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Polynucleotide-joining enzymes (ligases) have 
been identified in uninfected and phage-infected 
Escherichia coli (Gellert, 1967; Olivera and  Lehman, 
1967a; Zim m erm an et al., 1967; Gefter et al., 
1967; Weiss and  Richardson, 1967a; Cozzarelli et 
al., 1967). B oth  types of enzyme catalyze the syn
thesis of a phosphodiester bond between the 3' 
hydroxyl and 5 ' phosphoryl term ini of DNA chains 
which have been properly aligned in  a double
helical structure. Such enzymes are of in terest 
because of their possible involvem ent in genetic 
recombination, ‘d a rk ’ repair of ultraviolet-induced 
lesions, and  in  DNA synthesis. I t  has already been 
dem onstrated th a t  the polynucleotide ligase in 
duced by phage T4 is essential for norm al T4 DNA 
replication (Fareed and Richardson, 1967).

An interesting difference between the  E. coli 
and T4-induced enzymes is in  their cofactor re
quirement. W hereas the  phage-induced ligase 
utilizes ATP, which is cleaved in  the course of the 
reaction to  yield 5'-AM P and  inorganic pyro
phosphate (Weiss and Richardson,1967a), the
E. coli polynucleotide-joining enzyme specifically 
requires D PN  which is split to  form 5'-AM P and 
nicotinamide mononucleotide (Olivera and Lehman, 
1967b; Zimmerman et al., 1967; Fig. 1). In  both 
cases, the first step in the  overall reaction consists 
of the transfer of an  adenylate group from the 
cofactor to  the enzyme to form a covalently linked 
enzyme-AMP interm ediate (L ittle e t al., 1967; 
Weiss and Richardson, 1967b; Becker et al., 1967).
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In  this paper we shall first review our studies on 
the form ation of enzyme-AMP in the polynucleo
tide joining reaction and  then  go on to  consider our 
more recent experim ental a ttem p ts  to  determ ine 
the fate of the  enzyme-AMP. These studies have 
led to  the  form ulation of the sequence of reactions 
shown in Fig. 2. Once enzyme-AMP is formed by a 
reaction of enzyme w ith D PN, there is a further 
transfer of the AMP to  the 5' phosphoryl term inus 
of a DNA chain to  generate a new pyrophosphate 
bond linking the AMP and DNA. In  the final step, 
we presume th a t  the DNA phosphate of the  pyro
phosphate is a ttacked  by the 3' hydroxyl group of 
the neighboring DNA chain displacing the activating 
AMP and  forming the phosphodiester bond.

S t o i c h i o m e t r y  o f  P o l y n u c l e o t i d e - J o i n i n g  
R e a c t i o n

For each equivalent of phosphodiester bond 
synthesized in the joining reaction, approxim ately 
one equivalent of D PN  was consumed and  nearly 
equivalent am ounts of AMP and NMN were p ro 
duced (Table 1). This finding provides the  basis 
for the  equation shown in Fig. 1.

E x c h a n g e  R e a c t i o n  B e t w e e n  D PN  a n d  NMN
In  the absence of polynucleotide, the E. coli 

joining enzyme catalyzes an exchange reaction 
between NMN and D PN. No such exchange is 
observed between AMP and DPN. Thus, when 
D PN  labeled w ith 32P  in both  phosphates was 
incubated w ith joining enzyme in the presence of a 
large excess of nonradioactive NMN and AMP, and 
the  reaction m ixture was subjected to  paper 
electrophoresis, 32P  appeared in NMN b u t was
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F ig u r e  1. T h e  re a c tio n  c a ta ly z e d  b y  th e  p o ly n u c le o tid e - jo in in g  en zy m e  fro m  E. coli. T h e  re a c tio n  sh o w n  d e p ic ts  th e  
joimng of sh o r t p o ly  d T  se g m e n ts  ( a b o u t lOO resid u es) h y d ro g e n -b o n d e d  to  a  lo n g  p o ly  dA  c h a in  (a b o u t 3000 residues) 
(Uhvera and L e h m a n , 1967a).
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Figure 2. P o s tu la ted  m echanism  of th e  reaction  catalyzed  by th e  E . coli jo in ing  enzym e. D P N  is w ritten  as N R P -P R A  
to  em phasize th e  p y rophosphate  bond betw een th e  nicotinam ide m ononucleotide (N R P) an d  adenylic acid (PKA) m oieties 
o f th e  D P N  molecule. The designation  of enzym e-A M P as E -P R A  is no t m ean t to  im ply th a t  linkage of the  AMP to  th e  
enzym e is necessarily th ro u g h  th e  phosphate  group.

to tally  absent from the area of the  electrophero- 
gram  occupied by AMP. In  the experim ent shown 
in Pig. 3, approxim ately 30%  of the 32P of the 
D PN  was recovered as NMN, indicating th a t 60% 
exchange had occurred.

