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SUMMARY 

Pyrophosphorolysls and hydrolysis of DNA by DNA polymerase (deoxynucleo- 
sldetrlphosphate DNA deoxynucleotydyl-transferase, EC 2.7. 7 7) from Escher~chm 

coh were studied Conlpetltlon between pyrophosphate and hydroxyl Ions IS postulated 
The Krn values of pyrophosphate in pyrophosphorolysis and of hydroxyl ions m 
hydrolysis equaled the corresponding K, values in hydrolysis and pyrophosphorolysis 
Furthermore both reactions were inhibited competitively to the same degree by ATP 
and dATP It  is concluded that one active site is responsible for both pyrophosphoro- 
lysls and hydrolysis These results, together with additional studies on the specificity 
of the polycondensation, lead to a model for the three functions of the enzyme 

INTRODUCTION 

The DNA polymerase (deoxynucleosidetrlphosphate DNA deoxynucleotldyl- 
transferase, EC 2 7-7 7) isolated from E s c h e r w h m  coh catalyzes the polycondensation 
of deoxynucleoside trlphosphates and the reverse reaction, the pyrophosphorolysis 
of DNA from the 3'-endl- The same enzyme preparation also catalyzes the hydrolysis 
of DNA from the 3'-end This exonuclease I I  activity could not be separated from the 
polymerase activity and both are destroyed at the same rate by urea or heat 1 

D N A - 3 ' - O H  + p p p N  ,~ D N A - 3 ' - p N  + PP~ 

D N A - 3 ' - O H  + p N  <--DNA-3'-pN + H20  

This paper presents evidence that there is one achve site on one enzyme that is re- 
sponsible for both the pyrophosphorolysls and hydrolysis I t  ~s demonstrated that 
probably not water, but hydroxyl ions represent the reactant in the hydrolytic action 
and that pyrophosphate and hydroxyl ions seem to compete for the same active site 
and both reactions are inhibited by the same mhibltors to the same extent 

MATERIALS AND METHODS 

DNA polymerase was purified following the procedure of RICHARDSON et al j 

Abbrev ia t ions  p p p N  or NTP,  nucleomde 5 ' - t r l p h o s p h a t e ,  pN  or NMP,  nucleomde 5'- 
monophosphate_  
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mcluding Step I X , ,  e, chromatography on hydroxyapatite The final specific activity 
was determined with activated thymus DNA as a primer to be 9200 units of polymerase 
per mg of protein Endonuclease from M,crococcus lysode~kt,cus was purchased from 
Worthmgton Biochemical Corp_ 

Deoxynbonucleoslde triphosphates were prepared by the method of SMITH AND 
KHORANA z 3'-Acetyl-TTP was prepared by acetylatlon of thymldme 5'-monophos- 
phate and subsequent phosphorylation according to the method mentioned above 
[aH]dATP was purchased from Schwarz, Bio-Research, Inc ; ATP, UTP, CTP, GTP, 
ADP and AMP from Zellstoffwerke, Waldhof, deoxyadenosine from Calblochem A.G 

Calf thymus DNA and salmon sperm DNA were purchased from Sigma Chemical 
Company, herring sperm DNA from Serva, Entwlcklungslabor. Activated thymus 
DNA was prepared by treatment with bovine pancreas deoxyrlbonuclease as described 
by APOSHIAN AND KORNBERG 3. DNA from bacteriophage T 7 was prepared by the 
procedure of THOMAS AND ABELSON 4. Ia~PIDNA was prepared from E. col~ by the 
method of THOMAS et al. 5. IaH~DNA from E coli and qSXI74 were kind gifts of Dr. H 
SCHALLER 

Assay of polycondensatwn 
Polycondensatlon was determined by a modification of the method of RICHARD- 

