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On the Mechanism of the Polynucleotide Joining Reaction

BarLpoMERO M. OLivERA,T ZacH W. Harr,§ YasuHtRo ANRAKU, JANICE R. CHIEN
AND I. R. LEnmax
Department of Biochemistry, Stanford University School of Medicine, Stanford, California

Polynucleotide-joining enzymes (ligases) have
been identified in uninfected and phage-infected
Escherichia colt (Gellert, 1967 ; Olivera and Lehman,
1967a; Zimmerman et al., 1967; Gefter et al.,
1967; Weiss and Richardson, 1967a; Cozzarelli et
al., 1967). Both types of enzyme catalyze the syn-
thesis of a phosphodiester bond between the 3’
hydroxyl and 5" phosphoryl termini of DNA chains
which have been properly aligned in a double-
helical structure. Such enzymes are of interest
because of their possible involvement in genetic
recombination, ‘dark’ repair of ultraviolet-induced
lesions, and in DNA synthesis. It has already been
demonstrated that the polynucleotide ligase in-
duced by phage T4 is essential for normal T4 DNA
replication (Fareed and Richardson, 1967).

An interesting difference between the E. coli
and T4-induced enzymes is in their cofactor re-
quirement. Whereas the phage-induced ligase
utilizes ATP, which is cleaved in the course of the
reaction to yield 5'-AMP and inorganic pyro-
phosphate (Weiss and Richardson,1967a), the
E. coli polynucleotide-joining enzyme specifically
requires DPN which is split to form 5-AMP and
nicotinamide mononucleotide (Olivera and Lehman,
1967b; Zimmerman et al., 1967; Fig. 1). In both
cages, 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 intermediate (Little et al., 1967;
Weiss and Richardson, 1967b; Becker et al., 1967).

1 Present address: Department of Biochemistry,
University of the Philippines, College of Medicine, Manila,
Philippines.

I Present address: Department of Neurobiology,
Harvard Medical School, Boston, Massachusetts.

In this paper we shall first review our studies on
the formation of enzyme-AMP in the polynucleo-
tide joining reaction and then go on to consider our
more recent experimental attempts to determine
the fate of the enzyme-AMP. These studies have
led to the formulation of the sequence of reactions
shown in Fig. 2. Once enzyme-AMP is formed by a
reaction of enzyme with DPN, there is a further
transfer of the AMP to the 5" phosphoryl terminus
of a DNA chain to generate a new pyrophosphate
bond linking the AMP and DNA. In the final step,
we presume that the DNA phosphate of the pyro-
phosphate is attacked by the 3" hydroxyl group of
the neighboring DNA chain displacing the activating
AMP and forming the phosphodiester bond.

STOICHIOMETRY OF POLYNUCLEOTIDE-JOINING
REacTION

For each equivalent of phosphodiester bond
synthesized in the joining reaction, approximately
one equivalent of DPN was consumed and nearly
equivalent amounts of AMP and NMN were pro-
duced (Table 1). This finding provides the basis
for the equation shown in Fig. 1.

ExcuaNGE REAcTiON BETWEEN DPN AxD NMN

In the absence of polynucleotide, the E. coli
joining enzyme catalyzes an exchange reaction
between NMN and DPN. No such exchange is
observed between AMP and DPN. Thus, when
DPN labeled with 32P in both phosphates was
incubated with joining enzyme in the presence of a
large excess of nonradioactive NMN and AMP, and
the reaction mixture was subjected to paper
electrophoresis, 32P appeared in NMN but was
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Figure 1. The reaction catalyzed by the polynucleotide-joining enzyme from E. coli. The reaction shown depicts the
joining of short poly dT segments (about 100 residues) hydrogen-bonded to a long poly dA chain (about 3000 residues)

(Olivera and Lehman, 1967a).
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Ficure 2. Postulated mechanism of the reaction catalyzed by the E. colé joining enzyme. DPN is written as NRP-PRA
to emphasize the pyrophosphate bond between the nicotinamide mononucleotide (NRP) and adenylic acid (PRA) moieties
of the DPN mmolecule. The designation of enzyme-AMP as E-PRA is not meant to imply that linkage of the AMP to the
enzyme is necessarily through the phosphate group.

totally absent from the area of the electrophero-
gram occupied by AMP. In the experiment shown

by gel electrophoresis. Joining enzyme was
incubated with 32P-labeled DPN in the absence of

in Fig. 3, approximately 30% of the 32P of the
DPN was recovered as NMN, indicating that 609,
exchange had occurred.

