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ABSTRACT
Polyethlene glycol (PEG) stimulates ligation with T4 DNA

ligase. In 10% (w/v) PEG 6000 solutions, only intermolecular
ligation is enhanced by monovalent cations, while both inter-
and intramolecular ligation occur without their presence.
Similar stimulation was also caused by divalent cations or
polyamines in the PEG 6000 solutions. Such properties of the
ligase could be applied to control the extent of inter- and
intramolecular ligation. Ligation with cations or polyamines in
10% PEG 6000 solutions was effective for intermolecular
ligation. Ligation without cations or polyamines in 6.0% to 10%
PEG 6000 solutions was effective for intramolecular ligation.

INTRODUCTION

The relative amounts of the products by inter- and intra-

molecular ligation is calculated with two parameters, i and 1; i

is the total concentration of DNA ends, and i is the effective

concentration of one end of a DNA molecule in relation to the

other end (1). The optimum condition to form linear oligomers
is j/i< 1; the concentration of the DNA must be high. However,

only intermolecular ligation is markedly stimulated by
monovalent cations in polyethlene glycol (PEG) solutions even

when the concentration of the DNA is low; this is, when the

ratio of j/i is 2.4. Such stimulation occurs in 10% (w/v) PEG

6000 solutions with T4 DNA ligase (2) and in 10% or 15% PEG 6000

solutions with Escherichia coli DNA ligase (3). This

stimulation arises from the increased affinity of the enzyme for

the DNA substrate, because the first reaction of DNA ligase,
formation of the enzyme-AMP complex, is not stimulated by the

cations in PEG 6000 solutions. We think that the neutralization
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of the negative charges of the DNA phosphate is important in
increasing the concentration of DNA termini around the enzyme in

PEG solutions, and also that intermolecular ligation is

stimulated by any cation in PEG solutions.

Here, we investigated the effects of divalent cations such

as Mg2+ and Ca2+ and those of polyamines such as spermidine (3+)
and spermine (4+) on ligation with T4 DNA ligase in 10% PEG 6000

solutions, and found that divalent cations or polyamines also
enhanced intermolecular ligation similar to monovalent cations.
We also applied these properties of the ligase to gene cloning.

MATERIALS AND METHODS

Enzymes and DNA

T4 DNA ligase was purified from E. coli 1100 lysogenic for
NM989(A T41ig) (4, 5). The definition of 1 unit of this ligase
is given elsewhere (2). Alkaline phosphatase from E. coli C75

was purified by the procedure of Nakata et al. (6). The
restriction endonucleases EcoRI, AvaI, PvuII, ScaI, HincII, and

BglII were also purified in our laboratory.
pBR 322 DNA was isolated from transformed E. coli C600 (7).

? phage DNA was prepared from E. coli K-12 W3350 (x cI857 S7) by
the procedure of Thomas and Davis (8), and pUC 18 DNA was

isolated from transformed E. coli K-12 JM109 (9).
E. coli chromosome DNA prepared as described by Berns and

Thomas (10) was completely digested by EcoRI and 3000- to

6000-bp DNA fragments were purified by agarose gel

electrophoresis and extraction with phenol/chloroform.
EcoRI-digested A gtll DNA (11) treated with alkaline

phosphatase was purchased from Promega Biotec.
Cohesive-ended or blunt-ended DNA fragment containing

tetracycline-resistant gene (Tetr gene) was isolated from pBR
322 DNA as follows: pBR 322 DNA was digested by either EcoRI
and AvaI or PvuII and ScaI, and then cohesive-ended DNA fragment
containing Tetr gene (1428 bp) or blunt-ended DNA fragment
containing Tetr gene (2583 bp) was purified by agarose gel
electrophoresis and extraction with phenol/chloroform.

EcoRI- and AvaI-digested pUC 18 DNA (2670 bp) treated with
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alkaline phosphatase arid HincII-digested pUC 18 DNA (2686 bp)

treated with alkaline phosphatase were used as the plasmid

vectors.