These results im ply th a t an  enzyme-AMP in te r
m ediate is form ed in  the  course of the poly
nucleotide-joining reaction.

I s o l a t io n  o f  E n z y m jo - A d e n  y l a t e

The enzyme-AMP predicted by the DPN-NM N 
exchange reaction could be dem onstrated directly

by gel electrophoresis. Joining enzyme was 
incubated w'ith 32P-labeled D PN  in the  absence of 
DNA under standard  conditions and  the reaction 
m ixture subjected to  disc gel electrophoresis 
(Jovin et al., 1964). W hen the gel was stained w ith 
amido black, two m ajor and several m inor protein 
bands appeared; the 32P  coincided w ith only one 
of the  two m ajor protein bands (Fig. 4).

Enzyme-AM P could also be isolated by density 
gradient sedim entation. W hen polynucleotide- 
joining enzyme was incubated w ith 32P-labeled 
D PN  in the absence of DNA, and the reaction

Table 1. Stoichiometry of the J oining Reaction

R eaction D P N AMP NMN
Phosphodiester 

bonds synthesized
m ix tu res (/«,{«moles) (/^i«moles) (/^umoles) (^ m o le s )

C ontro l-dA : dT 30.8 < 0 .1 0.8 —
Com plete 11.8 19.8 16.0 16.4

A - 1 9 .0 +  19.8 +  15.2 +  16.4

A reaction  m ix tu re  (0.15 ml) con tain ing  10 mM Tris-HCl, p H  8.0, 2 m.M MgCl.,, 1 m>i E D T A , 7.5 jjg bovine 
p lasm a album in , 0.26 f,iM (in term ini) 5' 32P-poly dT  (1.4 X 10® count/m in/^.m ole) 0.21 /v.m  32P-D PN  (10s 
couiit/m in//iinole), labeled in b o th  phosphate  groups (isolated from  32P-labelcd E. coli as described by  Olivera 
an d  L ehm an, 1967b, 0.26 niM poly dA  (in nucleotide residues) a n d  1.2 u n its  of joining enzym e was incubated  
for 120 m in  a t  30°0, then  heated  a t  100°C for 2 m in. Two contro l reac tion  m ix tu res were set up, one lacking 
joining enzym e an d  th e  second lacking th e  d A ; dT  sub stra te . P hosphodiester bond syn thesis was m easured  by 
trea tin g  a liquo ts of th e  reaction  m ix tu res w ith phosphatase  an d  m easuring  acid-preoipitable 32P  as described 
previously  {Olivera and  L ehm an, 1968). D P N  a n d  AM P were determ ined by p ap er electrophoresis as des
cribed in th e  legend to  F ig. 3. U nder these conditions, th e  poly dT  su b s tra te  rem ained a t the  origin; the  AMP 
and  D P N  were well sep ara ted  an d  th e ir concen tra tions could bo d e term ined  accu rate ly ; however, NM N was 
n o t adeq u a te ly  resolved from  the 32P-poly  dT. I t  was sep ara ted  from  th e  o th er com ponents of the  reaction  
m ix tu re  by  electrophoresis a t  p H  3.4 in 0.02 m  c itra te  buffer. The tw o contro l reactions (lacking d A :d T  or 
enzym e) gave su b stan tia lly  th e  sam e results.
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Figure 3. E xchange reac tion  betw een NM N a n d  D P N . 
Two reac tion  m ix tu res (0.1 ml) were p repared  con tain ing  
10 mM Tris-H Cl, p H  8.0, 2 mM MgCl2, 1 mM E D T A , 1.45 
lim 32P -D P N  (2 X 108 coun t/m in /^m ole) labeled  in b o th  
phosphate  groups an d  0.5 u n it  o f join ing  enzym e; one 
reaction  m ix tu re  was m ade 0.15 mM in  AM P a n d  0.15 mM 
in NM N. B o th  reac tions were incubated  a t  30°C for 20 
m in; an  add itional 1.8 u n its  o f enzym e were ad ded  to  each 
and  th e  m ix tu res were in cu b a ted  again  for 40 m in  a t  30°. 
The reac tion  m ix tu res were h ea ted  a t  100° for 2 m in, th en  
sub jected  to  p ap er e lectrophoresis (5000 v o lts  for 60 m in) 
in 0.015 m c itra te  buffer, p H  5.5, w ith  AM P, D P N  an d  
NM N as m arkers. The pap er was cu t in to  s trip s ( 1 x 4  
cm) an d  th e ir  rad io ac tiv ity  determ ined . The sm all peak  
of rad io ac tiv ity  m ig ra ting  sligh tly  ah ead  of NMN in th e  
control m ix tu re  is a n  im p u rity  in th e  32P -D P N  p rep ara tion .

m ixture analyzed (after dialysis) by sucrose density 
gradient sedim entation, a single peak of acid- 
insoluble rad ioactiv ity  appeared which cosedi- 
m ented alm ost exactly  w ith joining enzyme 
activ ity  (Fig. 5).