These results imply that an enzyme-AMP inter-
mediate is formed in the course of the poly-
nucleotide-joining reaction.

IsoLATION OF ENZYME-ADENYLATE

The enzyme-AMP predicted by the DPN-NMN
exchange reaction could be demonstrated directly

DNA under standard conditions and the reaction
mixture subjected to disc gel electrophoresis
(Jovin et al., 1964). When the gel was stained with
amido black, two major and several minor protein
bands appeared; the 32P coincided with only one
of the two major protein bands (Fig. 4).
Enzyme-AMP could also be isolated by density
gradient sedimentation. When polynucleotide-
joining enzyme was incubated with 3?P-labeled
DPN in the absence of DNA, and the reaction

TaBLE 1. STOICHIOMETRY OF THE JOINING REACTION

Phosphodiester
Reaction DPN AMP NMN bonds synthesized
mixtures (upmoles) (upmoles) {upumoles) (ppmoles)
Control-dA :dT 30.8 <0.1 0.8 —
Complete 11.8 19.8 16.0 16.4
A —19.0 +-19.8 +15.2 +16.4

A reaction mixture (0.15 ml) containing 10 mm Tris-HCl, pH 8.0, 2 mm MgCl,, 1 mm EDTA, 7.5 ug bovine
plasma albumin, 0.26 uM (in termini) 5’ 32P-poly dT (1.4 X 10° count/min/umole) 0.21 um 3*P-DPN (108
count/min/umole), labeled in both phosphate groups (isolated from 3*P-labeled E. coli as described by Olivera
and Lehman, 1967b, 0.26 mMm poly dA (in nucleotide residues) and 1.2 units of joining enzyme was incubated
for 120 min at 30°C, then heated at 100°C for 2 min. Two control reaction mixtures were set up, one lacking
joining enzyme and the second lacking the dA ; dT substrate. Phosphodiester bond synthesis was measured by
treating aliquots of the reaction mixtures with phosphatase and measuring acid-precipitable 3P as described
previously (Olivera and Lehman, 1968). DPN and AMP were determined by paper electrophoresis as des-
cribed in the legend to Fig. 3. Under these conditions, the poly dT substrate remained at the origin; the AMP
and DPN were well separated and their concentrations could be determined accurately; however, NMN was
not adequately resolved from the 32P-poly dT. It was separated from the other components of the reaction
mixture by electrophoresis at pH 3.4 1n 0.02 M citrate buffer. The two control reactions (lacking dA:dT or
enzyme) gave substantially the same results.
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Fiaure 3. Exchange reaction between NMN and DPN.
Two reaction mixtures (0.1 ml) were prepared containing
10 mm Tris-HC], pH 8.0, 2 mm MgCl,, 1 mm EDTA, 1.45
pm 32P.DPN (2 X 10% count/min/umole) labeled in both
phosphate groups and 0.5 unit of joining enzyme; one
reaction mixture was made 0.15 mm in AMP and 0.15 mm
in NMN. Both reactions were incubated at 30°C for 20
min; an additional 1.8 units of enzyme were added to each
and the mixtures were incubated again for 40 min at 30°.
The reaction mixtures were heated at 100° for 2 min, then
subjected to paper electrophoresis (5000 volts for 60 min)
in 0.015 M citrate buffer, pH 5.5, with AMP, DPN and
NMN as markers. The paper was cut into strips (1 X 4
cm) and their radioactivity determined. The small peak
of radioactivity migrating slightly ahead of NMN in the
control mixture is an impurity in the 32P-DPN preparation.

mixture analyzed (after dialysis) by sucrose density
gradient sedimentation, a single peak of acid-
insoluble radioactivity appeared which cosedi-
mented almost exactly with joining enzyme
activity (Fig. 5).

