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ABSTRACT: 
Sodium pyrophosphate, a known inhibitor of DNA polymerases, strongly 

inhibits DNA synthesis directed by various synthetic and natural template- 
primers and catalysed by reverse transcriptases from AMV and RLV, but has no 
effect on the reverse transcriptase-associated ribonuclease H activity.The 
synthesis of both actinomycin D sensitive and insensitive DNA under the direct- 
ion of 70 S AMV RNA or globin mRNA with high or low concentrations of substrate 
triphosphates is inhibited by the addition of pyrophosphate but under none of 
these conditions, could RNase H activity be suppressed by inclusion of 
pyrophosphate. These studies further establish that the site for RNase H funct- 
ion is distinct from the substrate binding site and that the target for 
pyrophosphate action is not the RNase H( template binding site). 

INTRODUCTION: 

RNA dependent DNA polymerases(RT) are unique DNA polymerases not only 

because they utilize RNA as template for DNA synthesis but also due to the fact 

that many of these enzymes express a nucleolytic activity,RNase H, specific for 

the RNA strand of an RNA:DNA hybrid'. We and others have presented some evidence 

to indicate the physical and mechanistic independence of synthetic and nucleoly- 

tic reactions catalysed by reverse transcriptases 
2-6 

and have found that modifi- 

cation of the substrate binding site with pyridoxal 5'phosphate,although severely 

inhibits substrate polymerization, has no effect on the associated nuclease 

function7.Further investigations on the expression of RNase H revealed that the 

expression of nuclease activity may occur through the template binding site on 

RT8". Therefore, the inhibitor of RNase H function is also expected to inhibit 

polymerization reaction as well. Pyrophosphate, which has been known to be a 

DNA polymerase inhibitor 
10 

, has recently been employed in a reverse transcription 

reaction to obtain full length copies of complementary DNA(cDNA). The mechanism 

of the production of long cDNA molecules was attributed to the inhibitory action 

of pyrophosphate on the RNase H function of reverse transcriptase 12-14 .Pyropho- 

sphate mediated inhibition of RNase H activity appeared highly unlikely,in view 

of the mechanism of the nucleolytic action and the known inhibitory action of 

pyrophosphate at the substrate level. We have, therefore,directly tested the 

effect of pyrophosphate addition on the polymerization and nuclease(RNase H) 

function of reverse transcriptase using AMV DNA polymerase as a model enzyme 
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system* and have found that pyrophosphate has no effect on the RNase H activity 

expressed by AMV polymerase but it strongly inhibits both actinomycin D insen- 

sitive (primary strand) and actinomycin sensitive (secondary strand) synthesis 

of DNA on RNA templates. 

MATERIALS AND METHODS 

Materials: [3H]deoxynucleoside triphosphates were obtained from Amersham 

Searle, Inc. Synthetic template-primers and unlabeled deoxynucleoside triphos- 

phates were the products of P.L. Biochemicals, Inc. fd DNA was purchased from 

Enzobiochem. [32p] 70s RNA from ASV was a kind gift from Dr. E. Stavenezer of 

this Instftute. Rauscher murine leukemia virus (RLV) and Avian myeloblastosis 

virus (AMV) was supplied by the Division of Cancer, Cause and Prevention,N.C.I. 

Reverse transcriptase from the above viruses were purified by poly rC- 

agarose chromatography, as described earlier15-16. g. coli RNA polymerase, 

holoenzyme, was prepared accordfng to Burges17. Homogenous DNA polymerase I 

was a generous gift of Dr. L. Loeb. Calf thymus RNase H was pu- 

rffied as described earlieJ8. 

Sy-nthesis of. fd DNA: C3~]-~~ hybrid: fd DNA: [3H] RNA hybrid, the substrate 

for RNase H assays, was synthesized in a final volume of 2 ml containing 80 mM 

Tris-HCl (pH 7.8). 50 mM KCl, 10 mM DTT, 10 mM MgC12, 500 I.rg fd DNA, 1 mM each 

of ATP, CTP, UTP and 20 pM [3H] GTP (3000 cpm/pmol) and 250 units of homogenous 

RNA polymerase. After 2 hrs of incubation at 37"C, the reaction mix- 

ture was placed in a 60°C water bath for 10 min, cooled slowly for 20 min and 

then placed in an ice bath. The DNA:RNA hybrid was purified by isopycnic 

banding on cesium sulfate gradient, desalted by Sephadex G-75 column chromato- 

graphy and stored frozen at -20°C before use. 