R.F.

Figure 4. Disc gel electrophoresis of enzym e-A M P. A 
reaction m ix tu re  (1.0 ml) con ta in ing  0.3 //m 32P -D P N  
(3 x  108 coun t/m in /^m ole) labeled  in  b o th  phosphate  
groups, 10 mM Tris-HCl, p H  8.6, 3 mM MgCl2 a n d  30 un its 
of enzym e was incu b a ted  for 10 m in  a t  30°C, th en  sub jected  
to  polyacrylam ide gel electrophoresis according to  Jo v in  
e t al. (1964). A fter sta in ing  w ith  am ido black, th e  gel was 
cu t in to  2 m m  slices an d  rad io ac tiv ity  o f th e  slices d e 
term ined.

Figure 5. D em o n stra tio n  of enzym e-A M P by  sucrose 
d en sity  g rad ien t sed im en tation . T he reac tion  m ix tu re  
(2.0 ml) co n ta ined  10 mM Tris-H Cl, p H  8.0, 7 mM MgCl2, 
1 mM E D T A , 50 [a,g/m l o f bovine p lasm a a lbum in , 0.5 
fXM. 3H -D P N  (1.8 X 108 eoun t/m in /^m ole), a n d  20 u n its  
o f join ing  enzym e. A fte r in cubation  for 30 m in  a t  30°C, 
40 /mmoles o f E D T A , p H  8.7, a n d  0.2 m g of bovine p lasm a 
a lbum in  w ere added , an d  th e  m ix tu re  d ialyzed against
1 lite r o f 0.5 m (N H 4)2S 0 4, 10 mM Tris-H Cl, p H  8.0 (3 
changes). T he d ialyzed so lu tion  w hich con ta ined  1400 
coun t/m in /m l w as cen trifuged  in a  5 -2 0 %  sucrose g rad ien t 
con tain ing  0.5 m (N H 4)2S 0 4, 10 mM Tris-HCl, p H  8.0 
an d  0.1 m g/m l a lbum in , a t  38,000 rp m  for 26 h r  a t  10°, 
using th e  SW 39 ro to r o f th e  Spinco m odel L centrifuge. 
A t th e  end  of th e  ru n , 20-drop frac tions were collected; 
0.1 m l-aliquo ts o f each frac tion  were h ea ted  a t  100°C for 2 
m in  a n d  acid-precip itab le  32P  was determ ined. The 
rem ainder of each  frac tio n  was used to  assay  joining 
enzym e a c tiv ity  (O livera a n d  L ehm an, 1967a).

The linkage of AMP to  the polynucleotide-joining 
enzyme was rem arkably stable to  trea tm en t w ith 
both acid or alkali (Table 2). AMP was released only 
after exposure to  0.3 N HC1 for 1 to  3 hr a t  37° or 
after boiling in 1 N NaO H  for 15 min.

Table 2. Stability of Enzyme-AMP

C onditions
%  Enzym e-A M P 

rem aining

C ontrol (no trea tm e n t) 100
0.3 N HC1, 60 m in, 0°C 100
0.3 N HC1, 60 m in , 37°C 50
0.3 N HC1, 180 m in, 37°C 8

0 . 1 s  N aO H , 60 m in , 30°C 100
] .0 n  N aO H , 60 m in, 30°C 106
1.0 N N aO H , 15 m in , 100°C < 0 .1

E nzym e-A M P was p rep ared  by  incubating  16.3 ///./moles 
of 3H -D P N  (2.0 X 109 count/m in/ium ole) p repared  from  
3H -A T P a n d  NM N using D PN -pyrophosphory lase  (K orn- 
berg, 1950), w ith  5.3 u n its  of join ing  enzym e in a  series of 
reac tion  m ix tu res  (0.08 m l), each con tain ing  10 m M  Tris- 
HCl, p H  8.1, 5 m M  MgCl2 an d  50%  glycerol, for 20 m in 
a t  30°C. T he reac tions were te rm in a ted  by  th e  add ition  
of 0.2 m  E D T A  (pH  7.5). 1 N N aO H  or 0.3 s  HC1 were 
ad ded  an d  th e  reac tion  m ix tu res trea te d  as indicated . 
T hey  were th en  chilled to  0°C a n d  neu tra lized . Acid- 
p recip itab le  3H  w-as d e te rm ined  as described previously  
(O livera a n d  L ehm an, 1968). A value of 100%  represen ts 
0.33 /j/im ole o f enzym e-A M P.
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E v i d e n c e  t h a t  E n z y m e -A d e n y l a t e  i s  a n  
I n t e r m e d i a t e  i n  t h e  J o i n i n g  R e a c t i o n

