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This study compares a number of parameters that are important in the ligation of the
polymerase chain reaction-amplified DNA inserts into plasmid vectors and their effi-
cient transformation to bacterial cells. The parameters covered were: T4 polynucleo-
tide kinase treatment followed by either the large fragment of E. coli DNA polymerase
or T4 DNA polymerase reactions, the amount of T4 DNA ligase, temperature and du-
ration of ligation, molar ratio of insert to vector as well as the total DNA concentra-
tion. The results show that the T4 polynucleotide kinase-treated group without fur-
ther enzymatic manipulation, at an insert to vector ratio of 3:1 gave the highest recom-
bination efficiency when 10 #g/ml DNA and 20 units T4 DNA ligase were applied for

ligation for 12 h at 4°C.

The requirement for template instruction in
adding deoxyribonucleotide on DNA primers
is a characteristic feature of DNA polyme-
rases, a property not observed in other
nucleotidyl transferases, such as terminal
deoxynucleotidyl transferases (TdT) [1]. How-
ever, a number of DNA polymerases, includ-
ing that from Thermus aquaticus, add nucleo-
tides to the 3’ ends of double-stranded DNA
with a bias for dJAMP in a template-independ-
ent way [2]. Unless linked to adaptors with re-

striction enzyme sites engineered to produce
cohesive termini, PCR products are known to
be relatively inefficient in constructing recom-
binant DNA molecules and a variety of tips to
overcome this difficulty are available in
commonly used experimental protocols [3].
As a part of biochemical characterization of
the mitochondrial type I DNA topoisomerases
(mt topol), studies on the effects of certain mi-
tochondrial DNA (mtDNA) sequences on the
enzyme’s affinity required construction of a
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number of recombinant plasmids bearing se-
lected regions of bovine mtDNA (approxi-
mately 16500 bp) [4]. The selected regions
were the heavy strand origin fragment (H-ori,
15691-149; 797 bp), light strand origin frag-
ment (L-ori, 5147-5936; 790 bp), transcription
termination sequence (Term, 2774-3160; 387
bp) and cytochrome b-encoding region (Cyt b,
14579-14943; 365 bp). These regions were
PCR-amplified and cloned into plasmid vec-
tors. Because of the well-known inefficiency of
standard PCR cloning, the study was exten-
ded to optimize the parameters that are im-
portant in the ligation of PCR products and
their transformation to bacterial cells. The pa-
rameters covered were: (i) T4 polynucleotide
kinase (T4 PNK) treatment of the PCR prod-
ucts with either large fragment of E. coli DNA
polymerase I (Klenow enzyme) or T4 DNA
polymerase prior to ligation, (ii) the amount
of T4 DNA ligase, temperature and duration
of ligation, and (iii) molar ratio of insert to
vector and total DNA concentration during li-
gation. Unless stated otherwise, the effect of
each parameter was monitored as the number
of recombinant clones obtained per 1 ug of
DNA in the transformed bacterial cells.

MATERIALS AND METHODS

Chemicals. Klenow enzyme, T4 DNA poly-
merase, T4 DNA ligase, T4 DNA polynucleo-
tide kinase, pGEM-T vector and JM109 E. coli
cells were from Promega (Madison, WI,
U.S.A)). Tag DNA polymerase was from
Perkin Elmer (Foster, CA, U.S.A).
Ampicillin, isopropyl-1-thio3-D-galactoside
(IPTG), 5-bromo-4-chloro-3-indolyl3-D-galacto-
pyranoside (X-Gal) were from Sigma Chemi-
cal Co. (St Louis, MO, U.S.A.).