SON et al 1. The assay measures the conversion of 3H-labelled deoxyribonucleoslde 
triphosphates into an acid-insoluble product. The incubation mixture (0-3 ml) con- 
tained: 20 #moles of glyclne buffer, pH 9 2, 2/,moles of MgCl~, o.oi #mole each of TTP, 
dCTP, dGTP and E3H~dATP (20 #C/#mole), 12 #g of activated thymus DNA and 
0_02 to 0. 5 polycondensation units of the enzyme The incubation period was 30 rain 
at 37 ° The reaction was termmated by chilhng to o °_ o-5 ml of a soluhon of herring 
sperm DNA (5 mg/ml) and I ml of I M perchlorlc acid were added_ After 5 rain at o °, 
3 ml of water and 0. 5 ml of saturated Na4P20 7 solution were added and the mixture 
filtered through a membrane filter (MF 5o), which had been washed previously with 
a solution saturated with Na4P20 7 After washing with 25 ml of I %  trmchloroacetlc 
acid the filter was dried, placed in a hquld scintillation solution and the radioactivity 
determined in a Packard Trl-Carb llqmd scintillation counter. 

One unit of enzymatic activity in the polycondensatlon reachon caused the 
Incorporation of IO m#moles of total nucleohde into the acid-insoluble product In 
3o mln. All determmahons were done In duplicate and the mean values taken The 
standard deviation of a single observation was 5 % 

A ssay of hydrolysis 
Hydrolysis was determined by the method of LEHMAN AND RICHARDSON 6. 

The assay measures the conversion of azP-labelled DNA to acid-soluble fragments. 
The incubation mixture (0-3 ml) contained" 20 /,moles of glycme buffer, pH 9.2; 
2 /,moles of MgC12, o 3/,mole of 2-mercaptoethanol; 6 #g of [a~PlDNA from E col, 
(20-75/zC/#nlole phosphate) o.oi-o 2 hydrolysmg units of the enzyme For hydrolyses 
carried out at pH 7 7, 8_0, 8-3 and 8-7, appropriate mixtures of Trls buffer and glycme 
buffer were prepared at 37 ° The incubation time was 30 min at 37 ° The reaction was 
stopped by chilling to o °_ Then 0.2 ml of a solution of denatured salmon sperm DNA 
(I mg/ml) and o 5 ml of a solution of I M trlchloroacetlc acid were added After 5 mm 
at o ° the mixture was centrifuged for IO mm at 3ooo rev./mln at 0-2 ° o 2 ml of the 
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supe rna t an t  was t ransfer red  into a hquld  scint i l la t ion solut ion and the r ad ioac t iv i ty  
measured  I uni t  of enzymat ic  ac t iv i ty  in the  hydrolys is  caused the release of Io  
re#moles  of acid-soluble ma te r i a l  in 30 rain Dete rmina t ions  were made  in t r lphca te  
and the mean values t aken  The s t anda rd  devia t ion  of the  mean was 7 %  

Assay of pyrophosphorolys~s 
Pyrophosphorolys ls  was de te rmined  b y  conver t ing  a2P-labelled D N A  to acid 

soluble f ragments  and then chromatograph ica l ly  analyzing the nucleoslde t r lphos-  
phates  in the  mononucleot lde  fract ion The incubat ion  mix ture  (o 3 ml) conta ined  
20 #moles  of potass ium phospha te  buffer, p H  7 o, 2 #moles  of MgCI~, o 3 #mole  of 
2 -mercap toe thanol ,  I o #mole  of NaaPz07,  6 #g  of [a"P]DNA (20-75 #C/#mole  of P) 
and  o oI  to o I pyrophosphoro lys ing  uni t  of enzyme For  pyrophosphorolyses  at  t l le 
p H  values 7 o, 7-3 and 7 7 appropr ia te  mix tures  of po tass ium phospha te  buffer and 