W hen enzyme-AMP labeled w ith 3H  in the 
adenine m oiety (synthesized w ith 3H-adenine- 
labeled DPN) was trea ted  with NMN, essentially 
all of the AMP w-as released into an  acid-soluble 
form (Fig. 6). A ddition of ̂ >X R F II  (the covalently 
closed duplex circular form of <f>X 174 DNA 
bearing one or more single-strand breaks [Burton 
and  Sinsheimer, 1965J) a t 20° or 30°C resulted in 
an  equally prom pt conversion of the  3H-AMP to 
acid-solubility. Release of AMP from enzyme-AMP 
by  </>X R F II  required a divalent cation (Mg++) 
and  was prevented by the addition of EDTA. 
A relatively slow liberation of 3H-AM P in the 
presence of </>X R F II  occurred even a t  0°C.

I s o l a t i o n  o f  D N A - A d e n y l a t e

The slow release of AMP from enzyme-AMP 
prom oted by </>X R F II  a t 0° suggested th a t, under 
such conditions, it m ight be possible to  dem on
strate  a second interm ediate compound in the 
joining reaction, possibly one in  which a DNA 
term inus (3' hydroxyl or 5' phosphoryl) is activated  
by attachm ent of either the enzyme or the  AMP 
group of the enzyme-AMP. In  fact, a DNA- 
adenylate interm ediate did appear under these 
conditions.

Joining enzyme, 3H-adenine-labeled D PN, and 
phage 2DNA containing m ultiple single-strand 
scissions w'ere incubated briefly a t  0°. The reaction

F ic ju re  6. R elease o f AM P from  enzym e-A M P by  NM X 
and  <£X R F I I .  The reac tion  m ix tu res (0.05 ml) con tained  
enzym e-A M P (25 coun t/m in  p repared  from  3H -D P X  
w ith  a  specific a c tiv ity  o f 8.3 x  10e count/m in //onole), 
10 mix Tris-HCl, p H  8.0, 7 mM Mg012, 1 mM E D T A  and  
either 86 fiisi 0X 174 R F I I  (in nucleotide residues) or 
NMN (2 m M ). A fter incubation  under th e  conditions 
specified, th e  reac tions were te rm in a ted  by  th e  add ition  of 
E D T A  to  a  final concen tra tion  of 0.02 m; th ey  were then  
h ea ted  a t  100°C for 3 m in an d  acid-precip itable 3H  was 
d eterm ined . A to ta l of 500 counts over background  were 
recorded for th e  enzym e-A M P sam ple p rio r to  trea tm en t.

F ig u r e  7. D em onstra tion  of D N A -adenylate by  CsCl 
den sity  g rad ien t cen trifugation . R eaction  m ix tures 
(0.15 ml) con tain ing  25 m M  Tris-HCl p H  8.0, 10 m M  
MgCl2, 2.5 m M  E D TA , 9 fig  of bovine p lasm a album in, 
134 un its  o f th e  polynucleotide joining enzym e and  0.8 jlim 
3H -D P N  (1.8 x  109 count/m in /^m ole) were incubated  for
5 m in a t  30°C. P hage ). DN A  (80 fig  in 0.2 ml) contain ing  
m ultip le  sing le-strand  b reaks (prepared  as described 
below) was added , th e  reac tion  m ix tu res thoroughly  s tirred  
an d  incu b a ted  a t  0° for th e  ind icated  tim es. The reactions 
w ere te rm in a ted  by th e  add ition  of 0.03 m l of 0.66 m  
glycine buffer, p H  10.2 con tain ing  0.33 m  ED TA . F or th e  
‘0 m in u te ’ sam ple, th e  g lycine-ED TA  was ad ded  ju st 
p rio r to  the  DNA. The sam ples wore sub jected  to  CsCl 
density  g rad ien t cen trifugation  an d  an  a liquo t of each 
frac tion  was used to  determ ine acid-insoluble 3H .