DNA pplymerase assays : Assays were carried out in a final volume of 100 mi- 

croliters and contained the following components: i) With synthetic template- 

g-imers: 50 mM Tris-HCl (pH 7.8). 1 mM dithiothreitol (DTT), 50 pg bovine 

serum albumin, 0.5 pg of template-primer, 20 JJM of appropriate [3H]-deoxynu- 

cleoside triphosphate, adjusted to a final specific activity of 1000 cpm/pmol, 

100 mM KCl, 8 t&i MgCl2 for AMV and r. DNA polymerase and 1 mM MnC12 for 

RLV polymerase. Incubation was done at 37°C for 30 min. ii) With 70s RNA 

te-mplate: 50 mM Tris-HCl (pH 7.8). 0.4 r#l DTT, 25 pg/ml 70s RNA, 5 pg/ml oligo 

dT, 0.2 mM dATP, 0.2 mM dCTP either 0.2 nM[3H]-dGTP (8Ci/~Mol) or [3H]-TTP 

(53 ci/mM), 8 r&l MgC12 and 40 mM KCl. Incubation was done at 37°C for 90 min. 

The reaction was terminated by addition of 5% (w/v) trichloroacetic acid 

containing 0.01 M sodium pyrophosphate. The acid insoluble precipitate was 

collected on Whatman GF/B filter papers, washed extensively with TCA containing 
pyrophosphate, water and finally with ethanol,dried and counted in a toluene 

based scintillation fluid". 
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RNase H assays: The reaction mixture contained, in a final volume of 100 micro- 

liters,5OmM Tris-HCl,pH 7.8, 1 mM DTT, either 10 pmol of fd DNA:('H) RNA hybrid 

(as total nucleotides) or 2.5 Fg 32P-70S RNA:cDNA hybrid( 2,000 cpm/pg RNA), 

8 mM MgC12 and 40 mM KCl. Reactions were initiated by the addition of enzyme 

fraction and incubated at 37 C for 60 minutes. Reactions were terminated by 

the addition of TCA and acid insoluble radioactivity was determined as describ- 

ed before. 

RESULTS 
Effect of pyrophosphate on the DNA polymerase activity: Both AMV and RLV rever- 

se transcriptases were tested for their response to PPi addition with synthetic 

and natural template primers.The kinetics of DNA synthesis directed by AMV 705 

RNA and poly(rC).(dG)12-,8 in the presence and absence of PPi is presented in 

figure 1 ( data for RLV DNA polymerase are not shown). It is clear from the 

results that DNA synthesis directed by various template-primers is inhibited 

in the presence of PPi.Since a report in literature indicated that PPi inhibits 

only a small size class anticomplementary DNA synthesis while synthesis of cDNA 

is insensitive to PPi addition12 , we examined the effect of PPi on the DNA 

synthesis directed by AMV 70 S RNA in the presence and absence of actinomycin D. 

The results presented in figure 2 show that pyrophosphate inhibits synthesis 

of both complementary and anticomplementary DNA strands. 

Since in the presence of high concentrations of substrate triphosphates, 

both rate and extent of DNA synthesis on RNA templates are known to be signi- 

ficantly increased20-24. We therefore examined the effect of PPi on DNA synthe- 

sis with low and high substrate concentration. Under both the substrate condit- 

ions, PPi was found to inhibit DNA synthesis(data not shown). 

Time (min) 

Fig. 1: Inhibition of DNA synthesis directed by various template primers and 
catalyzed by AMV polymerase in the presence of 4 tid pyrophosphate. 

u control; M with 4 mH Pgi 
A. AMV 70s RNAa4S tRNA 
8. poly (rC)*(dG)-.15; 5 

rimer; [ HI-dTTP substrate plus other dNTPs 
[ Ii]-dGTP substrate 



Vol. 91, No. 3, 1979 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

A‘. 
‘: 72. 

