for its use as a tool in the prep- 
aration of 2’-deoxyribonucleosides is its unusual sta- 
bility. Even 10 min at 100” caused only a 35 per cent 
loss in activity, a much greater stability than reported 
for the transferase from L. helveticus by Roush and 
Betz [49]. Similarly, there was little loss of activity 
on exposure to 7M guanidine hydrochloride, pro- 
vided the latter was removed by dialysis before 
determination of enzyme activity. The small loss in 
enzyme activity that was observed after exposure to 
guanidine hydrochloride was due possibly to incom- 
plete removal of this substance by dialysis, since the 
assay was very sensitive to the presence of quite low 
concentrations of guanidine hydrochloride. The 
presence of the latter at 0.1 M caused a 41 per cent 
loss in apparent activity. The stability of the enzyme 
to unfolding by heat and guanidine hydrochloride, 
despite loss of activity at high temperature and in 
quite low concentrations of guanidine hydrochloride, 
is most readily explained by assuming that refolding 
to the native configuration is both kinetically and 
thermodynamically favorable. In addition, the high 
sensitivity of the enzymatic activity to guanidine 
hydrochloride may also be related to decomposition 
of a deoxyribosyl derivative of the enzyme. Danzin 
and Cardinaud [46] have shown that the L. helveticus 
transferase has a ping-pong reaction mechanism that 
implies formation of such a deoxyribosyl derivative, 
and the inhibition of the enzyme by Tris 135.491 
could be explained by a nucleophilic attack on this 
intermediate. Guanidine hydrochloride could con- 
ceivably act in the same way, although no direct 
evidence for this has been obtained. 

The stability of the enzyme suits it admirably for 
the preparation of 2’-deoxyribonucleosides. During 
the reaction period, there was only slight loss of 
activity (about 3 per cent in 24 hr) and, in the case 
of ion-exchange chromatography on Dowex 50, the 
transferase was eluted early (Fig. 1) and could be 
prepared for repeated use by dialysis and ultrafil- 
tration. It is possible that partially denatured enzyme 
could be reactivated by treatment with guanidine 
hydrochloride, followed by dialysis, but this has not 
been attempted. 

Enzyme pure enough for nucleoside preparation 
is obtained without chromatography on the 
adenine-Sepharose affinity column, and the preced- 
ing chromatography on dGTP-Sepharose (which was 
designed for the concomitant purification of ribo- 
nucleotide reductase) is almost certainly unnecessary 
also. We have not yet investigated either means of 
increasing the intracellular level of the enzyme or 
simplification of the preparation. Improvements are, 
probably, possible in both directions. 

Advantages of enzymatic synthesis of deoxyribo- 
nucleosides. Most of the compounds in Table 3 have 
been synthesized by conventional methods and, in 
particular, the 2-fluoro [51] and 2-chloro [52] deriva- 
tives have been reported. The present method, how- 
ever, offers advantages of brevity and simplicity once 
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