Ficurk 5. Demonstration of enzyme-AMP by sucrose
density gradient sedimentation. The reaction mixture
(2.0 ml) contained 10 mm Tris-HCI, pH 8.0, 7 mm MgCl,,
1 mm EDTA, 50 ug/ml of bovine plasma albumin, 0.5
uv *H-DPN (1.8 X 10® count/min/umole), and 20 units
of joining enzyme. After incubation for 30 min at 30°C,
40 umoles of EDTA, pH 8.7, and 0.2 mg of bovine plasma
albumin were added, and the mixture dialyzed against
1 liter of 0.5 m (NH,),SO,, 10 mm Tris-HCl, pH 8.0 (3
changes). The dialyzed solution which contained 1400
count/min/ml was centrifuged in a 5-209, sucrose gradient
containing 0.5 M (NH,),50,, 10 mm Tris-HCl, pH 8.0
and 0.1 mg/ml albumin, at 38,000 rpm for 26 hr at 10°,
using the SW39 rotor of the Spinco model L centrifuge.
At the end of the run, 20-drop fractions were collected;
0.1 ml-aliquots of each fraction were heated at 100°C for 2
min and acid-precipitable 32P was determined. The
remainder of each fraction was used to assay joining
enzyme activity (Olivera and Lehman, 1967a).

The linkage of AMP to the polynucleotide-joining
enzyme was remarkably stable to treatment with
both acid or alkali (Table 2). AMP was released only
after exposure to 0.3 ¥ HCl for 1 to 3 hr at 37° or
after boiling in 1 ¥ NaOH for 15 min.

TaBLE 2. STABILITY OF ENnzymME-AMP

% Enzyme-AMP

Conditions remaining
Control (no treatment) 100
0.3 x HCl, 60 min, 0°C 100
0.3 ¥ HCI, 60 min, 37°C 50
0.3 x HCI, 180 min, 37°C 8
0.1 ¥~ NaOH, 60 min, 30°C 100
1.0 x NaOH, 60 min, 30°C 106
1.0 x NaOH, 15 min, 100°C <0.1

T T
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Ficure 4. Disc gel electrophoresis of enzyme-AMP. A
reaction mixture (1.0 ml) containing 0.3 um 3°P-DPN
(3 X 10° count/min/umole) labeled in both phosphate
groups, 10 mym Tris-HCI, pH 8.6, 3 mm MgCl, and 30 units
of enzyme was incubated for 10 min at 30°C, then subjected
to polyacrylamide gel electrophoresis according to Jovin
et al. (1964). After staining with amido black, the gel was
cut into 2 mm slices and radioactivity of the slices de-
termined.

Enzyme-AMP was prepared by incubating 16.3 yumoles
of 3H-DPN (2.0 x 10° count/min/umole) prepared from
3H-ATP and NMN using DPN-pyrophosphorylase (Korn-
berg, 1950), with 5.3 units of joining enzyme n a series of
reaction mixtures (0.08 ml), each containing 10 mm Tris-
HCI, pH 8.1, 5 mm MgCl, and 509, glycerol, for 20 min
at 30°C. The reactions were terminated by the addition
of 0.2M EDTA (pH 7.5). 1 ¥ NaOH or 0.3 HCI were
added and the reaction mixtures treated as indicated.
They were then chilled to 0°C and neutralized. Acid-
precipitable SH was determined as described previously
(Olivera and Lehman, 1968). A value of 1009, represents
0.33 pumole of enzyme-AMP.
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EvVIDENCE THAT ENZYME-ADENYLATE IS AN
INTERMEDIATE IN THE JOINING REACTION

When enzyme-AMP labeled with 3H in the
adenine moiety (synthesized with 3H-adenine-
labeled DPN) was treated with NMN, essentially
all of the AMP was released into an acid-soluble
form (Fig. 6). Addition of $X RFII (the covalently
closed duplex circular form of ¢X174 DNA
bearing one or more single-strand breaks [Burton
and Sinsheimer, 1965]) at 20° or 30°C resulted in
an equally prompt conversion of the 3H-AMP to
acid-solubility. Release of AMP from enzyme-AMP
by éX RFII required a divalent cation (Mgtt)
and was prevented by the addition of EDTA.
A relatively slow liberation of 3H-AMP in the
presence of $X RFII occurred even at 0°C.

IsoLATION OF DNA-ADENYLATE

The slow release of AMP from enzyme-AMP
promoted by ¢X RFII at 0° suggested that, under
such conditions, it might be possible to demon-
strate a second intermediate compound in the
joining reaction, possibly one in which a DNA
terminus (3" hydroxyl or 5’ phosphoryl) is activated
by attachment of either the enzyme or the AMP
group of the enzyme-AMP. In fact, a DNA-
adenylate intermediate did appear under these
conditions.