Ligation

Ligation was done in a mixture of 66 mM tris-HCl (pH 7.6),

6.6 mM MgCl2, 10 mM dithiothreitol, 0.1 mM ATP, the DNA

substrates, and indicated percentages (w/v) of PEG 6000.

Examination of the effects of divalent cations or

polyamines on ligation in 10% PEG 6000 solutions. The ligation

activity was assayed at 16 to 370C for 30 min with 250 ng of

linearized pBR 322 DNA in 20 pl of the mixture containing

different amounts of either cations or polyamines, and 10% PEG

6000. The ratio of j/i was 2.4.

Insertion of E. coli chromosome DNA (3000 to 6000 bp) into

the EcoRI arm of X gtll DNA. Ligation was done at 260C in 15 pl

of the mixture containing 250 ng of dephosphorylated A gtll DNA,

18.75 ng of EcoRI-digested E. coli chromosome DNA, indicated

amounts of monovalent cations, divalent cations or polyamines,

and 10% PEG 6000. The ligated DNA (4 pl) was used for in vitro

packaging.
Self-circularization. 250 ng of ScaI-digested pBR 322 DNA

was ligated at 160C in 45 to 75 pl of the mixture containing

different percentages of PEG 6000. The ratio of j/i was 5.5 to

9.1.

Insertion of DNA fragment containing Tetr gene into pUC 18

DNA. Ligation of the DNA fragment containing Tetr gene and the

dephosphorylated pUC 18 DNA was done at 160C in 45 to 75 pl of

the mixture containing different percentages of PEG 6000. The

ligated DNA was used for transformation.

Insertion of BglII linker DNA into the PvuII site of pBR

322 DNA. The self-complementary phosphorylated BglII linker

DNA, d(pC-A-G-A-T-C-T-G) was ligated to the PvuII site of pBR

322 DNA at 10C in 45 to 75 pl of the mixture containing 10% PEG

6000. The ligated DNA was digested by PvuII, and then the DNA

was used for transformation.

Agarose gel electrophoresis
Details of the procedure are described elsewhere (2).
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In vitro packaging
In vitro packaging was done using a A DNA in vitro

packaging kit (Amersham International plc.). E. coli Y1090 (r-)

(12) was used as the indicator bacterium. After infection of

the phage into the indicator strain, cells were plated on medium

containing the chromogenic indicator 5-bromo-4-chloro-3-

indolyl-,B-D-galactoside (X-Gal). The plate was incubated at

37°C for 12-15 hr. The in vitro packaging kit used in this

experiment could give 1.0 x 108 plaques/pg of concatemeric A DNA

(cI857 S7).

Transformation

The ligated DNA (up to 50 ng) was transformed into E. coli

HB101 competent cells prepared with CaCl2 and RbCl2 (13) with

some modifications and the cells were plated on an LB-plate (10

g of Bacto-tryptone, 5 g of yeast extract, 5 g of NaCl, 1 g of

glucose, and 15 g of agar per liter, pH 7.5) containing 50 pg/ml

ampicillin and 5 pg/ml tetracycline. The plate was incubated at

370C for 12-15 hr. The competence of the cells used in this

experiment was 1.0 x 107 transformants/pg of pBR 322 DNA RFI.

RESULTS

Stimulation of intermolecular ligation in 10% PEG 6000 solutions

Effects of divalent cations or polyamines on ligation. We

investigated the influence of divalent cations such as Mg2+ and

Ca2+ and those of polyamines such as spermidine (3+) and

spermine (4+) on ligation with T4 DNA ligase in 10% PEG 6000

solutions and compared the results to those of monovalent

cations. Na+ or K+ both promote intermolecular ligation in 10%
PEG 6000 solutions; ligation is maximum at 150-200 mM Na+ or

