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deoxyribonucleic acid (DNA). Ligases use adenosine triphosphate or nicotinamide—

adenine dinucleotide (NAD) as cofactors for this covalent joining of DNA.

Introduction

One of the key steps in recombinant deoxyribonucleic acid
(DNA) technology is the joining of two separate DNA
fragments covalently to form a single DNA molecule that
is capable of autonomous replication in cells. The cons-
truction of recombinant DNA molecules involves the join-
ing of insert sequences into plasmids or bacteriophage
cloning vectors. This critical step is performed by DNA
ligases. Like type II restriction enzymes, DNA ligases are
essential tools in recombinant DNA technology for ana-
lysing and manipulating DNA. DNA ligases are essential
enzymes in the synthesis of new DNA during cell division
and for maintaining the integrity of the genome.

DNA Ligase Reaction Properties and
Intermediates

DNA ligases catalyse the formation of phosphodiester
bonds between juxtaposed 5'-phosphate groups and a 3'-
hydroxyl termini in duplex DNA. They can repair single-
stranded nicks in duplex DNA as well as covalently join
restriction fragments with compatible cohesive ends or
blunt ends (Figure 1). The commonly used DNA ligases in
nucleic acid research are T4 DNA ligase and Escherichia
coli DNA ligase. T4 DNA ligase was originally purified
from T4 phage-infected cells of E. coli; it is the product of
gene 30 of phage T4. E. coli DNA ligase is the product of
the /ig gene. Both genes have been cloned and the enzymes
are obtained from overproducing strains. T4 DNA ligase
and E. coli ligase differ from each other in two important
properties: (1) T4 DNA ligase uses adenosine triphosphate
(ATP) as a cofactor, whereas E. coli ligase uses NAD as a
cofactor; (2) under normal reaction conditions, only T4
DNA ligase joins blunt ends efficiently. While E. coli DNA
ligase repairs single-stranded nicks in duplex DNA and
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joins restriction fragments with compatible cohesive or
sticky ends, it does not ligate restriction fragments with
blunt ends under normal reaction conditions. See also:
Bacteriophage T4; DNA ligases; DNA repair by reversal of
damage; Nucleic acids: general properties

DNA ligases catalyse the DNA joining reaction in three
distinct steps: (1) the formation of a covalent enzyme—
adenosine monophosphate (AMP) complex; (2) the trans-
fer of the AMP moiety to the 5'-phosphate at a nick in the
duplex DNA; and (3) the formation of the phosphodiester
bond with concomitant release of AMP. See also: DNA-
binding enzymes: structural themes

The first step of the reaction is the best characterized.
Studies with ATP-dependent T4 DNA ligase and NAD-
dependent E. coli DNA ligase have shown the formation of
a covalent enzyme—nucleoside monophosphate reaction
intermediate. It appears that the AMP moiety is linked via
a phosphoramidite bond to a lysine residue in an active site
motif, KXDGXR, that is diagnostic for DNA ligases
(Figure 2). A further five conserved motifs have been defined
by protein sequence alignments of DNA ligases. See also:
Protein motifs for DNA binding

The crystal structure of bacteriophage T7 DNA ligase has
revealed that this enzyme comprises two distinct domains
linked together to form a cleft. The active site motif,
KXDGXR, is at the base of the cleft, and the other conserved
motifs are located on the surface of the two domains close to
the site of adenylation. It appears that the nicked duplex
DNA binds the cleft between the two protein domains.

Manipulating and Recombining
Restriction Fragments with DNA Ligase

Figure 3a shows the cloning of a HindIII restriction frag-
ment into a vector or plasmid containing a single HindIII
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Figure 1 T4 and E. coliDNA ligase activity at single-stranded breaks or nicks (a) and at double-stranded breaks with cohesive or sticky ends. (b) T4 DNA
ligase activity at blunt ends. (c) ATP, adenosine triphosphate; NAD, nicotinamide—adenine dinucleotide. They catalyse the formation of phosphodiester
bonds between juxtaposed 5’ phosphate groups and 3" hydroxyl terminiin duplex DNA. While T4 DNA ligase uses ATP as a cofactor, E.coliligase uses NAD.

