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The brief publication [1] in Biochimica et Biophysica 
Acta (BBA) entitled "Enzymic Synthesis of De- 
oxyribonucleic Acid", submitted May 2, 1956, was the 
first such report of DNA synthesis, aside from an 
abstract which appeared in Federation Proceedings in 
March of that year [2]. In the BBA paper, we (see 
photograph, p. 55) showed that the incorporation of 
[a4C]thymidine into an acid-soluble, DNase-sensitive, 
alkali-stable product depended on partially purified en- 
zyme fractions, ATP and DNA which was converted to 
an 'active primer'. We expressed the brash hope of 
assembling 'genetically specific DNA'.  

Two years later, we submitted two papers to the 
Journal of Biological Chemistry describing the 2000-fold 
purification of DNA polymerase and the enzymatic 
synthesis of the four deoxyribonucleoside triphosphates 
which the enzyme assembled into long chains. The 
papers were titled: 'The Enzymatic Synthesis of DNA. 
I. Preparation of Substrates and Partial Purification of 
an Enzyme from Escheriehia coli. II. General Properties 
of the Reaction.' The papers were not accepted because 
of the term 'DNA'  in the title. The consensus among 
the many referees after a protracted review was that the 
papers would be acceptable if we used the term "poly-  
deoxyribonucleotide" to identify the synthetic product; 
the use of 'DNA'  could be justified only with a demon- 
stration of genetic activity. To us this seemed unrea- 
sonable, because few if any DNA papers in the Journal 
had been required to fulfill this criterion. Fortunately, 
with accession of John Edsall to the editorship, the 
papers were accepted with DNA in the title [3,4]. 

Primer or template 
Because the historic papers by Watson and Crick in 

1953 [5] proposed that the strands of a DNA double 
helix could serve as templates for replication, it is 
commonly assumed that, in my initial search for DNA 
synthesis in celi-free extracts 2 years later, the DNA I 

included in the reaction mixture was there to serve that 
purpose. Not  so. I added DNA expecting that it would 
serve as a primer for growth of a DNA chain because I 
was influenced by the work of Carl and Gerty Cori on 
the growth of a carbohydrate chain by glycogen phos- 
phorylase. In the BBA paper [1] we refer to the added 
DNA as a source of 'active primer'. I never thought that 
I would discover a phenomenon utterly unprecedented 
in biochemistry: an absolute dependence of an enzyme 
for instruction by its substrate serving as a template. 

I had added DNA for another reason. Nuclease 
action in the extracts was rampant, and I wanted a pool 
of DNA to surround and protect at least some of the 
newly incorporated thymidine. Only later did we learn 
with elation that the added DNA fulfilled two other 
essential roles. It served as a template and also as a 
source of the missing nucleotides. The DNA was cleaved 
by DNases in the extract to nucleotides. These were 
converted by ATP and five kinases in the extract to the 
di- and triphosphates of the A, G, C and T de- 
oxyribonucleosides, which were then still unknown. It 
was not until 1970 that we realized that DNA poly- 
merase cannot start a chain and requires a primer to do 
so. 

Today, when we recognize that the first DNA poly- 
merase, found in E. coli, is prototypical for all DNA 
polymerases and is widely used in the analysis and 
engineering of genes and chromosomes, it may be worth 
recalling crises of doubt and confusion, as well as 
triumphs, that surrounded this enzyme in its early his- 
tory. 

Synthesis without an apparent template 
Having become convinced of the absolute need of 

the polymerase for a template, we were shocked to 
discover the massive synthesis of DNA without any 
added template. After a lag period of hours, the purified 
enzyme made DNA-like polymers of simple composi- 

0006-3002/89/$03.50 © 1989 Elsevier Science Publishers B.V. 
(Biomedical Division) [53] 



tion [6,7]: the alternating copolymers poly(dA • dT) and 
po ly (dG-dC)  and the homopolymer pairs poly(dA)- 
poly(dT) and poly(dG) • poly(dC). These polymers, once 
made, proved to be superior templates and have been 
widely used in DNA chemistry and biology. Subsequent 
studies showed that generation of the polymers de novo 
could be ascribed to the reiterative replication of short 
sequences in the immeasurably small amounts of D N A  
that contaminate a polymerase preparation [8,9]. 