200-250 mM K+ at 16.C. The minimum amount of the enzyme needed

to ligate cohesive- or blunt-ended DNA substrate almost
completely with monovalent cations at 16°C for 30 min was 0.35

units or 7.0 units, respectively (2). Similar stimulation was

also caused by divalent cations or polyamines. Figure 1 shows
the effects of divalent cations or polyamines on blunt-end
ligation with PvuII-digested pBR 322 DNA at 160C. The

concentrations of divalent cations or polyamines at which the
extent of ligation was maximum were as follows: 15-25 mM for
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Figure 1. Effects of divalent cations(A) and polyamines(B) on
blunt-end ligation in 10% PEG 6000 solutions. Assay mixtires
were as in Methods, and contained PvuII-digested pBR 322 DNA and
only 10% PEG 6000. Divalent cations or polyamines were present
at the concentrations indicated. The amount of T4 DNA ligase
added to mixtures was as follows: 1.4 units for (A) and 0.35
units for (B). Incubation was at 16WC for 30 min.
HindIII-digested A DNA, 2Lane 1; pBR 322 DNA RFI, Lane2;
control with 6.6 mM of Mg , Lane 3.

Mg2+, 5-10 mM for Ca2+, 0.5-1.0 mM for spermidine, and 0.05-0.1

mM for spermine. All of these concentrations except for Mg2+
were in the presence of 6.6 mM of Mg2+. The minimum amount of

the enzyme necessary to bring the extent of blunt-end ligation
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Figure 2. Correlation between optimum concentrations of the
cations or polyamines at which ligation was stimulated in 10%
PE9 6000 solutions and their valence. C ncentrations except for
Mg + were in the presernze of 6.6 mM Mg +. ( o) Na , (. ) K ,
(Ej) Mg , (@) Ca +, (I) spermidine(3+), and (U)
spermine(4+).

to 90% or more in 30 min at the concentrations given above were

as follows: 1.4 units for divalent cations and 0.35 units for

polyamines. However, the optimum concentrations of divalent

cations or polyamines for intermolecular cohesive-end ligation
with EcoRI-digested pBR 322 DNA were the same as those for

intermolecular blunt-end ligation, the minimum amount of the

enzyme needed to ligate the DNA substrate almost completely in

30 min was 0.35 units in each case (data not shown).
Temperature had an influence on divalent cations or polyamines
induced ligation efficiency in th same way as when done with

monovalent cations. As the temperature was raised from 16 to 26
or 379C, the extent of intermolecular ligation caused by the
cations or polyamines increased, and the concentrations of the

cations or polyamines that effected such ligation could be at
low concentrations (data not shown). We also found that there
was correlation between the optimum concentrations of monovalent

cations, divalent cations, or polyamines and their valence;
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Figure 3. Effects of Na+ on blunt-end ligation with T4 DNA
ligase in 10% PEG 6000 with or without spermidine. Assay
mixtures were as in Methods, and contained PvuII-digested pBR
322 DNA and 10% PEG 6000. NaCl was present at the
concentrations indicated, and T4 DNA ligase (7.0 U) was added.
Incubation was at 160C for 30 min. The amount of unligated
linear monomer DNA was measured using a densitometer. (0)
spermidine-free, ( *) 0.1 mM spermidine.

their concentrations decreased logarithmically as thier valence
increased (Fig.2).
Ligation in the presence of both polyamine and monovalent
cation. The effects of Na+ on blunt-end ligation were examined
in a mixture containing 0.1 mM or 1.0 mM spermidine and 10% PEG
6000. Figure 3 shows the effects of Na+ at 16?C when 0.1 mM of
spermidine was either present or absent. Although
intermolecular ligation was not stimulated at 100 mM Na+ without
spermidine, stimulation occured at 100 mM Na+ when 0.1 mM of

spermidine was present. In the presence of 1.0 mM of

spermidine, the extent of ligation decreased as the
concentration of Na+ increased, and ligation was completely
inhibited at 150 mM Na+ using 0.35 units of the enzyme (data not
shown).
Effects of ligation with cations or polyamines in 10% PEG 6000