0 

0 

: . 

0 30 60 90 lirl6 30 Eo 4) hl 

Time (mid 

Fig. 2: Pyrophosphate (4mM) inhibition of AMV DNA polymerase activity with 
AM~c~;w~y 10 

; -with4n#iPPi 
A. DNA synthesis was measured by [3HI-dGMP incorporation in the pre- 

sence of all 4 dNTPs. 
El. On1 

by Y 
complementary DNA synthesis was measured under this condition 

H-dGMP incorporation since 100 ug/ml actinomycin D was present 
in both control and test reactions. 

Effect of pyrophosphate on RNase H activity: A typical dose response of PPi on 

the polymerase and RNase H activity expressed by AMVpolymerase is shown In 

figure 3. For comparison, E.coli DNA polymerase I (fig 38) is also included 

since it also expresses RNAse H type activity 25-26 . The results clearly show 

that the RNase H activity associated with both AMV and E.coli polymerases 

is insensitive to PPi addition, while polymerization reaction is strongly 

inhibited. Similar results were obtained when polymerization of dNTPs(synthesis) 

and subsequent degradation of template RNA was monitored using 32P-labeled ASV 

RNA as a template(Table 1). Addition of either actinomycin D or PPi or both 

Fig. 3: 
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Dose response of pyrophosphate influence on AMV and k. coli DNA 
polymerases. 

A. AMV polymerase assayed with (rA) -(dT)lD template-primer and 
RNase H assayed with fd DNA: [3H! RNA hybrid. 

B. 5. & DNA polymerase I assayed in the similar manner. 
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Table1 : Effect of pyrophosphate on AMV DNA polymerase catalyzed synthetic 

and nucleolytic reactions. 

Polymerasea RNase Hh 

Reaction Mix m incor- % Activity L 

por$iJ 
ti!n 

(CPM) 

Control 12162 100 755 100 

+PP1 * 5100 41.9 953 126.2 

+Act.D 7473 61.4 900 119.2 

+PPi+Act.D 3490 28.7 1144 151.5 

aAssay was done as described under Materials and Methods. The reaction was 
stopped by chilling in an ice-bath followed by the addition of 10 I+! EDTA. 
The template RNA was alkali digested (0.3M NaOH at 37°C for 4 hrs), and [3H]- 
labeled DNA product was precipitated with 10% TCA after neutralization. 

bAssay was done as described under Materials and Methods. The reacti on mixture 
contained unlabeleddNTPs. 

* Abbreviations used: PPi- pyrophosphate, AMV- Avian myeloblastosis virus,RLV- 
Rauscher murjne leukemia virus,RNase H- Ribonuclease H, DTT-Dithiothreitol, 
dNTPs-deoxyribonucleoside triphosphates,TCA-Trichloroacetic acid, Act.D- 
Actinomycin D. 

had no effect on the RNase H activity as judged by the degradation of 32P- 

labeled 70 S RNA template during the synthesis. 

Pyrophosphate has been used as an additive to reverse transcriptase reac- 

tions as a means of obtaining the increased size and yield of the cDNA product 
11-13. The observed size increase of the product has recently been postulated 

to be due to the inhibition of RNase H activity associated with reverse trans- 

criptase14. Since our results could not be explained on the basis of theabove 

mentioned postulate, we undertook more rigorous examination of pyrophosphate 

influence on the expression of both polymerase and polymerase associated RNase 

H activity. In addition to using identical conditions to those described ear- 

lierr12y13s14.we examined the effect of pyrophosphate with changing divalent 

metal fion,salt and substrate triphosphate concentrations as well as using buf- 

fer systems at varying pH values. The size of the cDNA product obtained with 

70s RNA or globin mRNA catalyzed by AMV polymerase, both in the presence and 

absence of 4 mM PPi, was determined by alkaline sucrose density gradient cen- 

trifugation, Although a significant increase in the cDNA size synthesized on 

both the templates was observed in the presence of PPi, (data not shown), un- 

der none of the above conditions PPi had any inhibitory effect on the expres- 

sion of the associated RNase H activity. Furthermore, the data presented in 
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Table2 : Pyrophosphate influence on polymerase-coupled RNase H activity. 