Phage  A D N A  contain ing  m ultip le  sing le-strand  breaks 
w as p rep ared  by  tre a tm e n t o f th e  DNA w ith  pancreatic  
D N ase. A reac tion  m ix tu re  (0.6 ml) con tain ing  17 m M  
Tris-H C l, pH  8.0, 5 m M  MgCl2, 1.7 m M  E D T A , 50 fig of 
bovine p lasm a album in , 240 fug of ADNA an d  0.002 fig  of 
p an creatic  D N ase was incu b a tcd  for 10 m in a t  37°C; an 
ad d itio n al 0.003 fig  o f pancreatic  D N ase was ad d ed  and 
th e  m ix tu re  incu b a ted  for 5 m in  m ore a t  37°C. The 
D N ase-trea ted  DN A  p rep ara tio n  was used im m ediately.

was then  term inated and the m ixture subjected to 
CsCl density  gradient centrifugation. As shown in 
Fig. 7, a small peak of acid-precipitable 3H 
appeared a t the buoyant density characteristic of 
?. DNA. In  the case of the  sample incubated for 
10 min, th is peak am ounted to  approxim ately
0.6%  of the  3H  found a t  the top of the gradient, 
where enzyme-AMP would be expected to  band. 
In  a separate run, joining enzyme activ ity  was
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found exclusively a t  the  top  of the  gradient; less 
th an  0.01 % could be detected a t  the  buoyant 
density of X DNA. The level of radioactiv ity  which 
sedimented w ith X DNA increased w ith decreasing 
tim e of incubation a t  0°. Thus, after incubation for 
only 30 seconds, the am ount of 3H  in the DNA- 
adenylate peak increased to  4%  of th a t present in 
the enzyme-AMP. Term ination of the reaction 
after mixing 3H -D PN  and  enzyme, bu t before the 
addition of DNA (‘0 m in’ sample), prevented the 
accum ulation of 3H in the  position of the  gradient 
occupied by X DNA. Similarly, in an  experim ent 
not shown here, there was no detectable DNA- 
adenylate when denatured X DNA was used in 
place of native X DNA. In  both cases, despite the 
absence of radioactiv ity  a t  the density of X DNA, 
enzyme-AMP was formed, as judged by the appear
ance of high levels of acid-insoluble 3H  a t the  top 
of the  density  gradient. W hen heat-inactivated  
joining enzyme was used, no acid-insoluble 3H  
could be observed a t  any position in the 
gradient.

Other a ttem pts to  detect an  “ac tiva ted” DNA 
in the joining reaction which have no t succeeded 
are notew orthy because they  provide additional 
insights into the reaction mechanism. In  these 
experiments, single-stranded DNA or double
stranded structures containing single-stranded gaps 
were used in the  expectation th a t  the  activated  
chain term inus would be insusceptible to  a ttack  by 
the apposing term inus (3' hydroxyl or 5 ' phosphoryl) 
because of its physical inaccessibility and would 
therefore accum ulate. However, there was no 
evidence for the transfer of AMP or enzyme from 
enzyme-AMP to the  DNA under any  of the con
ditions examined, and it would appear th a t  the 
enzyme is incapable of binding DNA structures of 
this type.

E v i d e n c e  t h a t  DNA-A d e n y l a t e  i s  a n

I n t e r m e d i a t e  i n  t h e  J o i n i n g  R e a c t i o n

The DNA-adenylate isolated after CsCl density 
gradient centrifugation displayed the properties 
expected of an  interm ediate in  the  joining reaction. 
Thus, the 3H-AM P was quantita tive ly  converted 
into an acid-soluble form upon trea tm en t of the 
DNA-adenylate w ith joining enzyme in the 
absence of D PN  (Table 3). The liberated 3H  was 
identified chrom atographically as 5 '-AM P; after 
treatm en t w ith E. coli alkaline phosphatase 
(Garen and Levinthal, 1960), it  chrom atographed 
with adenosine. U nder conditions where there was 
a quantita tive  removal of AMP from native DNA- 
adenylate, no AMP was released by trea tm en t of 
heat-denatured DNA-adenylate w ith joining en
zyme. Although approxim ately one-third of the 3H 
was made acid-soluble, chrom atographic examina-

Table 3. Release of AMP m o m  DNA-Adenylate in 
th e  Absence op DPN

U nits of enzym e
‘N a tiv e ’

D N A -adenylate
H e a t - d enatu red  
D N A -adenylate

%  of 3H  m ade acid-soluble

6.0 100 35*
0.2 60 —
0.06 32 2

* The acid-soluble 3H  form ed in th is  experim ent was no t 
free AM P (see tex t) .

