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ABSTRACT
Sequencing of the genomes of Mycobacterium tuberculosis H37Rv and Streptomyces
coelicolor A3(2) identiﬁed putative genes for an
NADⴙ-dependent DNA ligase. We have cloned both
open reading frames and overexpressed the protein
products in Escherichia coli. In vitro biochemical
assays conﬁrm that each of these proteins encodes a
functional DNA ligase that uses NADⴙ as its cofactor. Expression of either protein is able to complement E. coli GR501, which carries a temperaturesensitive mutation in ligA. Thus, in vitro and in vivo
analyses conﬁrm predictions that ligA genes from
M. tuberculosis and S. coelicolor are NADⴙ-dependent DNA ligases. Proteins 2003;51:321–326.
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INTRODUCTION
DNA ligases are essential enzymes required for joining
of DNA strand breaks formed during DNA replication,
recombination, and repair. Biochemical studies of DNA
ligases puriﬁed from a variety of organisms and viruses
have identiﬁed that the reaction mechanism can be broken
down into three steps.1– 4 In the ﬁrst step of the reaction, a
covalent enzyme-adenylate intermediate is formed via a
speciﬁc lysine in the catalytic motif of the enzyme (KXDG
in motif I—Fig. 1). The adenylate group can be provided by
either adenosine triphosphate (ATP) or nicotinamideadenine dinucleotide (NAD⫹), leading to the classiﬁcation
of the enzymes as ATP- or NAD⫹-ligases.
The paradigm for studies of NAD⫹-ligases is the Escherichia coli K12 enzyme encoded by the essential gene
ligA.1 NAD⫹-ligases are also essential for Bacillus subtilis5 and Staphylococcus aureus,6 and are likely to be
indispensable in all eubacteria. Several E. coli strains
carrying temperature-sensitive mutations in ligA have
been isolated, such as E. coli GR501, which is unable to
grow at temperatures above 42°C.7 NAD⫹-ligases have
been puriﬁed from other eubacteria and have similar
©
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biochemical characteristics.2,8 Recently, an NAD⫹-ligase
was identiﬁed within the genome of a virus,9 but they have
not been found in eucaryotic genomes. Thus, NAD⫹ligases have been suggested as possible targets for novel
antibacterial compounds.6,9 –12
Within every eubacterial genome sequenced so far are
open reading frames predicted to encode NAD⫹-ligases of
similar size and extensive amino acid sequence homology.8
A series of six conserved motifs occur in sequence alignments of DNA ligases and mRNA capping enzymes3,13,14
(e.g., Fig. 1). Motifs I–V lie in the core domains of these
enzymes and make important contacts to the bound nucleotide, indicating that the active site has been conserved
among all DNA ligases.2,3 X-ray crystallographic studies
have provided high-resolution structures of NAD⫹-ligases
from Thermus ﬁliformis11 and Bacillus stearothermophilus.10 The good agreement between the two X-ray crystallographic structures and the high degree of homology of
protein sequence suggests that all NAD⫹-ligases are likely
to have similar overall structures.3,11
Recent studies identiﬁed active ATP-ligases in Haemophilus inﬂuenzae15 and B. subtilis.5 Analysis of genome
sequences predicts that several eubacteria encode distinct
ATP-ligases in addition to their NAD⫹-ligase.2,8,16 For
example, genomic analysis of Mycobacteria tuberculosis
H37Rv17 and Streptomyces coelicolor A3(2)18 identiﬁed
putative genes for three ATP-ligases and one NAD⫹ligase. These actinomycetes are complex eubacteria and
an ancient synteny exists between their genomes,18 but
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Fig. 1. Sequence alignment of LigA from E. coli K12, M. tuberculosis H37Rv, and S. coelicolor A3(2).
Amino acid sequence of E. coli K12 LigA was aligned with the use of ClustalW with the predicted open reading
frames for M. tuberculosis H37Rv LigA (gene ⫽ Rv3014c) and S. coelicolor A3(2) LigA (gene ⫽ SC8D9.06).
Identical residues are shown in white on a black background. Amino acids highlighted in bold on a gray
background are conserved within standard functional groups as follows: acidic ⫽ DE; basic ⫽ HKR;
hydrophobic ⫽ A, F, I, L, M, P, V, W; polar ⫽ C, G, N, Q, S, T, Y. Arrows indicate the six sequence motifs (Motifs
I, III, IIIa, IV, V, and VI) conserved in DNA ligases and mRNA capping enzymes.

they are phylogenetically distinct to enterobacteria such
as E. coli.
DNA ligases from E. coli have been well studied, but it
remains possible that the physiological roles of these
enzymes may be altered in different eubacteria. Furthermore, although the good homology between the amino acid
sequences of DNA ligases identiﬁed within various eubac-

terial genomes suggest that all are likely to be functional
NAD⫹-ligases, the validity of these predictions must be
established by experimental analysis. To begin to address
whether the NAD⫹-ligases from actinomycetes have different biochemical roles, or whether they may be inﬂuenced by
the potential ATP-ligases, we wished to conﬁrm that the
predicted ligA genes act as functional NAD⫹-ligases. In this
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respect, here we report the cloning and overexpression of the
ligA homologues from M. tuberculosis and S. coelicolor.
MATERIALS AND METHODS
Cloning of DNA Ligases
Various NAD⫹-ligases were ampliﬁed by polymerase
chain reaction (PCR) with a proof-reading DNA polymerase from genomic DNA as follows:
E. coli K12 NAD⫹-ligase (EcLigA, 671 amino acids) was
ampliﬁed using 5⬘ primer (5⬘-CAT ATG GAA TCA ATC
GAA CAA C-3⬘) and 3⬘ primer (5⬘-GGA TCC TCA GCT
ACC CAG CAA ACG CA-3⬘).