Preparation of DNA inserts. Using the
known bovine mtDNA sequence [5] and a com-
puter-aided program “PRIMER DESIGN*, the
regions of interest were amplified using a mul-
tiplex PCR protocol [25 cycles; 1 min at 94°C,
2 min at 65°C and 3 min at 72°C with a final

extension of 7 min at 72°C using 100 ng of
template DNA, 20 pmole appropriate primers,
1.5 mM dNTP mixture and one unit (u) of Taq
DNA polymerase in the buffer containing 83
mM (NH4)9SOy4, 335 mM Tris/HCI (pH 8.0),
34 mM MgCly, 50 mM [-mercaptoethanol
(B-ME), 34 mM EDTA and 850 ug/ml bovine
serum albumin (BSA) in 50 ul reaction vol-
ume] [6]. Sequences of the primers were as
follows:

H-ori: Left: 5’ ACCAGAGAAGGAGAACAACTAACCTC-3';
Right: 5'-GCTCAAGATGCAGTTAAGTCCAGCTA-3'.
L-ori: Left: 5'-"ACGACTCACGTATTCTACCACACTA-3';
Right: 5'-GAACAAGTCAGTTACCGAATCCTCC-3'.
Term: Left: 5' ' TACGACCTCGATGTTGGATCAGGAC-3';
Right: 5'-AAGGAATGCTACGGCCAATAGGATG-3'.
Cytb: Left: 5'"AGCCCCATCAAACATTTCATCATGA-3';

Right: 5" TGCTCCTCAGAATGATATTTGTCCT-3'.

Enzymatic manipulations of insert and
vector DNAs. Phosphorylation of 5’ ends
with T4 PNK, filling the DNA inserts with
dNTPs using Klenow enzyme and converting
DNA inserts into blunt ends using T4 DNA
polymerase were carried out using standard
protocols of molecular biology [3].

Plasmid construction. Amplified DNA in-
serts were purified using Wizard® columns
(Promega, Madison, WI, U.S.A.). Products
were phosphorylated at their 5’ termini using
T4 PNK and ligated with 3'-T overhanging
vector, pGEM®—T (3.0 kb). The appropriate
amount of insert to be used in ligations has
been calculated using the following equation;
[(amount of vector, ng) X (size of insert,
kb)/(size of vector, kb) X (molar ratio of in-
sert/vector)] = ng of insert DNA, and the reac-
tions were carried out in 10 ul volume accord-
ing to the manufacturer’s instructions [7].
Four transformation sets were prepared for
each of the recombinant plasmid using compe-
tent JM109 cells. Control recombinant
plasmids to match the size of mtDNA-bearing
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recombinant plasmids were also constructed
using non-mitochondrial DNA. The cells were
grown overnight at 37°C on Lauria-Benani
(LB) plates containing 50 u#g/ml ampicillin,
0.5 mM IPTG and 40 ug/ml X-Gal. A pilot
transformation using completely supercoiled
pUC 19 plasmid gave a transformation effi-
ciency of 1.2 X 10% recombinant clones per
1 ug DNA. Transformants were selected and
recombinant plasmids were recovered for gel
electrophoresis analyses by alkaline lysis
mini-prep [3]. The average number of recom-
binant clones for each set of experiments were
taken into consideration during calculations.
The differences between individual plasmid
sets were analysed using Student’s ttest
(two-tailed) and the null hypothesis was re-
jected when P < 0.05.

RESULTS AND DISCUSSION

pGEM®—T vectors were chosen as a conve-
nient system for cloning because single-T
overhangs on the vector have advantage of the
3’ protruding -A nucleotides on PCR products.

The conditions of the ligation reactions were
first subjected to a number of optimizations
for three parameters; 4°C and 15°C as the tem-
perature of the reaction; 10, 20 and 50 units of
T4 ligase as the amount of enzyme; 4 h and 12
h as the duration of ligation. Two of these
three parameters were constant in the individ-
ual ligation sets and the reactions were car-
ried out according to [6]; 20 units of ligase for
4 h ligation when the temperature was vari-
able; 4 h ligation at 4°C when the amount of
ligase was variable; 20 units of ligase at 4°C
when the time was variable. The results are
summarized in Table 1. The temperature of
4°C resulted in a significantly higher overall
efficiency of transformation (P = 0.03). In the
experimental sets focusing on the amount of
T4 DNA ligase, both 20 and 50 units of en-
zyme gave higher efficiency compared to the
set with 10 units of enzyme. However, the dif-
ference between the groups with 20 and 50

units of enzyme was not significant (P = 0.26).
The time of the ligase reaction was also influ-
ential as 12 h ligation gave a significantly
higher number of transformants than the 4
h-ligation (P << 0.01).