Joining enzyme, 3H-adenine-labeled DPN, and
phage ADNA containing multiple single-strand
scissions were incubated briefly at 0°. The reaction

T I I T

-
| | 1 |
20 30
Time in minutes

Ficure 6. Release of AMP from enzyme-AMP by NMN
and ¢X RFII. The reaction mixtures (0.05 m!) contained
enzyme-AMP (25 count/min prepared from 3SH-DPN
with a specific activity of 8.3 X 10® count/min/umole),
10 mm Tris-HCl, pH 8.0, 7 mm MgCl,, 1 mm EDTA and
either 86 um ¢$X174 RFIL (in nucleotide residues) or
NMN (2 mm). After incubation under the conditions
specified, the reactions were terminated by the addition of
EDTA to a final concentration of 0.02 M; they were then
heated at 100°C for 3 min and acid-precipitable °H was
determined. A total of 500 counts over background were
recorded for the enzyme-AMP sample prior to treatment.
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Fieure 7. Demonstration of DNA.adenylate by CsCl
density gradient centrifugation. Reaction mixtures
(0.15 ml) containing 25 mm Tris-HCl pH 8.0, 10 mm
MgCl,;, 2.6 mm EDTA, 9 ug of bovine plasma albumin,
134 units of the polynucleotide joining enzyme and 0.8 um
3H-DPN (1.8 X 10° count/min/umole) were incubated for
5 min at 30°C. Phage A DNA (80 ug in 0.2 ml) containing
multiple single-strand breaks (prepared as described
below) was added, the reaction mixtures thoroughly stirred
and incubated at 0° for the indicated times. The reactions
were terminated by the addition of 0.03 ml of 0.66 m
glycine buffer, pH 10.2 containing 0.33 m EDTA. For the
‘0 minute’ sample, the glycine-EDTA was added just
prior to the DNA. The samples were subjected to CsCl
density gradient centrifugation and an aliquot of each
fraction was used to determine acid-insoluble *H.

Phage A DNA containing multiple single-strand breaks
was prepared by treatment of the DNA with pancreatic
DNase. A reaction mixture (0.6 ml) containing 17 mm
Tris-HCl, pH 8.0, 5§ mm MgCl,, 1.7 mm EDTA, 50 ug of
bovine plasmsa albumin, 240 ug of ADNA and 0.002 ug of
pancreatic DNase was incubated for 10 min at 37°C; an
additional 0.003 ug of pancreatic DNase was added and
the mixture incubated for 5 min more at 37°C. The
DNase-treated DNA preparation was used immediately.

was then terminated and the mixture subjected to
CsCl density gradient centrifugation. As shown in
Fig. 7, a small peak of acid-precipitable 3H
appeared at the buoyant density characteristic of
A DNA. In the case of the sample incubated for
10 min, this peak amounted to approximately
0.6% of the *H found at the top of the gradient,
where enzyme-AMP would be expected to band.
In a separate run, joining enzyme activity was
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found exclusively at the top of the gradient; less
than 0.019%, could be detected at the buoyant
density of A DNA. The level of radioactivity which
sedimented with 4 DNA increased with decreasing
time of incubation at 0°. Thus, after incubation for
only 30 seconds, the amount of 3H in the DNA-
adenylate peak increased to 49 of that present in
the enzyme-AMP. Termination of the reaction
after mixing *H-DPN and enzyme, but before the
addition of DNA (‘0 min’ sample), prevented the
accumulation of 2H in the position of the gradient
occupied by A DNA. Similarly, in an experiment
not shown here, there was no detectable DNA-
adenylate when denatured A DNA was used in
place of native 1 DNA. In both cases, despite the
absence of radioactivity at the density of 4 DNA,
enzyme-AMP was formed, as judged by the appear-
ance of high levels of acid-insoluble 3H at the top
of the density gradient. When heat-inactivated
joining enzyme was used, no acid-insoluble *H
could be observed at any position in the
gradient.