site. The first step is to cleave the vector at the unique
HindIII site by using the HindIII restriction endonuclease
to produce the vector with homologous cohesive ends. The
cleaved vector is then treated with calf intestinal phospha-
tase to remove the 5'-phosphates from the termini. This
process inhibits self-ligation of the vector. Gel electro-
phoresis is used to purify the cleaved vector away from the
uncleaved vector. Uncleaved and self-ligated vector DNA
are the major source of background in the cloning of the
restriction fragments. Because all the HindIII cohesive
ends are equivalent, the restriction fragment will be cloned
in either of the two possible orientations with respect to the
vector sequences. These two possible recombinant prod-
ucts can be distinguished by restriction mapping by using
an enzyme that cleaves asymmetrically within the insert
DNA. See also: Restriction enzymes

Alternatively, directional cloning of the restriction frag-
ments with heterologous ends may be used to force the
insert in a particular orientation with respect to the vector
sequences (Figure 3b). The restriction fragments that are to
be subcloned have heterologous ends. These are generated
by cutting the DNA with two different restriction enzymes,
for example BamHI and HindIII, respectively. The vector
or plasmid DNA containing unique BamHI and HindIII
sites is also digested with BamHI and HindIII. The cleaved
vector DNA with heterologous ends is gel-purified away
from the uncleaved vector DNA to reduce background. As
the heterologous ends of the vector DNA are not compat-
ible, there is no self-ligation. Directional cloning is possible
because the heterologous ends of the insert are compatible
with those of the vector DNA in only one orientation. The
other orientation results in noncompatible ends for liga-
tion and, hence, this recombinant product is eliminated
from the reaction mixture. See also: Gel electrophoresis:
one-dimensional; Plasmids

T4 DNA ligase can join DNA fragments with blunt
ends, but the ligation efficiency is much lower than that
achieved by restriction fragments with cohesive ends. The
ligation efficiency may be increased by increasing the

concentration of DNA and by using more DNA ligase. The
blunt ends are equally ligatible, irrespective of the restric-
tion enzyme used to generate the ends. The ligation of co-
hesive ends requires compatible termini. The ligation of
blunt ends produced by different restriction enzymes results
in recombinants that cannot be cleaved by either enzyme.

Optimizing the Formation of
Recombinant Molecules

During the ligation reaction, several factors appear to in-
fluence the formation of recombinant molecules: (1) the
purity of the DNA, (2) the relative concentrations of the
insert and vector DNA and (3) increased amount of T4
DNA ligase for blunt-end ligations. The probability of
obtaining the desired recombinant DNA molecules is
greatly improved with the purity of the individual DNA
components of the ligation reaction. Highly purified re-
striction fragments and vector DNA free of minor con-
taminants are required. The minor contaminants arise
from incomplete digestion by restriction endonucleases.
For example, even if the cleavage efficiency of the vector
DNA by a restriction enzyme is 99%, the uncleaved 1% of
vector DNA readily transfects the competent cells during
transformation. This results in an unacceptably high back-
ground in these experiments. Gel purification of the
cleaved vector DNA away from the uncleaved vector
greatly reduces this background. The other major source of
background is from intramolecular self-ligation of vector
DNA. This can be eliminated by using vector DNA with
heterologous ends. In the case of vector or plasmid DNA
with homologous ends, intramolecular joining can be pre-
vented by removing the 5'-phosphate from each end with
calf intestinal phosphate. This 5" dephosphorylation can-
not be applied to both the vector DNA and the DNA
fragment to be ligated. Thus, the untreated partner remains
capable of self-ligation. Recently, Ukai and colleagues
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Figure 2 Reaction mechanisms for T4 DNA ligases. (a) T4 DNA ligase (L) reacts with ATP to form a phosphoramide-linked AMP with the amino group of
the active lysine site. Pyrophosphate (PPi) is released. (b) The 5'-phosphate at the nick attacks the activated phosphoryl group of the AMP to form an
adenylated DNA. (c) The enzyme catalyses joining of the 3'-OH of the DNA at the nick to the activated 5’-phosphate to form the phosphodiester bond and

concomitant release AMP.