O/ of Trls buffer were p repared  at  37 ° The Incubat ion p e n o d  was 3 ° inln at  37 °. IO to 
the  solut ion was t rea ted  as described for the  assay of hydrolys is  To 9 ° °/o of the  solution 
(0.27 ml) 25 #1 of I M fornuc acid and a suspension of 5 mg of ac t iva t ed  charcoal  in 
o I ml  of wate r  were added  Af ter  shaking for 5 rain the  charcoal  was fi l tered and 
washed with 25 ml of water_ The charcoal  was shaken with  a solut ion of 5O~o e thanol  
and o 6~o NH3 in wate r  for 5 m m  at  3 o°, cooled to o ° and centr i fuged for IO rain at  
3000 rev . /mm The supe rna t an t  was evapora t ed  at  reduced pressure,  redissolved in 
IO #1 of wate r  and  appl ied  to a thin layer  of po lye thy lene imine  cellulose according to 
RANDERATtt 7 I t  was eluted with o 7 M N a C I - I  M formic acid at  o ° The nucleoslde 
t r iphospha te  (NTP) and nucleoslde monophospha te  (NMP) spots  were identif ied by  
au to rad iography ,  scraped from the plate,  in t roduced  into a l iquid scint i l la t ion solut ion 
and the r ad ioac t iv i ty  measured  Nucleoside d iphospha tes  were not  observed unless 
the  elution was done at  room t empera tu re  F r o m  the propor t ion  of N T P / ( N T P  + N M P )  
and the amount  of acid-soluble rad ioac t iv i ty ,  the  amoun t  of nucleoside t r lphospha te  
was calculated.  I uni t  of enzymat ic  ac t iv i ty  in pyrophosphorolys ls  was the  amoun t  
t ha t  caused the release of io  re#moles  of nucleoslde t r lphospha te  in 30 m m  Determi-  
nat ions  were made  In t r ip l ica te  and the mean values t aken  The s t anda rd  devia t ion  
of the mean was 7 ~o 

The same assay was used to measure  pyrophosphorolys is  and hydrolys is  simul- 
taneous ly  Under  the  condit ions of this assay,  the adsorp t ion  of [SH]thymidlne 
monophospha te  and I3H]TTP on charcoal  was almost  complete  The f i l t rate  conta ined  
less than  I °/o of the  r ad ioac t iv i ty  The elut ion from the charcoal  was incomplete ,  b u t  
the ra t io  of NMP to N T P  was always I .  

Assay of endonuclease 
This assay measures  the biological  inac t iva t ion  of circular  single s t r anded  D N A  

of bac te r iophage  qsXi74 To compare  the endo-wl th  the  exonuclease act ivi ty ,  [aH]DNA 
from E colt was incuba ted  in the  same samples  The incubat ion  mix ture  (o 3 ml) 
conta ined 20 #moles  of Trls  buffer, p H  8 o, 2 #moles  of MgC12, 0-3 #mole  of 2-mer- 
cap toe thanol ;  I 25 #g  of [aH]DNA from E coh (4 ° #C/#mole  of phosphate)  ; 6 15 #g  
of D N A  from q~Xi74 , and 0-5 #g  of enzyme Incuba t ion  was per formed at  37 ° and  
samples  t aken  periodically_ The acid-soluble r ad ioac t iv i ty  was de te rmined  as descr ibed 
above Spheroblas ts  of E colz were used to measure  the  biological ac t iv i ty  of q~XI74 
D N A  2 5 ~o of the  [3H]DNA were degraded  in 3 ° rain In  the  same per iod the biological  
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actavlty of OXI74 was reduced by 40% Since this DNA contains 5500 nucleotades 
per rang, approximately o 0075 % of the mternucleotlde bonds of q)X 174 DNA present 
in the incubation mixture were split an 30 man_ This corresponds to about o 3% 
endonuclease of the total nuclease. 