Nuclease in the polymerase 
Knowing that DNA polymerase synthesized a chain 

in the 5' to 3' direction, it made no sense to me then 
that the presumably pure enzyme degraded the very 3' 
end of the chain it would normally be extending. In the 
absence of the deoxynucleoside triphosphates needed 
for synthesis, nucleotide units were cleaved slowly and 
serially from the 3' end of a DNA chain. Eventually, we 
learned that the enzyme removes frayed or mismatched 
units at the end of a primer, thereby permitting fresh 
units to be added to the growing chain end only when it 
is correctly matched to the template chain. We could 
infer that if the synthesizing enzyme were to make a 
rare mistake during elongation of a chain, such as 
inserting a C opposite an A (estimated to happen once 
in ten thousand times), it would remove the mismatched 
C before proceeding with extension of the chain. This 
astonishing proofreading ability of the enzyme [101, 
coupled with its fine discrimination in the initial choice 
of correct building blocks during synthesis, reduces 
errors in the overall process of replication to one in ten 
million. 

Having finally made sense of why an activity that 
degrades DNA is part of the very enzyme that makes it, 
we were unprepared for the observation that nuclease 
activity in DNA polymerase persists even when di- 
gestion from the 3'-end is blocked by an analog or 
phosphate [11,12]. Upon examining this activity, we 
found that a separate domain in the enzyme operates at 
a nick in a duplex to remove nucleotides from the 5' 
end of a chain. Then it became clear that polymerase 
could use this other nuclease function to remove foreign 
structures in DNA, such as the thymine dimer lesion of 
ultraviolet irradiation [13], and as we recognized some 
years later, could perform an essential step in repli- 
cation by removing the RNA that initiates the start of a 
DNA chain. 

Synthesis of genetically active DNA 
For more than 10 years after the BBA paper [1], I 

had to search for excuses at the end of every seminar to 
explain why our DNA product had no biologic activity. 
If the template had been copied accurately, why were 
we unsuccessful in all our attempts to multiply the 
transforming factor activity of DNA from Pneumococ- 
cus, Hemophilus, and Bacillus species? Finally, with the 

discovery of DNA ligase in 1967, a crucial test could be 
made. We replicated the single-strantted circle of phage 
q~X174 with DNA polymerase and then sealed the com- 
plementary product with ligase. The circular product 
strand was isolated and then replicated to produce a 
circular copy of the original viral strand, which could 
now be assayed for infectivity in E. coli [14]. We found 
the completely synthetic viral strand to be as infectious 
as that of the phage DNA we started with [15]! 

After so many years of trying, we had gotten DNA 
polymerase to assemble a 5000-nucleotide DNA chain 
with the identical form, composition, and genetic activ- 
ity of DNA from a natural virus. All the enzyme needed 
was the four A, G, T and C deoxynucleoside triphos- 
phates. At that moment, it seemed there were no major 
impediments to the synthesis of DNA, genes and chro- 
mosomes. The way was open to create novel DNA and 
genes by manipulating the building blocks and their 
templates. 

DNA polymerase cannot start a chain 
Despite the excitement over the synthesis of a chain 

of infectious viral DNA, I had felt a certain uneasiness. 
One of the inferences drawn from the replication of a 
single-stranded, circular template was that DNA poly- 
merase could start a new chain. Yet we were never able 
to find direct proof of this. Moreover, we had observed 
that replication of the circular template was far more 
efficient if a small amount of boiled E. coli extract was 
present. Although it seemed unlikely that a random 
fragment of DNA in the extract would match the viral 
DNA template accurately enough to serve as a primer, 
this proved to be the case. DNA polymerase removed 
the unmatched regions of the partially annealed frag- 
ment by proofreading at the 3' end; with generous 
editing at the 5' end, no trace of the fragment remained 
in the synthetic product. 

We were left with the question of how a DNA chain 
is started, how a single-stranded, circular viral DNA is 
converted to the duplex form upon entering the cell, 
and how nascent chains are initiated in the replication 
of virtually all chromosomes. Indeed, Okazaki had 
shown earlier [16] that chains are started not just once, 
at the beginning of the chromosome, but  repeatedly in 
staccato fashion during the progress of replication. 

DNA polymerase under indictment 
DNA polymerase was called a ' red herring' and 

charged by Nature New Biology in a series of editorials 
with masquerading as a replication enzyme [17]. The 
replicative role of DNA polymerase was questioned 
because of the Cairns mutant of E. coli [18], which 
appeared to lack the enzyme and yet grew and multi- 
pled at a normal rate. In addition to the apparent 
dispensability of DNA polymerase for cell multiplica- 
tion and its more estimable qualifications for repair of 
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DNA, the enzyme could not start a chain and genes 
were being discovered (designated dnaA, dnaB, dnaC, 
etc.) which strongly implicated many other proteins as 
essential for a replication process far more complex 
than we had imagined. 

