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We describethe synthesisof deoxyadenosinetriphosphate (dATP) from DNA on a 200-mmol scale. Enzymatic
digestion of DNA to a mixture of deoxynucleosidemonophosphateswas accomplishedby a two-step process:
initial conversion to a mixture of oligonucleotides using soluble DNase I, and subsequent hydrolysis of this mixture
to mononucleosidemonophosphatesusing nucleasePr immobilized in polyacrylamide gel. The overall conversion
of the deoxynucleotidemoieties present in the original DNA to soluble deoxynucleosidemonophosphateswas
75-90Vo. Selectiveconversionof dAMP to dATP in the presenceof a mixture of dAMP, dGMP, dCMP, and
TMP was accomplishedby enzymatic phosphorylation using PEP, a catalytic quantity of ATP, adenylate kinase,
and pyruvate kinase. DeoxyATP was isolated from the reaction mixture as its barium salt in 67% yield and
607o purity. A subsequentsimple purification yielded dATP with 95% purity, in 40% overall yield based on
dAMP moieties present in the starting DNA.

The deoxynucleoside triphosphates (dATP, dCTP,
dGTP, TMP) are obligatory intermediates in the biologically based synthesesof DNA.3 These four substances
are commercially available but expensive.a We were interested in developing synthetic routes to them which
would make them more readily available,both for use in
the synthesisof DNA and as starting materials for other
(1) Supported by the National Institutes of Health, Grant GM 3036?.
(2) Postdoctoral Fellow of the NATO/DAAD, 1983-1984.
(3) Narang, S. A. Tetrqhedron 1983,39, 3-22. Ovchinnikov, Y. A.;
Efimov, V. A.; Chakhmakcheva,O. G. tr'EBS Lett. 1979,100,341-346.
Kossel,H.; Buyer, R.; Morioka, S.; Schott, H. Nucleic Acids Res.,Spec.
P u b l . 1 9 7 8 ,4 , 9 1 - 9 4 . B e s s m a n ,M . J . ; L e h m a n , L R . ; S i m m s , E . S . ;
K o r n b e r g ,A . J . B i o l . C h e m . 1 9 5 8 , 2 3 3 , 1 7 l - L 7 7 .
(a) The deoxynucleosidetriphosphates cost approximately $20000 per
mol (Sigma).
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types of syntheses. This manuscript describeswork directed toward the synthesis of dATP. This compound was
chosenas the target for our initial synthetic work because
the enz5rmesrequired for its preparation were commercially
available, becausethe synthetic strategy followed that of
our earlier synthesis of ATP from RNA,F? and becauseit
has other interesting biological properties.8 DeoxyATP
has been synthesizedpreviously by using enzymatic pro(5) Hirschbein, B. L.; Mazenod, F. P.;Whitesides, G. M. J. Org. Chem.
1982.47.3765.
(6) Pollak, A.; Baughn, R. L.; Whitesides, G. M. J. Am. Chem. Soc.
t977, 99, 2366-2367,
( 7 ) L e u c h s ,H . J . ; L e w i s ,J . M . ; R i o s - M e r c a d i l l oV
, . M . ; W h i t e s i d e s ,G .
M . J . A m . C h e m . S o c . 1 9 7 9 .1 0 1 .5 8 2 9 - 5 8 3 0 .
( 8 ) M u k a i , J . l . ; R a z z a q u eA
, .; Hanada,Y.; Murao, S.; Nishino, T.
A n a l . B i o c h e m . 1 9 8 0 ,1 0 4 , 1 3 6 - 1 4 0 .
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Preparation of dATP from DNA
DNA