R eaction  m ix tu res (0.1 ml) con tained  10 mM Tris-HCl, 
p H  8.0, 2 mM MgCl2) 1 mM E D T A  an d  5 /./g of bovine 
plasm a a lbum in , th e  ind ica ted  am oun ts of joining enzym e 
a n d  e ith e r n a tiv e  D N A -adenylate  (2 /ig  of DNA, 20 
count/m in), or D N A -adenylate  w hich h ad  been d enatu red  
by heating  a t  100°C for 2 m in. A fter incubation  a t  37°C 
for 30 m in, th e  reac tion  m ix tu res were h ea ted  a t  100°C for
2 m in a n d  acid-soluble 3H  was determ ined. A m inim um  of 
400 coun ts over background  were recorded for th e  sam ple 
in w hich all of th e  AM P w as re ta in ed  in th e  DNA- 
adeny late .

tion showed it to  be associated w ith oligonucleotide 
m aterial, suggesting th a t  it resulted from the action 
of a contam inating nuclease.

S i t e  o f  L i n k a g e  o f  AMP t o  DNA 
The two plausible sites in  DNA to  which AMP 

m ay be bound are a t  the 5' phosphoryl and  3' 
hydroxyl term ini. E. coli exonuclease I  should 
be capable of distinguishing between these two 
possibilities. This enzyme a ttacks single-stranded 
DNA sequentially from the 3' hydroxyl end, 
producing 5' mononucleotides, bu t leaves the 
5 '-term inal dinucleotide in tac t (Lehman and Nuss- 
baum, 1964). Thus, if the  AMP were linked to  the 
5' phosphoryl term inus of the chain, digestion by 
exonuclease I  should yield a trinucleotide in which 
AMP is linked to  the  term inal dinucleotide through 
a pyrophosphate bond (Fig. 8a). On the other hand, 
if the AMP were in phosphodiester linkage a t  the  
3' term inus, it  should be released as free AMP 
(Fig. 8b).

To serve as a model compound in these experi
m ents, DNA w ith 3H-labeled riboadenylate a t its 
3' term ini was prepared (Berg et al., 1963; 
R ichardson and K ornberg, 1964). This DNA and 
the isolated DNA-adenylate interm ediate were 
heat-denatured, then  trea ted  w ith exonuclease 1 
and alkaline phosphatase, and the products 
chrom atographed. In  the  case of the DNA with 
3 '-term inal AMP, the  only product formed was 
adenosine (Fig. 9); AMP m ust therefore have been 
released by the action of exonuclease I. On the 
other hand, trea tm en t of the isolated interm ediate 
w ith exonuclease I  and alkaline phosphatase 
yielded products which formed a broad radioactive 
peak on the chrom atogram  a t the position ex
pected of a m ixture of trinucleotides (Fig. 9).
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F ig u r e  8. A ction o f exonuclease I  on polynucleotide chains w ith (a) AM P in pyrophosphate  linkage a t  th e  o' term inus 
a n d  (b) AM P in phosphodiester linkage a t  th e  3' term inus.

Digestion of synthetic poly dT /adenylate1 (see 
below) w ith these enzymes produced a similar 
peak of radioactiv ity  in  tho trinucleotide region 
of the chrom atogram . These da ta  indicate th a t the 
AMP is linked a t the 5' end of the isolated DNA- 
adenylate. Moreover, the finding th a t the  products 
of exonuclease I  digestion m igrated to  tho position 
on the chrom atogram  occupied by a trinucleoside 
triphosphate even after phosphatase trea tm en t is 
consistent w ith the presence of an internal pyro
phosphate group linking the AMP to  the 5' 
phosphoryl term inus of the DNA.

A c t i v i t y  o f  S y n t h e t i c  P o l y  d T -A D E N Y L A T E
a s  a  S u b s t r a t e  f o r  t h e  J o i n i n g  E n z y m e

To determ ine directly whether the joining reaction 
involves form ation of a pyrophosphate linkage 
between AMP and the 5' phosphoryl term inus of 
the polynucleotide chain, the  presum ptive in te r
m ediate was synthesized and tested as a substrate 
for the joining enzyme.