RESULTS 

Purity of DNA polymerase 
A low content of other nucleases was crucial for these studies According to 

LEHMAN AND NUSSBAUM a exonuclease I as ehmmated by the fractlonatlon with 
ammonium sulphate, z e., Step IV of the purification of DNA polymerase Therefore 
the presence of exonuclease I was not checked DNA-phosphatase-exonuclease 
(exonuclease III) was assayed by the release of P~ from DNA terminating an 3'-phos- 
phate according to the method of RICHARDSON AND KORNBERG a It  was present and 
amounted to 0_6% of the total exonucleolytlc activity_ Endonuclease was assayed by 
a very sensatave test, the biological inactivation of circular single-stranded DNA of 
the bacteriophage q)X 174. o 3% of the nucleolytlc activity of the preparation was 
due to endonucleases In comparison with exonuclease II  activity the contamination 
by endonucleases and exonuclease I I I  was so low that it did not obscure the kinetic 
studies on DNA polymerase and exonuclease II  

After the final step of purification of the enzyme, the proportaon of the unit 
activities of polycondensatlon to hydrolysas to pyrophosphorolysls was IO to 2 to I 
Each reaction was assayed under its standard condataons 

Bznd~ng of DNA to the enzyme 
Fig I shows the dependence of the rates of hydrolysis and pyrophosphorolysis 

on the concentration of DNA Tile maximal velocity Vmax and the Mlchaehs constant 
Kra w e r e  determined from the reoprocal plots according to LINEWEAVER AND BURK 1°. 
For both reactions the same Km value of 7 mg DNA/1 as obtained Since the molecular 
weight of the DNA was not well defined m that case the concentration can only be 
given in mg/l_ To obtain an exact Km value, homogeneous DNA was prepared from 
T 7 bacteriophage whach has a molecular weaght of 25" lO 8 (ref_ 4) By the same method 
Km for polycondensataon was determined to be 3 2-lO -l° mole DNA/1. 

Fragments of DNA obtained by treatment with endonuclease from M~crococcus 
lysode~ktzcus have 3'-phosphoryl end groups LEHMAN AND RICHARDSON 6 have shown 
that this product inhibits the polycondensatlon by DNA polymerase, but not the 
hydrolysis by exonuclease I I  Thas result argues against the ldentaty of both enzymes. 
Therefore, the effect of p~etreatment of the DNA on hydrolysis was compared to that 
on pyrophosphorolysis. Fig 2 shows that the DNA is degraded by mlcrococcal nuclease 
as measured by loss of viscosity, but that the reaction rates of pyrophosphorolysis and 
hydrolysis remain unchanged This is in agreement with the assumphon that one 
enzyme might catalyze both reactions and that a free 3'-OH end is necessary for the 

condensation, but not for the degrading reactaons 

C ompetztzon between pyrophosphate and hydroxyl ~ons for the enzyme 
If PP1 and OH-  do compete for the same active sate of the enzyme, the rate of 

pyrophosphorolysis should decrease to the same extent as the rate of hydrolysas 
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Fig  I Dependence of pyrophosphoro lys l s  and hydro lys i s  on the concen t ra t ion  of D N A  (s tandard  
assays  wi th  o 05/~g of enzyme) 

Fig  2 Effect  of p r e t r e a t m e n t  of DNA x;uth nucrococcal  nuclease  on the  ra tes  of pyrophosphoro-  
lysls  and  hydroly~-ls 0 ,  specific v i s c o s i t y , . ,  r e l a tw e  ra te  of hydro lyms,  &, re la t ive  ra te  of pvro-  
phosphoro lys l s  The reac t ion  m i x t u r e  -(IO ml) con ta ined  I mmole  of g lycme buffer (pH 9 z), 
o I mmole  of CaC1,.,, 2 ffmoles of pzP]DNA (4 ffC/ffmole of P1) and  o 2 un i t  ~ (@) of mlcrococcal  
nuclease  The decrease of the  specific v lscomty was followed Ill an Os twald  VlSCOslmeter main-  
t a m e d  a t  37 ° Samples  of i ml  were d rawn a t  the  ind ica ted  in te rva l s  and  dia lyzed aga ins t  o I M 
IKC1 a t  o ° for 15 h The samples  were tes ted  as descr ibed under  s t a n d a r d  condi t ions  excep t  t h a t  
2 mffmoles of DNA and o 05/~g of enzyme were added  