Other attempts to detect an “activated’” DNA
in the joining reaction which have not succeeded
are noteworthy 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 that the activated
chain terminus would be insusceptible to attack by
the apposing terminus (3’ hydroxyl or 5 phosphoryl)
because of its physical inaccessibility and would
therefore accumulate. 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 that the
enzyme is incapable of binding DNA structures of
this type.

EvipENCE THAT DNA-ADENYLATE IS AN
INTERMEDIATE IN THE JOINING REACTION

The DNA-adenylate isolated after CsCl density
gradient centrifugation displayed the properties
expected of an intermediate in the joining reaction.
Thus, the SH-AMP was quantitatively converted
into an acid-soluble form upon treatment of the
DNA-adenylate with joining enzyme in the
absence of DPN (Table 3). The liberated 3H was
identified chromatographically as 5-AMP; after
treatment with E. coli alkaline phosphatase
(Garen and Levinthal, 1960), it chromatographed
with adenosine. Under conditions where there was
a quantitative removal of AMP from native DNA-
adenylate, no AMP was released by treatment of
heat-denatured DNA-adenylate with joining en-
zyme. Although approximately one-third of the 3H
was made acid-soluble, chromatographic examina-

TaBLE 3. RELEASE OF AMP rRoM DNA-ADENYLATE IN
THE ABSENCE OF DPN

‘Native’ Heat-denatured

Units of enzyme DNA-.adenylate DNA-adenylate

% of *H made acid-soluble

6.0 100 35%
0.2 60 —
0.06 32 2

* The acid-soluble *H formed in this experiment was not
free AMP (see text).

Reaction mixtures (0.1 ml) contained 10 mm Tris-HCI,
pH 8.0, 2 mm MgCl,, 1 mm EDTA and 5 ug of bovine
plasma albumin, the indicated amounts of joining enzyme
and either native DNA-adenylate (2 ug of DNA, 20
count/min), or DNA-adenylate which had been denatured
by heating at 100°C for 2 min. After incubation at 37°C
for 30 min, the reaction mixtures were heated at 100°C for
2 min and acid-soluble H was determined. A minimum of
400 counts over background were recorded for the sample
in which all of the AMP was retained in the DNA-
adenylate.

tion showed it to be associated with oligonucleotide
material, suggesting that it resulted from the action
of a contaminating nuclease.

SiTE or LinkaGgE or AMP 1o DNA

The two plausible sites in DNA to which AMP
may be bound are at the 5 phosphoryl and 3
hydroxyl termini. E. coli exonuclease I should
be capable of distinguishing between these two
possibilities. This enzyme attacks single-stranded
DNA sequentially from the 3’ hydroxyl end,
producing 5’ mononucleotides, but leaves the
5'-terminal dinucleotide intact (Lehman and Nuss-
baum, 1964). Thus, if the AMP were linked to the
5’ phosphoryl terminus of the chain, digestion by
exonuclease I should yield a trinucleotide in which
AMP is linked to the terminal dinucleotide through
a pyrophosphate bond (Fig. 8a). On the other hand,
if the AMP were in phosphodiester linkage at the
3’ terminus, it should be released as free AMP
(Fig. 8b).

To serve as a model compound in these experi-
ments, DNA with ®H-labeled riboadenylate at its
3’ termini was prepared (Berg et al., 1963;
Richardson and Kornberg, 1964). This DNA and
the isolated DNA-adenylate intermediate were
heat-denatured, then treated with exonuclease 1
and alkaline phosphatase, and the products
chromatographed. In the case of the DNA with
3'-terminal AMP, the only product formed was
adenosine (Fig. 9); AMP must therefore have been
released by the action of exonuclease I. On the
other hand, treatment of the isolated intermediate
with exonuclease I and alkaline phosphatase
yielded products which formed a broad radioactive
peak on the chromatogram at the position ex-
pected of a mixture of trinucleotides (Fig. 9).
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FicurE 8. Action of exonuclease I on polynucleotide chains with (a) AMP in pyrophosphate linkage at the 5 terminus

and (b) AMP in phosphodiester linkage at the 3’ terminus.

Digestion of synthetic poly dT/adenylate! (see
below) with these enzymes produced a similar
peak of radioactivity in the trinucleotide region
of the chromatogram. These data indicate that the
AMP is linked at the 5’ end of the isolated DNA-
adenylate. Moreover, the finding that the products
of exonuclease I digestion migrated to the position
on the chromatogram occupied by a trinucleoside
triphosphate even after phosphatase treatment is
consistent with the presence of an internal pyro-
phosphate group linking the AMP to the 5’
phosphoryl terminus of the DNA.