Poly dT-adenylate was prepared by condensing 
3H-AM P w ith :i2pTpTpT using the m orpholidate 
m ethod of M offatt and K horana (1961), and  then 
adding additional deoxythym idylate residues to 
the  3' hydroxyl end of the  d(pT )3 moiety by using 
the  3H -Ap32pTpTpT as an in itia to r in a reaction 
catalyzed by calf thym us deoxynucleotidyl trans-

1 The ab b rev ia tio n s arc those recom m ended b y  J .  Biol. 
Chem., 242, 1 (1967). The following add itional a b b rev i
a tio n s are used: po ly  d T -adeny la te , a  hom opolym er of 
deo x y th y m id y la te  residues b ound  in pyrophosphate  
linkage to  AM P; pT p T p T  or d (p T )3, a  trinuc leo tide  com 
posed of deo x y th y m id y la te  residues te rm in a ted  by  a  
5' p hosphate; A ppT pT pT , AM P bound  in  pyrophosphate  
linkage to  th e  5' phosphate  of pT p T p T : poly dA, a  hom o
polym er o f deoxvadeny la te ; d A :d T , poly dA hydrogen 
bonded to  po ly  dT ; 32pT pT pT , d (p T )3 in  w hich th e  5'- 
te rm in al phosphate  is labeled w ith  32P , 3H -A p32pT pT pT , 
3H-A M P in pyrophosphate  linkage to  the  5 '-phosphate  of 
32pT pT pT .

ferase (Yoneda and Bollum,1965). The average 
chain length of the product was 100 deoxy. 
thym idylate residues; the 32P was acid-precipitable 
and was insusceptible to  alkaline phosphatase 
except after heating for 15 min a t 100° in 1 N HC1. 
As noted above, trea tm en t of the poly dT-adenylate 
w ith E. coli exonuclease I  and alkaline phosphatase 
yielded products which m igrated as a m ixture of 
trinucleotides. Digestion with exonuclease I  and 
venom phosphodiesterase (Sinsheimcr and  Koerner, 
1952) resulted in the quan tita tive conversion of the 
32P  to  a form which cochroinatographed w ith 5'-
dTMP.

The double label in the poly dT-adenylate 
enabled us to  measure sim ultaneously the  release 
of 3H-AM P from the polynucleotide and the 
incorporation of the 32P-labeled term inal phosphate 
into phosphodiester linkage.

W hen the poly dT-adenylate was incubated w ith 
joining enzyme in the presence of poly dA (to 
perm it its incorporation into a double-stranded 
structure) bu t in the  absence of DPN, 3H  was 
released as an  acid-soluble product, identified 
chrom atographically as AMP. A nearly equivalent 
am ount of 32P  was converted to a form which was 
insensitive to  alkaline phosphatase after heating 
in 1 n  HC1 a t 100° for 15 min (Table 4). Upon 
degradation of the product to  3' mononucleotides 
by the combined action of micrococcal nuclease 
(Cunningham et al. 1956) and spleen phospho
diesterase (Hilrnoe, 1960), all of the 32P  was found 
to  be associated w ith 3'-dTM P, a result which is 
consistent w ith its incorporation into a phospho
diester bond. Thus, there is a stoichiometric 
correspondence between cleavage of the pyro
phosphate bond linking polv dT and AMP on the 
one hand and phosphodiester bond form ation on 
the other. B oth  the release of AMP and the
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incorporation of the  32P  into phosphodiester 
linkage required th a t poly dA be present.

The reaction mechanism for the  polynucleotide 
joining enzyme as proposed in Fig. 2 predicts th a t 
adenylation of the enzyme (to form enzyme-AMP) 
would render it  inactive in the  reaction w ith poly 
dT-adenylate. Consistent w ith th is prediction was 
the observation th a t preincubation of the enzyme 
w ith 0.3 m M  D PN  prior to  the addition of poly 
dT-adenylate resulted in 95 % inhibition of phospho
diester bond form ation.

-2 0 2 4 6 8 1 0 1 2 1 4 1 6  18 20 22 24 26 28 3032 
Centimeters from origin

F ig u re  9. P ap e r electrophoresis of D N A -adenylate  in te r
m ediate an d  D N A  chains w ith  riboadeny la te  a t  th e ir  3' 
term ini (3'-rAM P-DN A) a f te r  tre a tm e n t w ith  exo
nuclease I  (E xo I) a n d  phosphatase . T hree reaction  
m ixtures (0.2 ml each) were p rep ared  con ta in ing  80 m M  
glycine-N aO H , p H  9.5, 8 m M  MgCl2, an d  2.5 m M  /3- 
m ercaptoethanol. To one (reaction m ix tu re  a) were added  
single-stranded DN A  chains w ith  3H -A M P a t  th e ir  3' 
term ini (60 jug DN A, 800 coun t/m in ), 17 u n its  of ex o 
nuclease I  (L ehm an an d  N ussbaum , 1964) a n d  5 u n its  of 
phosphatase. To th e  o th e r tw o were ad ded  h ea t-d en a tu red  
D N A -adenylate (19 fxg D N A , 250 count/m in) a n d  e ither 
exonuclease I  a n d  phosphatase  (b) or phosphatase  alone (c). 
The reac tion  m ix tu res were incu b a ted  a t  37°C for 30 m in, 
th en  chrom atographed  for 18 h r  in th e  1-propanol 
am m onia-w ater system  (L ehm an e t al. 1962). The p ap er 
was dried, th e  nucleotides identified, a n d  th e  rad io ac tiv ity  
determ ined. The values show n correspond to  th e  to ta l 
num ber o f counts, corrected  for background  recorded for 
each strip .