proposed a new technique to overcome this problem. This
technique replaces the 2" deoxyribose at the 3’-end of the
DNA fragment with 2’,3'dideoxyribose to prevent self-
ligation. The 5-phosphate in this fragment remains
capable of ligation to the 3'-OH of the vector DNA. By
combining this 3’ replacement technique with 5" de-
phosphorylation of vector DNA, self-ligation of both the
partners in the reaction can be simultaneously prevented.
The relative concentrations of the insert DNA and vector
DNA in the ligation mixture may also influence the

frequency of specific ligation products. Cloning experi-
ments using vector DNA require the joining of two or more
separate DNA molecules followed by the circularization of
the product. The optimal cloning efficiency results in DNA
concentrations that are high enough to permit sufficient
intermolecular ligation, but not so high as to reduce intra-
molecular ligation. In situations where the background is
low, the DNA concentration has been determined experi-
mentally to be between 1 and 50pgmL~". It must be
pointed out that genetic methods are available to identify
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Figure 3 Ligation of a restriction fragment into a plasmid or vector DNA.
(a) Cloning of a restriction fragment into a vector with cohesive ends. The
insert can be cloned into the vector in two possible orientations with
respect to the vector sequences. Both recombinant molecules are shown
and they can be distinguished by restriction mapping. (b) Directional
cloning of a restriction fragment into a vector with heterologous ends. The
restriction fragment is digested with two different restriction enzymes to
generate heterologous ends. The plasmid or vector DNA is also cleaved
with the same enzymes to generate heterologous ends. This results in the
cloning of the insert DNA in only one particular orientation with respect to
the vector sequences. The other orientation results in noncompatible ends
for ligation, and hence this recombinant product is eliminated from the
ligation reaction mixture. ATP, adenosine triphosphate.

colonies containing the desired DNA molecule from back-
ground colonies. These include the use of a combination of
drug markers, as well as the use of designed cloning vectors
to select or screen for recombinants on appropriate indi-
cator plates. Furthermore, polymerase chain reaction
(PCR) methods may be employed directly to screen col-
onies for recombinants by using oligonucleotide primers
complementary to the vector sequences flanking the inser-

4

tion site. Finally, it is important to perform appropriate
control experiments simultaneously with the ligation re-
action of interest. The controls reflect on the relative suc-
cess of the cloning experiment. This is particularly helpful
because the preparation and analysis of the recombinant
DNA molecules is a laborious and time-consuming part of
the cloning process. Blunt-end ligation is facilitated by us-
ing an even higher concentration of DNA components and
about 10-fold more ligase. All ligations are carried out at
16°C overnight in a relatively low reaction volume, usually
10-20 uL. See also: Bacterial restriction—modification
systems; DNA: methods for preparation; Polymerase
chain reaction (PCR); Polymerase chain reaction (PCR):
specialized reactions

In practice, the critical parameters for the design of a
ligation reaction include the number of inserts, the type of
DNA ends, the concentration of the DNA fragment, the
preparation and purity of the restriction fragments, and
the availability of a selection or screening system that can
be employed to identify the desired recombinant DNA
molecule. Sometimes, it is important to obtain maximum
number of recombinants especially during the construction
of genomic or complementary DNA (cDNA) libraries.
This ensures a complete coverage or representation of the
genome or cDNA. In other instances, it is better to obtain a
few colonies containing the desired recombinant product
than a large number of colonies in which only relatively few
contain the desired product. In each case, the experimental
conditions of ligation are adjusted to favour the desired
recombinant product. See also: Microorganisms: applica-
tions in molecular biology

Formation of the desired recombinant product during
the ligation reaction can be increased by using an excess of
the dephosphorylated vector or plasmid DNA to that of
the insert that is to be cloned. An alternative method is to
perform the ligation of the vector to the insert with com-
patible ends in the presence of the restriction enzyme that
was used to generate the inserts. The enzyme will inhibit
ligation of the inserts to themselves, as these will be cleaved
continuously by the enzyme to regenerate the monomer
inserts. On the other hand, the ligation of the inserts to the
vector DNA is favoured because it leads to the generation
of a fusion site that is not recognized by the restriction
endonuclease, and hence not cleaved. This results in the
accumulation of the desired recombinant molecules during
the ligation reactions.