ceduresbut only in quantities less than 1 mmol.?
We used commercially available DNA as our starting
material.lo Conversion of DNA to a mixture of deoxynucleotide monophosphates was accomplished in three
steps (Scheme I).
The DNA was first denatured by
heating. It was then treated with soluble DNase I to
generatelow molecular weight oligomers.ll Finally, the
solution was treated with immobilized nuclease P, to
generate the desired mixture of deoxynucleoside monophosphates. The conversionof heat-denatured DNA to
deoxynucleosidemonophosphatescould also be accomplished in one step by using soluble nuclease Pr. We
preferred the two-stagesystem,however, becauseit permitted the use and recovery of the (expensive)nuclease
P1. (High molecular weight DNA is not a substrate for
gel-immobilized nucleaseP1.) Analysis of the reaction
mixture, either enz5rmaticallyor by HPLC, indicated that
the conversion of dAMP moieties in the starting DNA to
soluble dAMP proceededin g3% yield.
The reaction mixture resulting from this initial set of
transformations was a viscous solution containing, among
other compounds,undigestedoligonucleotidefragments.
These polymeric speciesinterfered with subsequentsteps
and were removed by treatment of the reaction mixture
with 1.5-2.0 volumes of ethanol. After removal of the
precipitated high molecular weight substances,the resulting clear yellow solution could be concentrated and
used directly in the subsequent phosphorylation steps.
DeoxyAMP was selectively converted to dATP in the
presenceof the other deoxynucleotide monophosphatesby
enzymatic phosphorylation using a mixture of adenylate
kinase, pyruvate kinase, ATP, and phosphoenol pyruvate.
This selectivetransformation is possible becauseof the
narrow substrate specificity of adenylate kinase: this enzyme accepts only AMP, ADP, ATP, and the corresponding 2'-deoxy speciesas substrates. The detailed
course of the conversion of dADP to dATP is unclear.
DeoxyADP is a substrate for both adenylate kinase and
pyruvate kinase, and both enzyrnesare present in sufficient
quantity to contribute to the conversion.
(9) For instance, see: Bauer, P. I.; Varady, G. Anal. Biochem. 1978,
91,613-817. Canellakis, E. S.; Gottesman, M. E.; Kammer, H. O. Biochern. Prep. 1962,9, 120-127. Hurlbert, R. B.; Furlong, N. B. Methods
Enzymol. 1967, 12A, 193-202.
(10) Herring sperm DNA was obtained from Chemalog (Chemical
Dynamics Corporation). This DNA costs $41.00 per mol of contained
deoxynucleoside monophosphate, assuming an average molecular weight
of 327 g/mol.
(11) Deoxyribonuclease I from bovine pancreas was used. This enzyme is an endonuclease. It hydrolyzes highly polymerized native or
denatured DNA with the formation of a complex mixture of oligonucleotides.
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Figure 1. 31PNMR spectraof crude(lower)dATP and purified
(upper)dATP (c 50*75mM,3.2M (NH4)2SO4,
pH 7.8,100mM
in MgCl2).
The dATP produced was isolated as its barium salt by
selectiveprecipitation. The principal impurity in the initial crude isolatewas inorganicphosphatn(18% by weight,
determined by 31PNMR spectroscopy;other phosphorous-containingimpurities were present in quantities <5To
of that of the dATP). Further purification was accomplished by redissolvingthe initially formed barium dATP
by using an acidic ion exchangeresin and then reprecipitating the dATP as its barium salt. The purity of the
final product was 90-95%, and the overall conversionof
deoxyadenosinemoieties in the original DNA to dATP was
40To (Fieure 1).
This final purification step deservesbrief comment. In
slightly acidic solution (pH -5) the solubility of the
barium salts of dAMP and dADP are sufficiently greater
than that of dATP that they will remain in solution while
the dATP precipitates. The stability of dATP under these
conditions is, however,limited. It is, therefore, essential
to conduct this final precipitation rapidly and to keep the
reaction mixture cold. The quantity of ethanol added and
the rate at which it is added are also important variables:
too rapid addition, or addition of too much ethanol, results
in coprecipitation of dADP with the dATP.
Experimental Section
General Methods. HerringspermDNA wasobtainedfrom
(ChemicalDynamicsCorporation).Nuclease
Pr (EC
Chemalog
pykinase(EC 2.7.4.3),
adenylate
3.1.4-),DNaseI (EC3.1.4.5),
(EC 1.1.t.27),
t -lactatedehydrogenase
ruvatekinase(EC2.7.L.40),
(EC 3.5.4.4)
wereobtainedfrom Sigma,
deaminase
and adenosine
phosphates.
and deoxynucleoside
as wereall of the nucleoside
pyruvatewaspreparedas describeds
Phosphoenol
or obtained
from Sigma.All otherchemicalswereobtainedfrom Bakerand
measurements
were
wereanalyticalgrade. Spectrophotometric
HPLC
obtainedon a Perkin-ElmerModel552spectrophotometer.
analyses
werecarriedout on a Watersinstrumentequippedwith
a UV detectorunderthe followingconditions:for the nucleotide
monophosphates,
a C1sRadial-Pakreversed-phase
columnwith
phosphate(pH 7.6)in waterand a
5 mM tetrabutylammonium
flow rateof 2.5mL per min; for dATP, a C1sRadial-Pakcolumn
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Table I. Conversionof DNA to dATP
yield of
dAXP,.
step
1.
2.
3.
4.
5.