The effects of enzymatic manipulations on
the ligation efficiency were investigated un-
der the ligation conditions resulting in its
high efficiency i.e. 4°C, 20 u ligase and 12 h
(Table 1). PCR products phosphorylated at
their 5'-termini were either filled with dNTPs

Table 1. Effect of temperature versus the amount
of ligase and time of ligation on the transforma-
tion efficiency of JM109 cells

Transformation efficiency

Parameter

; ; (transformants per 1 ug of
investigated DNA)
Temperature

4°C 1.3 x 10*
15°C 2.1 % 10°
Amount of ligase

10u 1.3 x 10°
20 u 2.4 % 10*
50 u 1.6 x 10*
Time of ligation

4h 1.4 % 10°
12h 35 % 10*

*See Results and Discussion for statistical evaluation.

using Klenow enzyme or transformed into
blunt ends using T4 DNA polymerase. The re-
sults are shown in Table 2 in terms of percent-
age efficiency. Neither Klenow (Table 2,
group 2) nor T4 DNA polymerase treatments
(Table 2, group 3) made the PCR products
compatible for ligation as the efficiency in
these two groups was below the detection
limit (<1). Both enzymes possess 5’3" poly-
merase and 3’5" exonuclease activities [1].
Although the exonuclease activity of T4 DNA
polymerase is more than 200 times as effec-
tive as that of Klenow enzyme, this enzyme
acts non-processively and indiscriminately on
all 3'-OH termini whether the ends are blunt
or have either 3'- or 5'-overhangs. The failure
to obtain successful ligation could be attrib-
uted to the insufficient saturation of 3’ ends of
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DNA which was due to low affinity of T4 DNA
polymerase for 3’ ends. The T4 PNK treat-
ment without further treatment with either
polymerase (Table 2, group 4) shows that
phosphorylation of PCR-amplified DNA, per

Table 2. Compatibility of PCR products for liga-
tion following the reactions with Klenow enzyme,
T4 DNA polymerase or T4 polynucleotide kinase.

Efficiency for individual reaction sets are given in
terms of percentage of recombinant colonies after
transformation of JM109 cells.

Group Kle(ril;)w T4( JSOI T4 (Pil)\IK Effi(co/ioe;ncy
1 - - - 16
) + _ + <1
3 - + + <1
4 - - + 83

se, is sufficient for its processing. However,
some recombinant colonies were also detected
in the T4 PNK-untreated group (Table 2,
group 1).

One of the strategies for high-efficiency clon-
ing of blunt-end DNA molecules involves
dephosphorylation of vectors with calf intesti-
nal alkaline phosphatase (CIAP), which catal-
yses the hydrolysis of 5'-phosphate groups
from DNA [8]. Treatment with CIAP has also
been found to increase the ligation efficiency
of the PCR-amplified inserts, although vector
DNAs are not expected to undergo self-ligat-
ion due to the presence of 3'-T overhang (not
shown) that could be attributed due to possi-
ble removal of overhanging dNTPs by contam-
inating exonucleases and/or the presence of
vectors without 3'-T overhangs.