AcTivity or SyNTHETIC PorLy dT-ADENYLATE
AS A SUBSTRATE FOR THE JOINING ENZYME

To determine directly whether the joining reaction
involves formation of a pyrophosphate linkage
between AMP and the 5 phosphoryl terminus of
the polynucleotide chain, the presumptive inter-
mediate was synthesized and tested as a substrate
for the joining enzyme.

Poly dT-adenylate was prepared by condensing
SH-AMP with 32pTpTpT using the morpholidate
method of Moffatt and Khorana (1961), and then
adding additional deoxythymidylate residues to
the 3’ hydroxyl end of the d(pT); moiety by using
the 3H-Ap*?pTpTpT as an initiator in a reaction
catalyzed by calf thymus deoxynucleotidyl trans-

1 The abbreviations are those recommended by J. Biol.
Chem., 242, 1 (1967). The following additional abbrevi-
ations are used: poly dT-adenylate, a homopolymer of
deoxythymidylate residues bound in pyrophosphate
linkage to AMP; pTpTpT or d(pT);, & trinucleotide com-
posed of deoxythymidylate residues terminated by a
5’ phosphate; AppTpTpT, AMP bound in pyrophosphate
linkage to the 5° phosphate of pTpTpT: poly dA, a homo-
polymer of deoxyadenylate; dA:dT, poly dA hydrogen
bonded to poly dT; 32pTpTpT, d(pTl),; in which the 5’-
terminal phosphate is labeled with 32P, *H-Ap3*pTpTpT,
3H-AMP in pyrophosphate linkage to the 5’-phosphate of
32pTpTpT.

ferase (Yoneda and Bollum,1965). The average
chain length of the product was 100 deoxy-
thymidylate residues; the 32P was acid-precipitable
and was insusceptible to alkaline phosphatase
except after heating for 15 min at 100° in 1 x HCL
Asnoted above, treatment of the poly dT-adenylate
with E. colt exonuclease I and alkaline phosphatase
yielded products which migrated as a mixture of
trinucleotides. Digestion with exonuclease I and
venom phosphodiesterase (Sinsheimer and Koerner,
1952) resulted in the quantitative conversion of the
32P to a form which cochromatographed with 5'-
dTMP.

The double label in the poly dT-adenylate
enabled us to measure simultaneously the release
of 3H-AMP from the polynucleotide and the
incorporation of the 32P-labeled terminal phosphate
into phosphodiester linkage.

When the poly dT-adenylate was incubated with
joining enzyme in the presence of poly dA (to
permit its incorporation into a double-stranded
structure) but in the absence of DPN, *H was
released as an acid-soluble product, identified
chromatographically as AMP. A nearly equivalent
amount of 3P was converted to a form which was
insensitive to alkaline phosphatase after heating
in 1 xHCl at 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 (Hilmoe, 1960), all of the 32P was found
to be associated with 3’-dTMP, a result which is
consistent with its incorporation into a phospho-
diester bond. Thus, there is a stoichiometrie
correspondence between cleavage of the pyro-
phosphate bond linking poly dT and AMP on the
one hand and phosphodiester bond formation on
the other. Both the release of AMP and the
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incorporation of the 32P into phosphodiester
linkage required that poly dA be present.

The reaction mechanism for the polynucleotide
joining enzyme as proposed in Fig. 2 predicts that
adenylation of the enzyme (to form enzyme-AMP)
would render it inactive in the reaction with poly
dT-adenylate. Consistent with this prediction was
the observation that preincubation of the enzyme
with 0.3 mm DPN prior to the addition of poly
dT-adenylate resulted in 95 9] inhibition of phospho-
diester bond formation.
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Fiqure 9. Paper electrophoresis of DNA-adenylate inter-
mediate and DNA chains with riboadenylate at their 3’
termini  (3’.rAMP-DNA) after treatment with exo-
nuclease I (Exo I) and phosphatase. Three reaction
mixtures (0.2 ml each) were prepared containing 80 mm
glycine-NaOH, pH 9.5, 8 mm MgCl,, and 2.5 mm p-
mercaptoethanol. To one {reaction mixture a) were added
single-stranded DNA chains with H-AMP at their 3’
termini (60 ug DNA, 800 count/min), 17 units of exo-
nuclease I (Lehman and Nussbaum, 1964) and 5 units of
phosphatase. To the other two were added heat-denatured
DNA-adenylate (19 ug DNA, 250 count/min) and either
exonuclease I and phosphatase (b) or phosphatase alone (c).
The reaction mixtures were incubated at 37°C for 30 min,
then chromatographed for 18 hr in the I-propanol
ammonia-water system (Lehman et al. 1962). The paper
wag dried, the nucleotides identified, and the radioactivity
determined. The values shown correspond to the total
number of counts, corrected for background recorded for
each strip.