solutions on in vitro packaging
When a phage vector is used, the ligation products must be
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Figure 4. Effects of ligation with 10%s PEG 6000 and 150 mM
Na on cloning of EcoRI-digested E. coli chromosome DNA (3000
to 6000 bp) into the EcoRI arm of A gt11 DNA. The ligation was
done as in Methods, with 150 mM NaCl. Incubation was at 26 °C
for 5 to 30 mmn. The amount of the ligase added to the
mixtures is given here; (0*) 0.35 units and (0O) 7.0 units.
The arrows are for the plaque-forming efficiency with 7.0 units
(a) and 350 units (b) of the ligase in the usual ligation
buffer without PEG 6000 and Na+ at 16°C for 15 hr.

linear oligomers, because the packaging efficiency with circular
monomer is very low (14). We expected the ligation with 10% PEG
6000 and cations or polyamines to be very effective for in vitro
packaging. We first examined the ligation in 10% PEG 6000

solution containing 150 mM Na+ for cloning of EcoRI-digested E.
coli chromosome DNA with A gt1 1 DNA. Only a 5 mmn of ligation
with 0.35 units of the ligase at 26°C gave more plaque-forming
efficiency than the usual ligation with 350 units of the ligase
for 15 hr (Fig. 4). Similar effects were obtained with K+,
spermidine, and spermine, but divalent cations were not
effective (Table 1).
Effects of ligation with PEG 6000 on self-circularization

Both inter- and intramolecular ligation occur in 10%6 PEG
6000 solutions when cations or polyamines are absent, and the
ligation is inhibited as the temperature is raised from 16 to
37°C (2). We examined the effects of PEG 6000 on ligation with
different amounts of T4 DNA ligase. Figure 5 shows the results
by agarose gel electrophoresis. There was no difference in the
ligation in the different PEG 6000 solutions when 70 units of
the ligase was added; both inter- and intramolecular ligation
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Table 1. Efficiency of cloning of EcoRI-digested E. coli
chromosome DNA into the EcoRI arm of X gtl1 DNA by ligation
with 10% PEG 6000 and cations or polyamines.

Cations or polyamines Colorless plaques/pg of A gtl1 DNA

150 mM Na+ 4.0 x 106

200 mM K+ 3.1 x 106

20 mM Mg2+ 0.2 x 106

7.5 mM Ca2+ 0.3 x 106

0.75 mM spermidine 5.6 x 106

0.075 mM spermine 5.1 x 106

Ligation was done as in Methods, with 0.35 units of the ligase
at 26°C for 5 min. 2
Except for the case with Mg2+, 6.6 mM Mg2 was present.

occurred in all solutions (Fig. 5, Lanes 2, 4, 6, and 8).
However, the extent of ligation after 60 min in PEG 6000
solutions with 70 units of the ligase was higher than after 14
hr in the usual ligation solution without PEG but with 350 units
of the ligase (Fig. 5, Lane 10). In 10% PEG 6000 solutions,
intermolecular ligation was enhanced and intramolecular ligation
was inhibited when 350 units of the ligase was added (Fig. 5,
Lane 9). The transformation of these ligation products into E.
coli HB101 also indicated that intermolecular ligation was

stimulated when an excess of the ligase was added even in a 10%

PEG 6000 solution without cations or polyamines; transformation
efficiency with 350 units of the ligase in 10% PEG 6000 solution
was lower than with the same amount of the ligase in 6.0% to

9.2% PEG 6000 solutions or with 70 units of the ligase in 6.0%
to 10% PEG 6000 solutions (Fig. 6). We next examined the
effects of time length of ligation on transformation in 6.0% to

9.2% PEG 6000 solutions. The incubation time was 10, 30, or 60
min with 70 or 350 units of the ligase. The number of the

transformants obtained by 30 min of incubation with 70 units of

the ligase was one-half that obtained by 60 min of incubation

with the same amount of the ligase. There was no difference

7625



Nucleic Acids Research

2 3 4 5 6 7 8 9 10

flniear
rmonomer

.-I r c u Ia r
moo f'c mer

se
0 5 50 350

E ~ ~ _._. .2.