Using the strategy of group 4 of Table 2 as
well as the optimized ligation conditions (cf.
Table 1) three different molar ratios of insert
to vector DNAs were tested (Table 3). The ra-
tios of both 1:3 (group 1) and 1:1 (group 2)
gave significantly low transformation efficien-
cies while the insert to vector ratio of 3:1
(group 3) resulted in the highest number of
transformants. Statistical analyses of the indi-

vidual groups showed a marginal significance
for the difference between the first two groups
(P = 0.06), while the differences between
group 3 and either group 1 or 2 were very sig-
nificant (P < 0.01, in both cases). A further in-
crease in the relative insert concentration did
not improve the ligation efficiency (not
shown).

Table 3. Effect of the insert to vector molar ratio
in the ligase reaction on the transformation effi-
ciency of JM109 cells

Transformation efficiency
(transformants per 1 ug of

Molar ratio of
insert:vector

DNA)

1:3 1.2 x 10°
1:1 1.0 x 10°
311 3.5 x 10*

*See Results and Discussion for statistical evaluation.

DNA concentrations as low as 2 ug/ml and 5
ug/ml and as high as 50 ug/ml (Table 4,
groups 1, 2 and 4, respectively) gave low trans-
formation efficiency under the experimental
conditions derived from the previous steps.

Table 4. Effect of DNA concentration on the trans-
formation efficiency of JM109 cells

Transformation efficiency
(transformants per 1 ug of

DNA concentration
(ug/ml)

DNA)
2 1.4 x 10°
5 1.6 x 10°
10 3.5 x 10
50 1.8 x 10°

*See Results and Discussion for statistical evaluation.

The differenceses among those three groups
were not significant (P = 1.26). Group 3 (Table
4) in which 10 ug/ml DNA was used resulted
in an efficiency of 3.5 X 10* transforman-
ts/ug DNA which was significantly higher (P
= 0.01) than average obtained for groups 1, 2
and 4 (1.6 x 10° transformants/ug).
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A representative agarose gel separation of
the recombinant plasmids constructed in the
optimization experiments is shown in Fig. 1.
Recombinant plasmids are characterized by
slower migration than the pGEM-T plasmid
with no insert (Fig. 1, lane A), due to the pres-
ence of mtDNA sequences (Fig. 1, lanes B, C,
E and G). The experiments also included con-
trol plasmids with non-mitochondrial DNA
(Fig. 1, lanes D and F, for 800 bp and 400 bp
insert groups, respectively), to avoid any ef-
fect on ligation of size- and/or sequence-relat-
ed alterations.

In conclusion, individual reaction parame-
ters were investigated to obtain such set of
conditions which gave the highest efficiency
in ligation and transformation of plasmids to
bacterial cells. Although this study does not
rule out the variations that can arise due to in
vitro reaction conditions, such as the dNTP
pool imbalance, misaligned primer-termini,

Figure 1. A representative agarose

gel separation of recombinant

plasmids constructed in the study.

Purified recombinant plasmids (200 ng
each) are visualized on ethidium bro-
mide-stained 0.8% agarose gel. Lane A,
pGEM®-T plasmid with no insert; lane B,
pGEM with H-ori; lane C, pGEM® with
L-ori; lane D, pGEM with 800 bp
non-mtDNA insert; lane E, pGEM with
Term; lane F, pGEM with 400 bp
non-mtDNA insert and lane G, pGEM
with Cyt-b.

synthesis time and/or reaction buffer compo-
nents [9], the results show that T4 PNK-treat-
ment of PCR products without further manip-
ulations with either Klenow or T4 DNA poly-
merase enzymes, gave the highest number of
recombinant clones after 12 h ligation at 4°C
using 20 u/ml T4 ligase and 10 ug/ml DNA, at
an insert to vector ratio of 3:1. The data ob-
tained have not been compared to the trans-
formation efficiency obtained by using the
supercoiled pUC19 plasmid because the de-
gree of superhelical density, presence of in-
serts, enzymatic manipulations and mode of
transformation can influence the ligation and
transformation efficiencies.

The author acknowledges the valuable guid-
ance by Dr. Frank J. Castora throughout the
study.
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