Selection or screening methods are currently available to
identify the desired recombinant molecule from a ligation
mixture. Cloning vectors have been designed to screen or
select for the recombinants. pUC or M13mp derivatives
are the commonly used vectors. They contain the o-
complementation region of the E. coli lacZ gene. They
produce blue colonies or plaques on appropriate indicator
plates. A white colony or plaque is seen when there is a
successful insertion of a restriction fragment in the lacZ
region of the vector. This white colony or plaque is easily



Ligation: Theory and Practice

detected or identified among a background of blue trans-
formants. An alternative approach is to use plasmids or
vectors that contain two selectable drug markers, such as
ampicillin or tetracycline resistance, as in the case of
pBR322. Insertion of a restriction fragment into one of
these marker genes renders the colony sensitive to that
drug. These recombinant colonies can easily be screened by
means of replica plating. See also: Genetic engineering:
reporter genes

Biochemical Properties of DNA Ligases

The ATP-dependent DNA ligases are widespread in nature
from bacteriophage to mammals. The NAD-dependent
DNA ligases are unique to bacteria. This uniqueness of
NAD-dependent ligases to eubacteria has led to the sug-
gestion that it could be a potential target for novel anti-
biotics. In addition to ATP or NAD as cofactors, these
enzymes require Mg " for activity. The lower organisms
appear to encode only a single essential DNA ligase,
whereas mammalian cells carry multiple genes. DNA
ligases vary widely in their molecular mass, ranging from
41kDa (T7 ligase) to 100 kDa (mammalian DNA ligase I).
Protein regions with additional regulatory functions ac-
count for much of the variation in the size. For instance,
mammalian DNA ligase I comprises two distinct and sep-
arable domains: a carboxy (C)-terminal catalytic domain
and an amino (N)-terminal region with regulatory func-
tions. The N-terminal domain is not required for the cata-
Iytic activity. However, it is required both for nuclear
localization and for recruitment of the enzyme at the rep-
lication sites during the S phase. While significant sequence
homology has been observed between ATP-dependent
ligases, none is found between NAD-dependent DNA
ligases of eubacteria. See also: Adenosine triphosphate;
Coenzymes and cofactors; NAD" and NADP' as
prosthetic groups for enzymes; Protein—-DNA complexes:
specific

Barany and co-workers have compared the biochemical
properties of seven NAD-dependent DNA ligases of
thermophilic bacteria, collected from Thermus species
worldwide. The enzymes are highly homologous, with
amino acid sequence identities ranging from 85 to 98%.
The enzymes have different levels of tolerance for mis-
match ligation when Mn?" is substituted for Mg?*. The
sequence divergence and subtle structural variation among
these DNA ligases appear to underlie the enzyme’s recog-
nition preferences toward different mismatched base pairs.

In vivo Function of DNA Ligases

Study of mammalian DNA ligases has shown that they
play crucial roles in cellular functions such as DNA rep-

lication, DNA repair and genetic recombination. Four
distinct DNA ligase activities have been shown to arise
from three mammalian genes (I, III, IV) encoding DNA
ligases. DNA ligase I joins the Okazaki fragments gener-
ated by lagging strand DNA synthesis during DNA rep-
lication. Ligase I is also involved in base excision repair
(BER). It directly interacts with DNA polymerase f3, the
enzyme responsible for BER. DNA ligase I-deficient cell
lines are sensitive to DNA damage by alkylating agents,
ionizing radiation and ultraviolet exposure. This suggests
that DNA ligase I is involved in DNA repair pathways as
well. See also: Developmentally programmed DNA
rearrangements; DNA repair; Eukaryotic replication fork

It appears that two forms of DNA ligase III, ITlz and
IS, are produced by alternative splicing in a tissue- and
cell type-specific manner. DNA ligase I1lx interacts with
the DNA strand-break repair protein XRCC1 to form a
complex during the repair of DNA single-stranded breaks
in all tissues and cells. This interaction is mediated by
dimerization of their carboxy terminal BRCT (BRCA C-
terminal) modules. BRCT modules are present in various
proteins involved in cell cycle and DNA replication and it
has been proposed that these processes are controlled in
part by interaction of these BRCT domains. Ligase IT1x is
also involved in the repair and replication of mitochondrial
DNA. DNA ligase IT1f does not interact with XRCC1 and
appears to be involved in the meiotic recombination.
Ligase IV takes part in the nonhomologous end joining
(NHEJ) repair of DNA double-strand breaks caused by
radiation and chemical agents. This enzyme interacts with
XRCC4, which stabilizes and directs it to DNA double-
strand breaks. It has been shown to be essential for em-
bryonic development and V(D)J recombination in mice.
DNA ligases also appear to be involved in the repair of
DNA double-stranded breaks by homologous or non-
homologous recombination pathways. See also: Alterna-
tive splicing: cell-type-specific and developmental control;
Meiotic recombination pathways; Recombinational DNA
repair in eukaryotes

The clones carrying chimaeric nucleases can be made
more viable by increasing the levels of the DNA ligase
within the cells. As there are no counterpart methylases
available for the hybrid endonucleases that are formed by
the fusion of the isolated nuclease domain of Fokl to other
DNA-binding motifs, production of these engineered nu-
cleases in vivo is often lethal to cells.