increases The increase of hydrolytic activity with increasing OH- concentration and 
the simultaneous decrease of pyrophosphorolysis (Fig. 3) suggests that this assumption 
might be true Certainly, the pH has other effects on the enzyme, which might explain 
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Fig 3 Effect  of p H  on the  degrada t ion  of D N A  by  DNA po]ymerase  To ta l  deg rada t ion  and  
shares  of NMP and N T P  are shown The s t a n d a r d  assay  of py rophosphoro lys l s  was used wi th  

o 05 fig of enzyme 
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Fig_ 4 Inhtb i t lon  of  (a) pyrophosphoro lyms  by O H - ,  (b) hydrolyms by  p y ro p h o sp h a te  (standard 
assays w i t h  o o 5 #,g of  enzyme)  

the decrease of both reaction rates below pH 7 and above pH 9 In order to test  these 
assumptions,  the pyrophosphorolysis  was measured as a function of pyrophosphate 
concentrahon at three OH concentrations and the hydrolysis  was determined as a 
function of O H -  at 3 concentrahons of pyrophosphate  For both reachons reciprocal 
plots according to LINEWEAVER AND BURK were made.  Figs. 4 a and b show that 
approximate ly  the same intercept (I/Vmax) was found for all three O H -  concentrations 
m pyrophosphorolysls  and for all three pyrophosphate  concentrations in hydrolysis  
Therefore, m the invest igated pH range (7 o -7  7), O H -  act hke compet i t ive  mhlbltors  
in pyrophosphorolysis ,  and, v,ce versa, pyrophosphate  ions compete  for O H -  in 
hydrolysis  between pH 7-7 and 8 7 From Fig 4 a the Mlchaehs constant of pyrophos-  
phate was derived as Km = I IO -3 mole/1 and the mhlblt ion constant of O H -  as 
K,  = 3 'IO-7 mole/1 Reciprocally,  from Fig 4b the Michaelis constant of OH was 
determined as Km = 3 lO-7 mole/ l ,  and the inhibition constant of pyrophosphate  
as K ,  = I - l O  .3 mole/1. These results demonstrate  a compet ihon  of pyrophosphate  
and O H -  for the D N A  polymerase  and a much  lower Mlchaelis constant for O H -  than 
for pyrophosphate  ions The Mlchaehs constant  for O H -  is a very  rough figure because 
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Fig .  5 Inhib i t ion  of  (a) pyrophosphoro lys l s  and (b) hydro lys i s  by  ATP (standard assays w~th 
o_I ,ug of  enzyme)  
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only the  act ivi t ies  of the O H -  were used and no a t t e m p t  was made to correct  these 
values b y  appropr ia t e  a c t l w t y  coefficients 

II,hzb~t,o~z by specTfic ,nhzbztors 
If  the  act ive site of the  enzyme for pyrophosphorolys ls  and hydrolys is  is identical ,  