conversion
removal of oligonucleotidesby EIOH precipitation
conversionof dAMP to dATP
initial isolation of dATP
purification of dATP

%

93
77
54
52
40

'Yields are based on dAMP moieties present in the original
DNA.

=D
E

.9
o
a

o

o

@
o

o
(.,

dAMP

11 /-

--)>=-S-

- - -3tjt:
YCY

40

with 5 mM tetrabutylammonium phosphate in acetonitrile f watnr
(1:4, pH 7.6) at a flow rate of 2.0 mL per min.
Enzyme Assays. Soluble adenylate kinase and pyruvate
kinase were assayedas described.l2 The ass{lysof the immobilized
enzymesl3 and of PEP and pyruvatela were performed as described. The adenylate kinase assay was used to quantitate
dAMP.12
Determination of the Activity of Nuclease P1. The activity
of nucleasePt was determined by measuring the concentration
of adenosine,produced from the hydrolysis of 3'-AMP at 46 oC
as function of time.
Sodium acetatebuffer (2.0mL,0.1 M, pH 5.4,0.1M ZnSOa)
and 3'-AMP (0.5 mL of a20 mM solution) were mixed and brought
to 46 oC. An aliquot (0.1 mL) of a dilute solution of nucleasePt
was added with mixing. The reaction was stirred continuously
during the assay of immobilized enzyme. At intervals, aliquots
(0.1 mL) of the reaction mixture were removed, and the concentration of adenosinewas determined by enzymatic assay.10
Enzyme Immobilization.
PAN (poly(acrylamide-co-N(acryloxy)succinimide))was prepared according to the literature
procedure.r3 Adenylate kinase and pyruvate kinase were immobilized following literature procedures.raThe immobilization
yields were 13% and 33%, respectively.
Immobilization of Nuclease Pr. NucleasePt was immobilized
accordingto the general procedure describedelsewhere.lsThe
following amounts of solutions, chemicals, and enzyme were used:
PAN 1000 (3.0 g) dissolved in MOPS buffer (8 mL,0.2 M, pH
7 . 0 ) ;D T T ( 0 . 1 4m L , 0 . 5 M ) , T E T ( 1 . 6m L , 0 . 5 M ) ; n u c l e a s eP r
(5 mg) dissolvedin ZnSOasolution (2 mL, 1 mM). Becausethe
polymerization of PAN 1000is fast under these conditions, the
enzyme solution was added before the addition of the TET solution. The immobilization yield was 40Vo.
Digestion of DNA. DNA (327 g, -0.82 mol of deoxynucleotide moieties)was suspendedin water (1.3 L). The DNA
was dissolved by heating and by the slow addition (-1 h) of a
10 M KOH solution so as to maintain the pH <7.5. The reaction
mixture was maintained at 100 oC for 20 min and then cooled
in an ice bath to a temperature of 40 oC. The mixture was
transferred to a constant-temperature bath at 40 oC and the
enzymatic digestion started by the addition of MgSOa.TH2O(1.9
g,7.7 mmol) and DNase I (38 mg).15 During the digestion,the
pH was maintained at7.2 by the addition of a 10 M KOH solution
using a pH controller. After 24 h, additional DNase I (20 mg)
and MgSO4.7H2O(1.9 g) were added; these additions were repeated after 48 h. The reaction mixture was cooled to 0 oC in
an ice bath and the resulting precipitate removed by centrifugation. The clear dark brown supernatant was transferred to a
5-L three-necked flask, and its pH was adjusted to 5.3 with glacial
acetic acid. Water was added to bring the total volume to 4 L.
The solution was warmed to 50 oC and the digestion of the mixture
of oligodeoxynucleotidesinitiated by the addition of of nuclease
Pl (1796U, immobilized in PAN 1000)and ZnSOn.HzO(115mg,
0.4 mmol).16 The pH was maintained at 5.3 by the addition of

