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ACYCLIC NUCLEOSIDE TRIPHOSPHATE ANALOGS AS TERMINATORS IN 
BIOCATALYTIC DNA REPLICATION 
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•Department of Chemistry, Texas A & M University, College Station, TX 77843-3255, U.S.A. 
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Abstract: The acyclic nucleoside triphosphates 1 and 2 were prepared and tested as substrates for several DNA 
replicating enzymes; AmpliTaq® FS and Taquenase® accepted these compounds as substrates leading to chain 
termination. © 1997 Elsevier Science Lid. 

Terminators of enzyme-directed DNA synthesis are central to the Sanger-based methods for DNA 

sequencing1 used in The Human Genome Project and most other projects involving unraveling of DNA codes. It 

therefore surprising that the terminators still used are exactly those originally introduced. The human genome is 

approximately 3 x 109 bases hence the cost of the terminators becomes an important issue. A 1 cent saving per 

base is equivalent to $30 million dollars for the whole genome sequence. Attempts to find cheaper alternatives 

to the 2',3'-dideoxyribonucleoside-5'-triphosphates (ddNTPs) that are generally used as chain terminators 

therefore are timely. 2 The extensive literature on peptide nucleic acids (PNAs)3 indicates that the ribose 

framework of ddNTPs is not essential for high binding affinity and specificity. We therefore supposed that 

triphosphates like 1 and 2 might be effective terminators for biocatalytic DNA replication. This communication 

reports syntheses of compounds 1 and 2, and gel assays to test their efficacy as ddNTP surrogates. 

o~se O~se H-!rM• 
NH2 

:)) TP=Pp9I-4, 
HO~N~NH2 TPO~N'Me O)__N I ie triphosphate + """"' N 

base t 

PNA 1 T T A 

2 A 

Compound 1 was formed by coupling the known4 thymidine acetate 3 with N-methylethanolamine as 

indicated below. Triphosphorylation of alcohol 4 using the conditions described by Eckstein and coworkers
5 

proceeded to give the triphosphate 1 more efficiently than triphosphorylation of many other substrates that we 

have attempted. Thus, HPLC, 31P NMR, and MALDI-MS analyses of the material recovered after ion exchange 

column chromatography indicated that it was predominantly triphosphate. A small sample of this material was 

purified by RP-HPLC for use in the experiments with DNA polymerases. 

3013 
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EDCI, DMF, 25 'C, 2 h 

(i) CCo? 

0 P,CI 

(ii) Bu 3NH(H2P2O7), Bu3N 
(iii) 12, pyr/water 

40% 

A slightly different approach was used to prepare the adenine derivative 2 (i.e., the bromoacetate 

intermediate 5 was prepared first) then coupled with adenine. Desilylation and triphosphorylation reactions 

were then used to complete the synthesis. This approach is more divergent than the synthesis of compound 1 

insofar as many different base analogs could be prepared from bromoacetate 5. In this particular case, the 

coupling of 5 to the heterocycle gave low yields under the conditions indicated. This yield was not improved 

when another base (K2CO3) and solvent (DMSO) were used. A possible explanation for these inefficient 

reactions is that competing reactions at the exocyclic amine of adenine may have occurred. RP-HPLC, 
31P NMR, and MALDI MS after ion exchange chromatography indicated the efficiency of the phosphorylation. 

(i) 1BuPh 2SiCI, imidazole 

92% 

67% 

o~r 

1BuPh2SiO ............... N'Me 

5 

adenine, NaH, DMF 

18% 

(ii) Bu 3NH(H2P2O7), Bu3N 
(iii) 12, pyr/water 2 

The gel assay used to test for incorporation of compounds 1 and 2 was adapted from that previously 

reported from these laboratories. 6 Thus a short synthetic template having the sequence 

3'-ACATTTTGCTGCCGGTCAGGTGGAGGC was primed with a 5'-32P-labeled primer with the sequence 

3'-ACATTTTGCTGCCGGTCA. The double-strand DNA so produced was subjected to biocatalytic replication 
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usin g reaction mixtun:s conta111111g ellhn the thy111id1nl' analog I and di\TP and dCTP. or tile adenosine analog 

2 and dCTP. Cha111 tnm111at11>n was characte111.ed by comparison with control lanes using ddTTP and ddi\TP. ' 

Til t: fo\low1ng !)Ni\ polymerases wne te,ted in the assay outlined above: rTth DNi\ Pol (Pe rkin 

\ '. !mer), III V - 1 RT. i\mpl!Taq'' DNi\ l'ol (l't:rk1n l:lme!), Taquena,c· (ScirnTech). i\mpliTaq''' FS DNi\ l'ol 

(Perkin E lme r ). and Ust DNi\ l'ol (B10 Rad). The re,ults demon,tratcd that incorporat ion / termin ation w;p; 

observed ro r both an:ilogs whl'!l i\111pliTaq' I'S and Taquena,e " werl' used (Table I). i\t a concentrat ion or I 00 

pM , the adcnosim: analog 2 was 111corpmated hy both e111yml',. whereas a I 111 M concentration or I caused o nly 

p:1rtial tcrininati o n under s imil ar co11d1t1011s (l'iµun: I). The adeninl' derivative N-Mci\ 2 was the refo re 

incorporatcd more l'riicicntl 1 than the thyundtnl' cou11tl'1part I. 