Table 4. Reactivity of Poly dT-Adenylate in the 
Polynucleotide-Joining Reaction

E nzym e poly  dA

aap ;n  
phosphodiester 

linkage 
(/^m o les)

3H -A M P released 
(/(/anoles)

— + 5 7
+ + 38 46
+ — 2 3

The reac tion  m ix tu res  con ta ined , in  a  final volum e of 
0.1 ml, 10 m M  Tris-H C l, p H  8.1, 3 m M  MgCl2, 1 m M  
E D T A , 10%  glycerol, 10 jug bovine p lasm a album in, 
0.42 jUM (in po ly  dT  term in i) 32P-po ly  dT -3H -adeny la te  
(200 co u n t/m in  of 32P  a n d  13 of 3H  per /^amole o f term ini), 
48 jUM (in dAM P residues) po ly  dA  an d  6 u n its  o f p o ly 
nucleo tide-jo in ing  enzym e, as ind icated . A fter 1 h r  a t  
30°C, 0.015 m l-aliquots were rem oved from  each reac tion  
an d  hea ted  w ith  0.05 m l o f 1 n  HC1 a t  100°C for 15 m in.
2 m  T ris p H  8.1 (0.1 ml) a n d  0.12 u n it  of alkaline phos
p h a tase  (G aren a n d  L ev in thal, 1960) were th en  ad ded  and  
th e  reac tion  m ix tu res  incu b a ted  a t  37°C for 30 m in. The 
frac tion  of 32P  adsorbab le  to  N o rit w as m easured  as 
described p rev iously  (O livera a n d  L ehm an, 1967a). To the  
rem ainder o f th e  original incubation  m ix tu res were added 
0.01 ml 0.95 m M  poly dA , 0.1 m l 0.1 m  p yrophosphate , 
0.1 m l 2.5 m g/m l calf th y m u s D N A , a n d  0.5 m l 3.5%  
perchloric acid-0 .35%  u ran y l ace ta te . A fte r 15 m in  a t  
0°C, th e  m ix tu res were cen trifuged  an d  th e  rad io ac tiv ity  
o f th e  su p e rn a ta n t fluid was determ ined .

CONCLUSIONS

The polynucleotide-joining enzyme from E. coli 
catalyzes phosphodiester bond form ation between 
the 3' hydroxyl and 5' phosphoryl term ini of DNA 
chains which have been properly aligned in a 
double-stranded DNA molecule, coupled to  the 
cleavage of the pyrophosphate bond of DPN. 
Our a ttem pts to  understand  the  mechanism of this 
complex reaction have led to  the identification of 
two readily distinguishable partia l reactions. The 
first consists of a transfer of the AMP m oiety of 
D PN  to the  joining enzyme to  form a stable, 
covalently linked enzyme-AMP interm ediate w ith 
the liberation of NMN. In  the second reaction, the 
AMP is transferred  from enzyme-AMP to  the DNA 
to form a D N A -adenylate in which the AMP is 
a ttached  to  the  5' phosphoryl term inus of the DNA 
by a pyrophosphate linkage. In  the  final step of the 
reaction sequence, we presume th a t  the DNA 
phosphate in the pyrophosphate bond of the DNA- 
adenylate is a ttacked  by the 3' hydroxyl group of 
the  neighboring DNA chain, displacing the ac ti
vating AMP group and thus effecting the synthesis 
of the phosphodiester bond.

In  the joining reaction, the energy of the pyro
phosphate bond of D PN  is conserved in the new 
pyrophosphate bond linking AMP and the 5' 
phosphoryl term inus of the  DNA. Interposed 
between D PN  and DNA -adenylate is enzyme- 
AMP. A lthough the  linkage of AMP to  the  enzyme 
has not ye t been identified, it  presum ably is a t  the
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energy level of a pyrophosphate bond. I t  would 
clearly be of in terest to  know the  nature of the 
enzyme-AMP linkage.

Since the T4-induced ligase reaction also p ro 
ceeds via a stable enzyme-AMP interm ediate 
(formed by the reaction of ATP w ith enzyme), 
it seems likely th a t a DNA-adenylate interm ediate 
is involved in th is reaction as well.
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