Ligase Chain Reaction

The availability of cloned thermostable ligases makes it
possible for the application of ligases in DNA diagnostics.
This method is called the ligase chain reaction (LCR). It
complements the PCR that has revolutionized DNA diag-
nostics. PCR is a simple and powerful in vitro method that
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allows enzymatic synthesis of specific DNA sequences, us-
ing two oligonucleotide primers that hybridize to opposite
strands and flank the region of interest in the target DNA.
A repetitive series of automated cycles, which include tem-
plate denaturation, primer annealing and the extension of
the annealed primers by a thermostable DNA polymerase,
results in the exponential amplification of a specific frag-
ment whose termini are defined by the 5'-ends of the prim-
ers. LCR, on the other hand, utilizes a thermostable ligase
both to amplify DNA and to discriminate a single base
substitution in target DNA (Figure 4). The thermostable
ligase specifically links two juxtaposed oligonucleotides
when hybridized at 65°C to a complementary target at the
junction. Oligonucleotide products are amplified expo-
nentially by thermal cycling of the ligation reaction in the
presence of a second set of adjacent oligonucleotides, comp-
lementary to the first set and the target. A single base
mismatch at the junction prevents ligation, and hence am-
plification. Barany has used this method to discriminate
between normal * and sickle 5 globin genotypes of hu-
man population by using 10-uL blood samples. More re-
cently, Barany and co-workers have developed a universal
DNA microarray method for multiplex detection of low
abundance point mutations in cancer by combining PCR
with LCR. Alternatively, point mutations and SNPs can be
sensitively detected by using padlock probes. These are
oligonucleotides, which include one target-complementary
sequence at each end and are designed such that the two
ends are placed immediately next to each other on hybridi-
zation with a perfectly matched target sequence. These

Matched target Mismatched target

Denature DNA
and
anneal oligonucleotides

v

Ligation No ligation

Exponential amplification

Figure 4 Diagram depicting DNA amplification and detection by
means of the LCR. The target DNA is heat denatured and four
complementary oligonucleotides are then hybridized to the target at
65°C. A thermostable ligase is used to link covalently adjacent
oligonucleotides that are perfectly matched to the target. Products from
one cycle of ligation become targets for the next cycle, and thus the
number of products increases exponentially. Oligonucleotides that
contain a single base mismatch at the junction do not ligate efficiently,
and therefore do not amplify the ligated product. The single base
mismatch at the junction is shown in red.
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perfectly matched probes can be linked covalently by
ligase. Hence, they can specifically discriminate point mu-
tations on the target sequence. The circularized probes can
be amplified by rolling circle amplification (RCA) using
single primer and ¢ 29 DNA polymerase. This reaction,
unlike PCR, proceeds at 37°C for 3 h and yields a tandem
repeat of the target sequence. The RCA product can be
directly stained with Sybr-Gold and visualized under UV
light.

Summary

DNA ligases play essential roles in many cellular functions,
including DNA replication, DNA repair and DNA re-
combination. They catalyse the formation of phosphodi-
ester bonds between adjacent 3’-hydroxyl and 5'-
phosphate termini at single- or double-stranded breaks.
DNA ligases fall into two major classes based on their
cofactor requirements: (1) enzymes that use ATP and (2)
enzymes that are NAD dependent. Four distinct DNA
ligase activities from three mammalian genes encoding
DNA ligases have been identified. They have been shown
to play important roles in the maintenance of genomic
stability and integrity.

DNA ligases have also proven to be essential tools in the
recombinant DNA technology. These enzymes are used to
join two or more separate DNA segments to generate a
single DNA molecule that is capable of autonomous rep-
lication in cells and bacteria.

LCR s a powerful in vitro method that utilizes a thermo-
stable ligase both to amplify DNA and to discriminate a
single base substitution in target DNA. LCR thus comple-
ments PCR, which has revolutionized DNA diagnostics.
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