Thc mutant\ TaquL·na,e · and i\mpl!Taq·" I'S are known to ha \'e a rl' lat tvc ly broad spectrum or sub , trate 

to le rance' so it was unsurprising that t\Jl',c two L'lltyn1t:s ,hou \d show the des ired activities whereas severa l 

ot he rs did not. In lac! , at1HH1g,1 the wtld type l'lll) 111es. u ni ) I I IV I RT ic!ave incorporation/termination. and in 

that ca,e. s ubstra te concentrat ions ol I 111M were rL·qu ired ror both I and 2. 
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Figtll"c I. l11corprnat 1011 ol N McT I and o \ N !'vie,\ 2 hy i\ 111p\1Taq l ·S. i\1 1 dNTl's \\'ere ust:d at a concentration 
1,r 0 . 1 pM and dd NTl's a t 0.5 pM. S uh,tr:ttc .s u,l'd 111 the nrntrol l:111L's I (l were a, fol lows: lan e I co ntain s no 
dd NTl's or dNTl' s: lan e 2 d C Tl ': lane \ dC 'Tl' :111d ddi\T I': \:11H: .\ dC 'Tl' and di\TP: la ne 5 dCTI'. d i\TI' and 
ddTTI' : l;111 e (l dCTI' . d i\T I' . dTTI' and dd( iT I'. Lalll's 7 12 and 1.-tllL's I \ 17 ka1111n l prog ressive ly g rea ter 
co 11 cL' llt rat ions or t r i p\Jmph:1 IL's I and 2 111 c, 1111hin a11011 "ith d( Tl' ( l:1 11c·s 7 12) or d( 'Tl' and di\TP ( la nes 13 
17 J. re,pcc ti vcly (Tah ll' I) :'-ltllL' 7 g ive, lut1\1cr details. 
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using reaction mixtures containing either the thymidine analog 1 and dATP and dCTP, or the adenosine analog 

2 and dCTP. Chain termination was characterized by comparison with control lanes using ddTTP and ddATP.7 

The following DNA polymerases were tested in the assay outlined above: rTth DNA Pol (Perkin­

Elmer), HIV-1 RT, AmpliTaq® DNA Pol (Perkin Elmer), Taquenase® (ScienTech), AmpliTaq® FS DNA Pol 

(Perkin-Elmer), and Bst DNA Pol (Bio-Rad). The results demonstrated that incorporation/termination was 

observed for both analogs when AmpliTaq® FS and Taquenase® were used (Table 1). At a concentration of 100 

µM, the adenosine analog 2 was incorporated by both enzymes, whereas a 1 mM concentration of 1 caused only 

partial termination under similar conditions (Figure 1). The adenine derivative N-MeA 2 was therefore 

incorporated more efficiently than the thymidine counterpart 1. 

The mutants Taquenase® and AmpliTaq® FS are known to have a relatively broad spectrum of substrate 

tolerance8 so it was unsurprising that these two enzymes should show the desired activities whereas several 

others did not. In fact, amongst the wild type enzymes, only HIV-1 RT gave incorporation/termination, and in 

that case, substrate concentrations of I mM were required for both 1 and 2. 

termination -
ddTTP 

termination -
ddATP 

2 3 4 5 6 78 910111213 

dd~TP I 
ddTTP N-MeA 

141516 17 

N-MeT 

C 
G 
G 
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G 
G 
T 
G 
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~ 
Figure 1. Incorporation of N-MeT 1 and of N-MeA 2 by AmpliTaq FS. All dNTPs were used at a concentration 
of 0.1 µM and ddNTPs at 0.5 µM. Substrates used in the control lanes 1-6 were as follows: lane 1 contains no 
ddNTPs or dNTPs; lane 2 dCTP; lane 3 dCTP and ddATP; lane 4 dCTP and dATP; lane 5 dCTP, dATP and 
ddTTP; lane 6 dCTP, dATP, dTTP and ddGTP. Lanes 7-12 and lanes 13-17 featured progressively greater 
concentrations of triphosphates 1 and 2 in combination with dCTP (lanes 7-12) or dCTP and dATP (lanes 13-
17), respectively (Table 1). Note 7 gives further details. 
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Table 1. Termination assays for N-MeA 1 and N-MeT 2. 
enzymes N-MeT 1 N-MeA 2 

rTth DNA Polymerase no incorporation• no incorporation 
HIV-1 RT termination (1 mM)' termination (1 mM) 

AmpliTaq® DNA Pol. no incorporation --' 
Taquenase® termination (1 mM) termination (100 µM) 

AmpliTaq® FS termination (1 mM) termi~ation (1~ µM) 
Bst DNA Polymerase no incorporation no mcorporat1on 

"No incorporation observed. 6Full termination observed at the concentration in parenthesis. "Not assayed. 

In conclusion, the thymidine and adenosine analogs 1 and 2 are substrates for some DNA replicating 

enzymes with high tolerance for variation in substrate structure. They can be incorporated to give near complete 

termination of enzymatic extension of a short DNA-template. For the N-MeA analog 2, concentrations as low as 

100 µM were sufficient, whereas for N-MeT 1 termination only occurred when millimolar concentrations of 

were used. Analogs 1 and 2 are incorporated less readily than ddTTP and ddATP and they are not practical 

substitutes under the conditions described here. They are, however, easily prepared via facile triphosphorylation 

reactions, and may be incorporated more efficiently under other conditions. 
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