(12) Bergmeyer, H. U. "Methods of Enzymatic Analysis"; Verlag
Chemie: Weinheim, 1974; adenylate kinase, pp 486-487; adenosine,pp
191F1921; pyruvate kinase; pp 509-510.
(13) Pollak, A.;Blumenfeld, H.; Wax, M.;Baughn, R. L.;Whitesides,
G. M. J. Am. Chem. Soc. [980, 102,6324-8336.
(14) Bergmeyer, H. U. *Methods of Enzymatic Analysis"; Verlag
Chemie: Weinheim, 1974; pp I446-L451.
(15) DNase I requires magnesium for activity: Shack, J.; Bynum, B.
S. J. Biol. Chem. 1964. 239. 3843-3848.
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Figure 2. Course of the concentrations of dAMP, dADP, PEP,
and pyruvate (Pyr) during the synthesis of dATP.
KOH solution using a pH controller. After 2 days, enzymatic
assaysindicated no further increasein the concentration of dAMP.
The enzyme-containing gel was removed by centrifugation and
washedwith water (2 x 100 mL). The solution was concentrated
to a volume of 1.7 L by using a rotary evaporator. Enzymatic
assayindicated the presenceof 190 mmol of dAMP in the solution
(Table I). The concentrate was cooled to 4 oC and then diluted
to 4.2 L by the addition of 95Toethanol over a period of 30 min.
The resulting precipitate was removed by centrifugation, and the
clear yellow supernatant was concentrated as before. The resulting
residue was suspended in water (800 mL), and the insoluble
material was removed by centrifugation and discarded. To the
clear dark brown supernatant was slowly added 95% ethanol (1.2
L). The resulting precipitate was again removed and discarded,
and the solution was concentrated. The concentrates(1050 mL)
contained 158 mmol of dAMP. The activity of the immobilized
nucleaseP, recoveredfrom this preparation was -50% of that
originally added to the reaction mixture. For storage,the enzyme-containinggel was washed with water (4 x 100 mL) and
stored at 0 oC in a 1 mM ZnSOasolution. HPLC analysis of the
mixture of deoxynucleotide monophosphatesshowed (mmol)
dAMP (155),dCMP (not detected),dGMP (108),and TMP (115).
Two additional peaks with retention times very similar to those
of ADP and dADP were detected but were not identified.
Synthesis of DeoxyATP. A solution containing 155 mmol
of dAMP in 1050 mL of solution was transferred to a 2-L
three-necked flask, and the solution was warmed to 30 oC. The
pH of the solution was adjusted to 7.9 by using a solution of
concentratedKOH. PEP monopotassiumsalt (69.8g,325 mmol,
95% pure)swas added in one portion, and the pH was readjusted
to7.9. MgSOa.TH20(762mg,3.8 mmol), ATP.Na2 (150mg,0.25
mmol), and DTT (100 mg) were added, and argon was bubbled
through the solution for 30 min. The reaction was initiated by
the additionofS22 U ofadenylate kinaseand 598 U ofpyruvate
kinase, each immobilized separately in PAN 1000. The reaction
was maintained between pH 7.6 and 7.8 by addition of glacial
acetic acid using a pH controller. The progressof the reaction
was followed by periodic enz5rmatic(dAMP, PEP, pyruvate) and
HPLC (dATP and dADP) assays(Figure 2). The final volume
of the reactor was 1710mL. Enzymatic assayfor dATP showed