specific inhlbi tors  should Inhibi t  bo th  react ions and should have the same inhib i tor  
cons tant  in bo th  react ions As analogues to pyrophospha te ,  nbonucleos~de trmphos- 
phates  were chosen because they  contain  a py rophospha te  moie ty  Rlbonucleoslde 
t r lphospha tes  cannot  be condensed with DNA under  the s t anda rd  condi t ions ~ 
Pyrophosphorolys ls  and hydrolys is  were s tudied  wi thout  and m the presence of two 
concentra t ions  of A T P  Fig. 5 a and 5b show the reciprocal  plots  of the results,  which 
lndmate  a compet i t ion  of A T P  for py rophospha te  as well as for O H -  In bo th  react ions  
the same value  of K ,  - -  2- IO a mole ATP/1 was de te rmined  from the plots.  The good 
agreement  of the  K ,  values indicates  the  iden t i ty  of the  enzymat ic  site in bo th  re- 
act ions In  the  same way  d A T P  was s tudied d A T P  is not  incorpora ted  into DNA in 
the  absence of the  other  3 d N T P s  (ref I I )  Therefore the  inhibi t ion observed b y  tills 
subs t ra te  is not  due to the reversal  of the  pyrophosphorolys ls  I t  can be seen trom 
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F ig  6 Inh ib i t i on  of (a) pyrophosphoro lvs l s  and  (b) hydro lys i s  by  d A T P  and A D P  {star~dard 
assay  of pyrophosphoro lyms  with o o 5/~g of enzyme,  s t a n d a r d  assay  of hydro lys i s  wi th  o o i  fig 
of enzyme) 

Figs 6a and 6b t ha t  pyrophosphorolys ls  and  hydrolys is  are compet i t ive ly  inhibi ted  
by  d A T P  In  the  pyrophosphorolys ls  K ,  was I - lO -5 mole dATP/1, whereas in hydro-  
lysis K ,  was 3" IO s mole dATP/1 Al though these values are different t hey  are of the  
same order  of magni tude  which is about  IOO t imes lower than  those of r A T P  This can 
be in te rp re ted  tha t  d A T P  has a higher affinity for the  enzyme than  has r A T P  

In  Figs 6a and b the  results  wi th  A D P  are included Both react ions are inhibi ted ,  
bu t  the  inhibi t ion is nei ther  compet i t ive  for py rophospha t e  nor  for h y d r o x y l  ions 
The inh ib i tory  effect of A D P  is nei ther  reversed b y  increasing amounts  of DNA 
Therefore the  inhibi t ion b y  A D P  is not  due to the  d isp lacement  of DNA Adenosine 
monophospha te  and deoxyadenos lne  had  no mgmficant inh ib i to ry  effect m pyro-  
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phosphorolys is  or hydro lys i s  Each  compound  was added  in an amoun t  of 2 #moles  

to the  s t a n d a r d  assays. 

Inh2bzt, on of the polycondensatwn 
In  order  to compare  the  specif ici ty of the  enzyme m condensat ion  and degra-  

dat ion,  the  effect of the  four dNTP ' s ,  each of the  four n b o - N T P ' s ,  ADP,  adenosine 
monophospha te  and deoxyadenos lne  on the po lycondensa t lon  was studied_ 

The  K , ,  value  for the  condensa t ion  wi th  the  four d N T P ' s  was de te rmined  as 
KTn = 2- IO 5 mole dNTP/1 This is near ly  the  same value  as the  inhibi tor  cons tants  
of d A T P  m pyrophosphoro lys l s  and  hydro lys i s  

The  r lbonucleoslde t r lphospha tes  inh ib i ted  the  incorpora t ion  of the  deoxy-  
r ibonucleoside t r iphospha tes  compet i t ive ly  Fig  7 shows the resul ts  of inhibi t ion  
exper iments  wi th  ATP.  The inhibi t ion cons tants  were found as. K,(ATlb = I 4 IO-2 
mole ATP/I ;  K~(cTP) I 4 IO-2 mole CTP/1, Ki(GTP) = o 6 IO 2 mole GTP/1, 
K~(vTp) = o 7 IO-~ mole UTP/1 These results  show tha t  the  r l bo -NTP ' s  have  a lower 
affinity to the  enzyme than  the deoxy-NTP's_  I t  is r emarkab le  t ha t  the  K ,  values of 
the  r l bo -NTP ' s  are different for the  condensing and the degrad ing  react ions.  
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Fig 7 Inhibition of polycondensatlon by rlbonucleomde trlphosphates (standard assay wtth 
o 05/~g of enzyme) 