TABLE 4. REAacTIVITY OF POorLY dT-ADENYLATE IN THE
POLYNUCLEOTIDE-JOINING REACTION

32P in
phosphodiester
linkage 3H-AMP released
Enzyme poly dA (ppmoles) (ppmoles)
— + 5 7
-+ + 38 46
+ — 2 3

The reaction mixtures contained, in a final volume of
0.1 ml, 10 mm Tris.-HCl, pH 8.1, 3 mm MgCl,, 1 mm
EDTA, 109 glycerol, 10 ug bovine plasma albumin,
0.42 um (in poly dT termini) 32P-poly dT-*H-adenylate
(200 count/min of 3*P and 13 of *H per gumole of termini),
48 um (in dAMP residues) poly dA and 6 units of poly-
nucleotide-joining enzyme, as indicated. After 1 hr at
30°C, 0.015 ml-ahquots were removed from each reaction
and heated with 0.05 ml of 1 v~ HCI at 100°C for 15 min.
2 m Tris pH 8.1 (0.1 ml) and 0.12 unit of alkaline phos-
phatase (Garen and Levinthal, 1960) were then added and
the reaction mixtures incubated at 37°C for 30 min. The
fraction of 32P adsorbable to Norit was measured as
described previously (Olivera and Lehman, 1967a). To the
remainder of the original incubation mixtures were added
0.01 ml 0.95 mm poly dA, 0.1 ml 0.1 m pyrophosphate,
0.1 ml 2.5 mg/ml calf thymus DNA, and 0.5 ml 3.5%
perchloric acid-0.359, uranyl acetate. After 15 min at
0°C, the mixtures were centrifuged and the radiocactivity
of the supernatant fluid was determined.

CONCLUSIONS

The polynucleotide-joining enzyme from Z. coli
catalyzes phosphodiester bond formation between
the 3’ hydroxyl and 5" phosphoryl termini 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 attempts to understand the mechanism of this
complex reaction have led to the identification of
two readily distinguishable partial reactions. The
first consists of a transfer of the AMP moiety of
DPN to the joining enzyme to form a stable,
covalently linked enzyme-AMP intermediate with
the liberation of NMN. In the second reaction, the
AMP is transferred from enzyme-AMP to the DNA
to form a DNA-adenylate in which the AMP is
attached to the 5’ phosphoryl terminus of the DNA
by a pyrophosphate linkage. In the final step of the
reaction sequence, we presume that the DNA
phosphate in the pyrophosphate bond of the DNA-
adenylate is attacked by the 3’ hydroxyl group of
the neighboring DNA chain, displacing the aecti-
vating AMP group and thus effecting the synthesis
of the phosphodiester bond.

In the joining reaction, the energy of the pyro-
phosphate bond of DPN is conserved in the new
pyrophosphate bond linking AMP and the 5’
phosphoryl terminus of the DNA. Interposed
between DPN and DNA-adenylate is enzyme-
AMP. Although the linkage of AMP to the enzyme
has not yet been identified, it presumably is at the


http://symposium.cshlp.org/
http://www.cshlpress.com

Downloaded from symposium.cshlp.org on March 27, 2012 - Published by Cold Spring Harbor Laboratory Press

34 OLIVERA et al.

energy level of a pyrophosphate bond. It would
clearly be of interest to know the nature of the
enzyme-AMP linkage.

Since the T4-induced ligase reaction also pro-
ceeds via a stable enzyme-AMP intermediate
(formed by the reaction of ATP with enzyme),
it seems likely that a DNA-adenylate intermediate
is involved in this reaction as well.
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