a final concentration of 64 mM. The enzyme-containing gels were
removed by centrifugation and washed with water (2 x 100 mL).
The recovered activities of these enzymes were 90-100% of the
original activities. The washeswere combined with the original
reaction mixture, and the resulting solution was cooledto 4 oC.
A solution of BaBr2.2H2O(108g,325 mmol) in water was added
slowly with stirring, followed by 95% ethanol (1000mL). The
solution was allowed to stir for 4 h at 4 "C, and the resulting white
precipitate was collected by centrifugation. The precipitate was
washed with 40% ethanol (2 x 200 mL),9\Vo ethanol (200 mL),
and acetone(200mL). It was dried (8 h, 25 oC, 0.05torr) to give
(16) NucleaseP1 requires zinc for activity: Fujimoto, M.; Kuninaka,
A.; Yoshino, H. Agric. Biol. Chem. 1974, 38,785-790.
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a white solid (138 g). To determine the composition of this
material, a small quantity (- 10 mg) was weighed carefully and
suspendedin water (-5 mL). Ammonium sulfate solution (0.5
mL, 3.2 M) was added and the mixture was shaken for several
minutes. The resulting solution was diluted to 10 mL, and an
aliquot was analyzed by HPLC. This analysis indicated that the
precipitate contained 106 mmol of dATP corresponding to a yield
of 68% and a purity of 60%. Analysis of the solution from which
the dATP.Ba2 had been isolated indicated the following distribution of deoxynucleotide monophosphates (mmol): dAMP (6.5),
dCMP (L2r), dGMP (9), and TMP (115).
Purification of dATP.Ba2. All steps in this procedure were
conducted in a cold room at 4 oC. The crude dATP.Ba, obtained
as describedabove (20 g,15.8 mmol of dATP) *". .usp"rded in
cold water (200 mL). Ion-exchangeresin (Bio-Rex 20, 100-200
mesh, Na+ form, 60 g) was added and the suspensionwas stirred
vigorously for 30 min. The resin and any undissolved material
were removed by centrifugation and the separated solids were

washedwith water (2 x 75 mL). 31PNMR spectroscopyindicated
that the residual combined aqueoussolutions (320 mL) contained
1 mmol of inorganic phosphate (calculated from the peak integral
ratio and the assumption that all the dATP.Ba2 had dissolved).
After the pH of this solution had been adjusted to 4.8 with 10%
aqueousHCl, BaBr2 solution (2.5 mL, 0.5 M, 1.25 mmol) was
added slowly with stirring. The resulting precipitate of barium
phosphate was removed by centrifugation and discarded. To the
clear supernatant was added BaBr2 solution (50 mL, 0.5 M, 25
mmol) with stirring over 10 min. At this point, the solution had
a volume of 550 mL. Ethanol (100 mL,95Vo, 4 oC) was added
over 10 min, and the resulting precipitate was allowed to stand
for 2 h. The precipitate was collected by centrifugation and
washedwith 15% ethanol (150 mL), 50% ethanol (150 mL),\bTo
ethanol (2 x 150 mL), acetone (150 mL), and anhydrous ether
(2 x 100 mL). The resultingsolid was dried (0.1 torr, 2b "C, 4
h) to give 9.3 g (78% yield, 95% pure by enzyme assay) of
dATP.Ba,.