The  add i t ion  of 2/~moles each of ADP,  adenosine monophospha te  and deoxy-  
adenosine had  no significant inh ib i to ry  effect on the  po lycondensa t lon  I t  is r emarkab le  
t h a t  A D P  mhib i t ed  pyrophosphoro lys l s  and  hydrolys is ,  b u t  not  polycondensatlon_ 
F o r  inhibi t ion  of the condensa t ion  the presence of a v -phospha te  in the  nucleoside 
phospha te  seems to be necessary 

The  difference in the  Michaehs cons tants  and  Inhibi tor  cons tants  be tween rlbo- 
and  d e o x y - N T P ' s  mdlca tes  t h a t  the  s t ruc ture  of the  sugar  moie ty  is impor t an t .  To 
prove this, the  3 ' - O H  in T T P  was b locked b y  ace ty la t lon  I t  was found t ha t  the  
po lycondensa t ion  is compe t i t ive ly  inh ib i ted  b y  3 ' - ace ty l -TTP.  In  an exper iment  
where I / , m o l e  of this  inhib i tor  was added  to the  s t anda rd  assay of polycondensatmon, 
an inh ib i tor  cons tan t  of 2 lO -4 mole of 3 ' -ace ty l -TTP/1  was found Obviously,  a free 
3 ' - O H  of the  mononucleo t lde  is recognized b y  the  enzyme,  a l though it  does not  
pa r t i c ipa te  in the  fo rmat ion  of the  dles ter  hnkage  However ,  i t  cannot  be excluded 
t h a t  3 ' - a c e t y l - T T P  can subs t i tu te  T T P  to a cer ta in  extent ,  since in a control  experi-  
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ment the initial velocity of polycondensatmn with 3'-acetyl-TTP was 7 ~o of that found 
with TTP 

DISCUSSION 

In Table I the effect of substrates and inhlbltors are summarized with the 
corresponding Km and K~ values. Pyrophosphate and hydroxyl ions seem to compete 
for the same site of the enzyme in the degradation of DNA, since for each substrate 
t h e  K m  values equal the inhibitor constants K~. Both reactions are inhibited by ATP 
and dATP and the inhibition is approximately competitive for pyrophosphate and 
for hydroxyl runs The inhibition of both reactions by ADP is not competitive Pyro- 
phosphorolysls and hydrolysis and thus polymerase and exonuclease II  activity seem 
to be two functions of the same enzyme. 

T A B L E  I 

E F F E C T S  OF S U B S T R A T E S  A N D  I N H I B I T O R S  

All  v a l u e s  a re  g i v e n  in moles ] l  

Substance Polycondensatzon P wophosphorolyszs Hydrolysis 

K m  = 3 I o - l f l  

I n h i b i t i o n  
T 7 - D N A  
3 " - p - D N A  
O H -  
P P l  
d A T P  

+ d G T P  
+ d T T P  
± d C T P  Km . IO s 

A T P  K~ I lO -2 K ,  - - 2  IO 2 K~ - - 2  lO -a 
3 ' - A c e t y l - T T P  C o m p e t i t i v e  

i n h i b i t i o n  
A D P  N o  i n h i b i t i o n  I n h l b i t l o n  I n h i b i t 1 o n  
d A M P  No  inh ib i t i on  No  m h l b t t l o n  No m h l b l t m n  
D e o x y a d e n o s m e  N o  inh ib i t i on  No  inh ib i t i on  No  inh ib i t i on  