With the rising skepticism about the importance of 
DNA polymerase, there was serious questioning about 
the validity of the basic mechanism, the building blocks 
and the assays of DNA synthesis. At this juncture, a 
new polymerase was found in E. coil. Named DNA 
polymerase II (pol II) [19], it was clearly different from 
the 'classic' DNA polymerase (pol I) and from still 
another DNA polymerase III (pol III) [20] discovered in 
the course of purifying pol II. Pol III, in a far more 
elaborate form, was to gain recognition as the central 
enzyme of DNA replication in E. coli. 

All three polymerases, although differing signifi- 
cantly in structure, proved to be virtually identical in 
their mechanisms of DNA synthesis, proofreading and 
use of the same building blocks. The maligned pol I 
became the standard for all DNA polymerases in plants, 
animals and viruses, as well as in E. coil. The gloomy 
views of Nature New Biology soon disappeared, as did 
the magazine itself. 

Primosomes, heficases and replisomes 
In 1972, after a 10-year drought of discoveries of new 

enzymes, they came in a torrent. Probing the initiation 
and elongation of DNA of the single-stranded circles of 
the small coliphages (M13, G4, ~X174), illuminated the 
extraordinarily complex assembly of proteins (primo- 
somes) that initiate chains, the multisubunit DNA poly- 
merase III holoenzyme that elongates them and the 
heficases that open duplexes to expose the template for 
replication [21,22]. Similarly, the intensitive studies of 
phages T4 [23,24] and T7 [25] and of animal viruses 
[26,27] have revealed the fascinating variations on con- 
served basic themes of replication. Still unclear and of 
great importance is the cellular spatial organization and 
temporal regulation of these entities. We imagine a 
superassembly of the replication proteins which can 
effect essentially concurrent synthesis of both strands at 
a replication fork. We call it a 'replisome', but it has yet 
to be taken alive. 
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Enzymic synthesis of deoxyribonucleic acid 
We have  repor ted  1 the  convers ion of 14C-thymidine v i a  a sequence of discrete enzymic steps to  
a p roduc t  wi th  the  propert ies  of DNA*. 

ATP ATP ATP 
Thymid ine  -÷  T5P - - - - - - ~  T T P  --~ ' !DNA" (i) 

The  t h y m i d i n e  p roduc t  is acid-insoluble, des t royed by  DNAase,  alkal i-s table and  res i s tan t  to  
RNAase.  We  have  now ex tended  these studies to include adenine, guanine  and  cytosine deoxy- 
nucleotides,  and  wi th  par t ia l ly  purified enzymes from E. coli we have  s tudied fu r the r  the  na tu re  
of the  polymer iza t ion  reaction.  

z2P-labeled deoxynucleot ides  were prepared  by  enzymic digestion of DNA obta ined  from 
E. coli grown in a zZP-containing med ium;  the  nucleotides were then  phosphory la ted  by  a par t ia l ly  
purified enzyme. The pr incipal  p roduc t  of T5P  phosphory la t ion  was separa ted  a s  a single com- 
p o n e n t  in an  ion-exchange ch r om a t og ram and  identified as TTP.  The rat ios of t hymid ine : ac id -  
labile P : t o t a l  P were 1.oo:2.o 3:3.o8. Enzymic  format ion  of the  di- and  t r iphospha tes  of deoxy- 
adenosine and  the  pyr imid ine  deoxyribonucleosides has  been observed z and  the  presence of 
pyr imidine  deoxyribonucleoside po lyphospha tes  in t h y m u s  ex t rac t s  has  been repor ted 8. 

Polymer iza t ion  of T T P  requires ATP, a hea t - s t ab le  DNA fragment(s) ,  provis ional ly  regarded 
as a primer,  and  two enzyme fract ions (called S and  P;  previously 1 called A and  B, respectively} 
each  of which has  thus  far  been purified more  t h a n  Ioo-fold (Table I). Pre l iminary  studies sugges t  
t h a t  T D P  can replace T T P  and  has  the  same requi rements  for incorpora t ion  into DNA;  a decisior~ 
as to the  more immedia te  precursor  requires fu r ther  purif icat ion of the  system. 

" P r i m e r "  for the  crude enzyme fract ion was ob ta ined  (I) by  the  act ion of crystal l ine pan-  
creat ic  DNAase  on E. coli D N A  or (2) on t h y m u s  DNA,  or (3) b y a n  E. coli enzyme fract ion (SP) 
ac t ing on D N A  conta ined  in it. However,  " p r i m e r "  for the  purified enzyme fract ion was obta ined  
only  wi th  me thod  (3); the  act ion of pancrea t ic  DNAase  on ei ther  E. coli or t h y m u s  D N A  did 
not  yield "p r imer" ,  These findings imply  the  existence of an  ac t iv i ty  in the  crude enzyme fract ion 
responsible for the  format ion  of act ive "p r imer" .  The chemical  propert ies  of the  unpurif ied 
" p r i m e r "  resemble those of a par t ia l  digest of DNA.  