Hybrid 

Polymerase RNase H 

[3H]-dGMP or dTMP c32pl or c3Hl 
incorporated % Activity RNA solubilized 

(CPW (CPM) XActivity 

[32P]RNA:~DNAa -PPi 29118 100 976 100 

+PPi 7057 24.2 2228 228.3 

C3H]RNA:fd DNAb -PPi 3710 100 2280 100 

+PPi 1700 45.8 2390 104.8 

'For this experiment. C3'Pj-labeled ASV 70s RNA was used as a template in a 
regular reaction mixture and after 60 min incubation at 37"C, [3H]-dGTP was 
added together with or without 4 tii PPi. Incubation was continued for addi- 
tional 30 min and incorporation of [3H]dGMP and degradation of [32]-RNA was 
determined as described under Materials and Methods. 

Labeled RNA degradation in the absence of synthesis (minus dNTPs) amounts to 
< 5%. 

bin this experiment, DNA synthesis was determined by measuring alkali resis- 
tant, TCA precipitable incorporation of [3H]-dTMP. RNase H activity was 
measured in the presence of non-radioactive dNTPs. 

Table 2 clearly indicate that inclusion of PPi into the reaction mixture con- 

taining either AMV 70s RNA: cDNA hybrid or fd DNA:RNA hybrid as the template- 

primers impairs the synthetic reaction but has no effect on the associated 

RNase H activity. In fact, PPi causes a stimulation of the RNase H activity 

assayed with 70s RNA:cDNA hybrid. 

The data in Table 3 further demonstrate the inability of ppi to inhibit 

the RNase H activity associated with AMV polymerase assayed under two differ- 

Table 3': Pyrophosphate influence on AMV and calf thvmus RNase H activity. 

RNase H activity with fd DNA:[3H]-RNA hybrid 

pH (7.4-7.8) pH 8.3 

RNase H 3H-RNA solubilized 

from -PPi +PPi -PPi +PPi 

AMV 2499( 100) 2281(91.3) 2672( 100) 2758( 103.2) 

Calf thymus 3323( 100) 3076(92.6) 3318( 100) 3358( 101.2) 

Assays were done as described under Materials and Methods except that buffer 
of desired pH was employed in the reaction mixture. Figures in parentheses 
represent percent enzyme activity. 
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ent pH conditions. We also included an RNase H, isolated from calf thymus, 

which has no polymerase activity associated with it, and found that under 

identical conditions, calf thymus RNase H is also refractory to PPi action. 

DISCUSsI.ON 

A detailed examination of pyrophosphate influence on the expression of 

polymerase associated RNase H activity seemed warranted since pyrophosphate 

mediated inhibition of the nucleolytic activity was implicated into a probable 

mechanism of the production of long cDNA products. While we have been able to 

confirm the phenomenon of the production of long cDNA copies of RNA templates 

synthesized in the presence of PPi, we have not been able to obtain any evi- 

dence to substantiate PPi inhibition of RNase H activity implicated to explain 

the phenomenon. Inhibition of nucleases, other than RN&e H, either associated 

or contaminating with reverse tnanscriptase, are most likely the target of PPi 

action. Indeed, a recent report describing the association of endonucleolytic 

activities with AMV polymerase and their inhibition by PPi,strongly supports 

this notion27. 

In conclusion, we have clearly demonstrated that RNase H site is not the 

target of PPi action. Since RNase H activity appears to be expressed through 

the template binding site*", PPi mediated polymerase inhibition may not be 

due to interference with the template binding function of reverse transcript- 

ases. In fact, PPi may be used as a selective reagent to 'turn on' the RNase H 

function of reverse transcriptases by inhibiting the synthetic reaction. 
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