No  inh ib i t i on  No  inh ib i t i on  
/~'~ = 3 " 10--7 K •  3 l O - 7  

/~'m = I IO - 3  K~, - -  I IO - a  

Kz --  I IO -a Kz = 3 I O - 5  

In polycondensatlon the enzyme exhibits a higher specificity than m the degrad- 
ing reactions (I) DNA with a 3'-phosphoryl- end inhibits condensation, but permits 
pyrophosphorolysis and hydrolysis, (2) ADP inhibits the degradmg, but not the 
condensing reaction, (3) ribo-NTP's show a lower inhibition of the condensing than 
of the degrading reactions The reason may be that the deoxyrlbose moiety is essential 
for the condensation, whereas for the lnhlblhon or propagation of the degradmg 
reactions the pyrophosphate moiety is sufficient 

These results lead to some conclusions about the achve site of the enzyme. 
Apparently a site A emsts for which OH-, PP1 and NTP compete (Fig 8a) Evidently, 
the y-phosphate of the trlphosphates competes for this site, because ADP is not a 
competlhve inhibitor for OH- and PP1 In the degradation of DNA, nor for dNTP's In 
the condensation At least two further combining sites B and C may be assumed for 
the dNTP's B might be necessary for the a-phosphate, smce this group has to be 
activated for the nucleophllic attack by the terminal 3'-OH of DNA by removal of the 
negative charge_ A combining site C for the sugar momty is assumed because dNTP's 
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KINETIC STUDIES ON D N A  POLYMERASE 
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are much  s t ronger  inhibl tors  of the  degrada t ion  react ions than  the r N T P ' s  and because 
only der iva t ives  of deoxyr ibose  having  a free 3 ' - O H  are accepted  m condensa t ion  
I t  is not  cer ta in  whe ther  a four th  combining site D exists which recoglnzes correct  base  
pairs  Genetic exper iments  b y  SPEYER 12 indicate  t ha t  a D N A  polymerase  is invo lved  
in the  selection of the  complemen ta ry  base_ 

The second subs t ra te  D N A  is p robab ly  bound  to at  least  two sites of the  enzyme 
One rote a close to A might  be necessary for the  b inding  and ac t iva t ion  of the  t e rmina l  
phosphodies te r  in hydro lys i s  and  pyrophosphoro lys l s  A nucleophlhc a t t a c k  of O H -  
and  PP1 would be very  difficult unless the  negat ive  charge of the  phosphodles te r  is 
t ransfer red  to the  enzyme Anothe r  combining site b close to B is required for the  
3 ' - O H  te rminus  of D N A  P r o b a b l y  o ther  points  of a t t a c h m e n t  exist,  since the  K m  

values  for D N A  wi th  exonuclease I I  are ex t r eme ly  low and are s t rongly  dependen t  on 
i ts  molecular  weight  and  s t ruc ture  LEHMAN found K m =  I 7 l ° -1°  mole/1 for the  
reac t ion  with  na t ive  E_ coli D N A  and 1. 5 • lO .4 wi th  (pT) 5 (ref 6) Af ter  the  subs t ra tes  
have  been bound,  react ions  can occur be tween the groups bound  to A and a (degra- 
da t ion  of DNA) or be tween those bound  to B and b (condensation) If the  te rmina l  
phosphodles te r  bond  is broken,  the  site a of the  enzyme m a y  be shif ted backward  to 
the  ad jacen t  dles ter  group_ 

On the  other  hand,  if a new phosphodles te r  bond  is formed b y  the reac t ions  
be tween the groups a t t ached  to b and B, these sites are released and a forward  shift  
of the  enzyme is possible. Thus  site a is t ransfer red  from the old to the  new &es te r  
group, b IS bound  to the  newly formed 3 ' - O H  end of the  growing chain B and C are 
free to b ind  the a -phospha te  and the  sugar  moie ty  of a new dNTP,  whose y -phospha te  
displaces the  split-off py rophospha t e  from site A (Fig 8b) 

This  t en t a t i ve  model  explains  how polycondensa t lon ,  pyrophosphoro lys l s  and  
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hydrolys is  can be performed b y  ti le same act ive centre of the  enzyme I t  m a y  be useful 
for more deta i led studies of the react ion mechanasm 
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