Figure 5. Effects of the amount of T4 DNA ligase on ligation
of ScaI-digested pBR 322 DNA in PEG 6000 solutions. Assay
mixtures were as in Methods, and contained the indicated
percentages of PEG 6000. The amount of the ligase added to the
mixtures is given here. Incubation was at 16'C for 60 mmn
except for ligation in the usual buffer without PEG 6000. pBR
322 DNA RFI, Lane 1; ligation with 350 units of the ligase
for 14 hr in the usual buffer without PEG 6000, Lane 10.

between 10 and 60 mmn of incubation when 350 units of the ligase
was added (data not shown).
Effects of ligation with PEG 6000 on the insertion of a DNA

fragment into plasmid DNA

We examined the effects of ligation in PEG 6000 solutions

on the insertion of cohesive-ended DNA fragment containing Tetr

gene into pUC 18 DNA. The ligation between cohesive-ended DNA

fragment containingTer gene (1 428 bp) and cohesive-ended and

dephosphorylated pUC 18 DNA (2670 bp) was measured in PEG 6000

solutions at 16_Cfor 30 mm with 7.0, 70, or 350 units of the

ligase. Figure 7 shows the transformation efficiency when the

ligation products in the reaction mixtures containing 140 ng of

the pUC 18 DNA and 80 ng of the DNA fragment containing Tetr

gene were transformed into E. coli HB101. There were more

transformants by ligation in 6.0% to 10% PEG 6000 solutions than

by the usual ligation with 350 units of the ligase for 4 hr, and

less by ligation in 9.2% and 10% PEG 6000 solutions with 350

units of the ligase than by ligation in 6.0% to 10% PEG 6000
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Figure 6. Transformation efficiency with ligation products of
ScaI-digested pBR 322 DNA in PEG 6000 solutions. (0) 70 units
of the ligase and ( ) 350 units of the ligase. The arrow is
for the efficiency of transformation with ligation products
using 350 units of the ligase at 160C for 14 hr in the usual
ligation buffer without PEG 6000.

solutions with 70 units of the ligase or in 6.0% to 8.3% PEG

6000 solutions with 350 units of the ligase (Fig. 7). These
results showed that stimulation of intermolecular ligation
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Figure 7. Effects of ligation with PEG 6000 on cloning of
cohesive-ended DNA fragment containing Tetr gene into pUC 18
DNA. The ligation of the DNA fragment containing Tet gene and
the pUC 18 DNA was measured in the mixtures as in Methods;
they contained 80 ng of the DNA fragment containing Tetr gene,
140 ng of the pUC 18 DNA, and the indicated percentages of PEG
6000. The amount of the ligase added to the mixtures is given
here; ( O) 7.0 units, ( 0 ) 70 units, and ( 0 ) 350 units. The
arrow is for the efficiency of transformation with ligation
products using 350 units of the ligase at 160C for 4 hr in the
usual ligation buffer without PEG 6000.
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Table 2. Efficiency of cloning of blunt-ended DNA fragment
containing Terr gene into the HincII site of pUC 18 DNA by
ligation with PEG 6000 compared to results by the usual
ligation.

pUC 18 : Tetr gene Transformants/g of Tetr gene
(ng) (ng) 10% PEG 6000(a) PEG 6000 none(b)

70 : 50 1.1 x 105 0.2 x 105

140 : 50 1.2 x 105 0.5 x 105

350 : 50 1.6 x 105 0.5 x 105

700 : 50 0.2 x 105 NT

350 : 0 0 NT

a: Ligation was done in
min with 70 units of

b: Ligation was done in
PEG 6000 at 16°C for

NT: not tested.