Uti l izat ion of the  po lyphospha tes  (presumably  t r iphosphates)  of adenine, guanine  and 
cytos ine  deoxynucleosides for DNA synthesis  occurs a t  ra tes  approx imate ly  equal  to those . for  
T T P  in crude enzyme fractions, bu t  a t  appreciably  slower ra tes  wi th  the  enzyme purified for 
T T P  polymer iza t ion  (Table II).  These changes in ra t io  suggest  the  presence of different enzymes 
for each of the  deoxyribonucleoside t r iphosphates .  Mixtures  of these t r iphosphates ,  each tes ted 
a t  concent ra t ions  near  enzyme sa tura t ion,  gave addi t ive  or superaddi t ive  rates,  fu r ther  suggesting 
different enzymes for each of the  subs t ra tes  and  a faci l i ta t ion of polymerizat ion by  such mixtures.  

Studies are in progress to define the  mechanism of the  polymeriza t ion react ion and  the  

* Abbrev ia t ions  used are:  DNA, deoxyribonucleic  acid; ATP, adenosine t r iphospha te ;  T5P, 
t hymid ine -5 ' -phospha te ;  TDP,  thymid ine  d iphospha te ;  TTP, thymid ine  t r iphospha te ;  DNAase, 
deoxyr ibonuclease;  RNAase,  ribonuclease.  
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linkages and  sequences in the  DNA-like p roduc t  formed. F u r t h e r  invest igat ions  wi th  phage-  
infected E. col# and studies wi th  biologically act ive DNA m a y  begin to clarify the  quest ion of 
how genetical ly specific DNA is assembled. 

T A B L E  I 

REQUIREMENTS OF THE PURIFIED SYSTEM 

Ex t rac t s  of E. colt B prepared  by  sonic d is in tegra t ion were t r ea ted  wi th  s t r ep tomyc in  to yield 
a precipi ta te  (fraction SP) and  a s u p e r n a t a n t  fluid (fraction SS). A m m o n i u m  sulfate, gel and  
acid f rac t ionat ion  procedures applied to f ract ions SP and  SS yielded fract ions P and  S, respectively.  
E. colt DNA was prepared  by  hea t ing  f ract ion SP (optical dens i ty  a t  26o m/~ = I5) a t  7 °o for 
IO minutes .  To produce "p r imer" ,  o.i  ml  of E. colt DNA was combined  wi th  4 ° y of f rac t ion SP;  
af ter  I hour  a t  37 ° in the  presence of 5" I o - a M  MgC12, the  mix tu re  was hea t ed  for io  minu tes  
a t  8o °. The  complete  sys tem conta ined (in 0. 3 ml) O.Ol 4 #mole  of T T P  (1. 5 .1o  s e.p.m.//~mole), 
o.i  #mole  of ATP, o . io  ml of "p r imer" ,  IO ~ of f ract ion S, i ~ of f rac t ion P, I #mole  of MgCI~, 
and  20 / tmoles  of glycine buffer, p H  9.2. After  incuba t ion  for 30 minu tes  a t  37 °, 0.o 5 ml of crude 
E. colt ex t rac t  ("carr ier")  and  o. 3 ml of 7 %  perchloric acid were added. The prec ip i ta te  was 

washed, p la ted  and  its rad ioac t iv i ty  measured.  

mlxmoles DNA-P/hour 

Complete sys tem 1.48 
No ATP 0.20 
No " p r i m e r "  o. i i 
No enzyme fract ion S o.07 
No enzyme fract ion P o.o 4 

T A B L E  n 

CONVERSION OF FOUR DEOKYNUCLEOSIDE TRIPHOSPHATES 

The  incuba t ion  mix tures  and  assays were as described in Table I except  t h a t  (i) t he  concen t r a t i ons  
of deoxynueleoside t r iphospha tes  were 1.5. Io-SM, and  (2) the  crude enzymes were 60 ~, of f ract ion 

SP and  240 y of f rac t ion  SS. 

Triphosphates 

Tested with Tested with 
purified enzymes 

crude enzymes (lot TTP) 

mltmoles D NA - P /hour 

Thymid ine  (T) 0.8 5.48 
Deoxyguanosine (G) 0.6 0.98 
Deoxycyt id ine  (C) 0.8 1.44 
Deoxyadenosine (A) o.6 1.28 
T + G 2.2 14.6 
T + G + C 4.4 19.6 
T +  G + C + A 6. 4 22.0* 
T + G + C + A (no "p r imer" )  2.0 o.28 

* 65 % conversion of subs t ra te .  
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