10% PEG 6000 solution at 16°C for 30
the ligase.
the usual ligation buffer without
16 hr with 350 units of the ligase.

depended on the amount of the ligase in PEG solution. Ligation

with PEG 6000 was also effective for insertion of the

blunt-ended DNA fragment into the vector DNA. We ligated

blunt-ended DNA fragment containing Tetr gene (2583 bp) and also
blunt-ended and dephosphorylated pUC 18 DNA (2686 bp) with 70

units of the ligase in 10% PEG 6000 solutions. Table 2 shows

results compared to those of the usual ligation without PEG 6000

Table 3. Efficiency of insertion of BglII linker DNA into the
PvuII site of pBR 322 DNA by ligation with PEG 6000 compared to
results by the usual ligation.

pBR 322 :BglII linker Transformants/qg of pBR 322 DNA
(ng) (ng) 10% PEG 6000(a) PEG 6000 none(b)

125 : 120 1.2 x 104 0.3 x 104
250 : 120 1.5 x 104 0.6 x 104

a: Ligation was done in
min with 70 units of

b: Ligation was done in
PEG 6000 at 10C for

10% PEG 6000 solution at 10°C for 30
the ligase.
the usual ligation buffer without
16 hr with 350 units of the ligase.
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when the ratio between the pUC 18 DNA and the DNA fragment
containing Tetr gene was varied.

Ligation with PEG 6000 could also be applied to the
insertion of linker DNA. We constructed a BglII site on pBR 322
DNA, which has no cutting site for BglII, using BqlII linker
DNA. Ligation of the BglII linker DNA and PvuII-digested pBR
322 DNA was examined in 10% PEG 6000 solutions. The ligation in
10% PEG 6000 solution gave higher transformation efficiency than
the usual ligation when linker DNA was an insert (Table 3). The
plasmid DNA isolated from the transformants were shown to be
digested by BglII.

DISCUSSION

In 10% PEG 6000 solutions, divalent cations or polyamines
also enhanced intermolecular ligation similar to monovalent
cations. Such stimulation with cations or polyamines is brought
about by an increase in the affinity of the enzyme for the DNA
substrate. That only intermolecular ligation was enhanced even
in 10% PEG 6000 solution without cations or polyamines except
for the minimum amount of Mg2+ when an excess of the ligase was
added indicated that the presence of cations or polyamines
increased the concentration of the enzyme around the DNA
substrate. However, it is unclear by what mechanism the
affinity is,increased by cations or polyamines in PEG solutions.
The volume-excluding effect of PEG (15) and DNA condensation by
polyamines (16-18) or high polymers (19, 20) seem to be closely
related to this stimulation. Changes in the higher structure of
DNA can occur when the negative charges of DNA phosphate are
neutralized by polyamines. We think that neutralization of the
negative charges of the DNA phosphate by cations or polyamines
is important in increasing the affinity of the enzyme for the
DNA substrate in 10% PEG 6000 solutions. The following results
strongly support this idea: there was correlation between the
concentrations of cations or polyamines at which intermolecular
ligation was promoted and their valence, and the optimum
concentration of Na+ for such ligation extended downward when
0.1 mM of spermidine was present in 10% PEG 6000 solutions. We
think the probability of the DNA terminus of one molecule
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approaching that of another would be increased by neutralization

of the DNA phosphate with cations, because such neutralization

compensates for the elsctrostatic repulsion of the negatively

charged DNA. Moreover, divalent cations or polyamines may fix

the distance between the DNA terminus of one molecule and that

of another by binding to 5'-phosphate terminus of one molecule

and 3'-hydroxyl terminus of a neighboring molecule.

The properties of T4 DNA ligase in 10% PEG 6000 solution

were very useful in making recombinant DNA, because inter- and

intramolecular ligation could be easily regulated by the

concentration of cations or polyamines, and because the time

required to complete ligation was very short. Ligation in 10%

PEG 6000, particularly with cations or polyamines, stimulated

intermolecular ligation when the concentration of DNA was very

low, so in vitro packaging was effective even when the

concentration of the phage vector DNA was low. However,

ligation in 10% PEG 6000 solution with divalent cations was less

effective than with monovalent cations or polyamines for cloning

the gene into the phage vector by in vitro packaging. This

result seems to arise from inhibition of in vitro packaging of

the ligated DNA.
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