M. tuberculosis H37Rv NAD⫹-ligase (MtLigA, 691 amino
acids) was ampliﬁed using 5⬘ primer (5⬘-CAT ATG GTG
AGC TCC CCA GAC GCC GA-3⬘) and 3⬘ primer (5⬘-GGA
TCC TCA CGT TCG TGA CGC GGG TCC GT-3⬘).
S. coelicolor A3(2) NAD⫹-ligase (ScLigA, 735 amino
acids) was ampliﬁed using 5⬘ primer (5⬘-CAT ATG GCC
GGC GAC AAG CAG GG-3⬘) and 3⬘ primer (5⬘-GGA TCC
CTA TTC CTC AGC CGA AAG CGC-3⬘).
For each PCR ampliﬁcation, the 5⬘ primers contained an
NdeI site, and the 3⬘ primers contained a BamHI site. PCR
products were cloned using the Zero Blunt TOPO威 Cloning
kit (Invitrogen) and sequenced to conﬁrm that no mutations were introduced during PCR. Fragments were excised from the TOPO vectors with the use of the NdeI and
BamHI sites and cloned into pET16b (Novagen). Proteins
overexpressed from this vector contain a 10-His tag within
an extra 21 amino acids (2.5 kDa) at the N-terminus of the
protein. To allow overexpression of proteins in E. coli
GR501, full-length ligases plus the His-tag were excised
from pET-16b vectors with the use of the NcoI and BamHI
sites, and cloned into pTrc99A (Amersham Pharmacia).
Protein Puriﬁcation
For protein expression, all E. coli cultures were grown at
37°C in Luria–Bartani (LB) medium containing ampicillin
(100 g/mL) and chloramphenicol (50 g/mL). The pET16b
clones were transformed into E. coli BL21 (DE3) pLysS,
plated on LB-agar containing antibiotics, and grown overnight. Single colonies were inoculated into 5 mL liquid
media, grown overnight, and diluted 100-fold into 50 mL
fresh media. After growth to midlog phase (OD600 ⫽
0.4 – 0.6), protein expression was induced by addition of
IPTG to 0.4 mM. Cells were harvested after 4 h further
growth, and proteins were puriﬁed from the soluble fraction on 2 mL Ni⫹-agarose columns (Novagen His-bind
resin). The proteins were dialyzed into 20 mM Tris-HCl pH
7.5, 50 mM NaCl, 20% glycerol.
The puriﬁed E. coli LigA (including the His-tag) was
used to raise rabbit polyclonal antibodies (Davids Biotechnologie, Germany).
Preparation of DNA Substrate
A double-stranded DNA 40-bp substrate carrying a
single-strand nick between bases 18 and 19 was used as
the standard substrate for ligation assays.19 This substrate was created in Tris-borate-EDTA buffer (TBE)
buffer by annealing an 18-mer (5⬘-GTA AAA CGA CGG
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CCA GTG-3⬘) and a 22-mer (5⬘-AAT TCG AGC TCG GTA
CCC GGG G-3⬘) to a complementary 40-mer (5⬘-CCC CGG
GTA CCG AGC TCG AAT TCA CTG GCC GTC GTT TTA
C-3⬘). At their 5⬘ ends, the 18-mer contained a ﬂuorescein
molecule and the 22-mer was phosphorylated.
Analysis of Ligation Activity
The nicked 40-bp substrate (50 pmoles) was used to
assay in vitro ligation activity of each enzyme (35 pmoles).
Ligations were performed in 10 L reactions and incubated at 25°C for up to 1 h. Reactions were conducted in
the presence of 1 mM ATP or 26 M NAD⫹ in 50 mM Tris
(pH 7.8), 10 mM MgCl2, 10 mM dithiothreitol, 25 g/mL
bovine serum albumen (BSA). At the end of the incubation,
the samples were mixed with an equal volume of formamide-loading buffer, heated to 95°C, loaded on to a 15%
polyacrylamide-urea gel (10 ⫻ 10 cm), and run at 300 V for
1 h in IX TBE. Reaction products on the gel were visualized
using a Molecular Dynamics Storm phosphorimager.
To assay for ligation activity in vivo, we used E. coli
GR501, which has a temperature-sensitive mutation in
ligA.20 Cells were transformed with pTrc99A containing
the relevant DNA ligase and grown overnight at 30°C on
LB-agar containing ampicillin (100 g/mL). Single colonies were streaked on to fresh LB-agar plates and grown at
30°C or 44°C.
RESULTS AND DISCUSSION
Predicted NADⴙ-Ligases of M. tuberculosis
and S. coelicolor
The genome sequences of M. tuberculosis H37Rv17 and
S. coelicolor A3(2)18 contain one putative NAD⫹-ligase,
named ligA. We refer to the protein products of the M.
tuberculosis and S. coelicolor ligA genes as MtLigA and
ScLigA, respectively. Alignment of these sequences with
other NAD⫹-ligases conﬁrmed that they contained the six
conserved motifs that are typical of DNA ligases (Fig. 1).
Note that the levels of G⫹C-bases in each of these ligA
genes is dramatically different: E. coli K12 is 54%, M.
tuberculosis H37Rv is 69% and S. coelicolor is 70% G⫹C.
Despite these differences at the gene level, there is very
good homology between the amino acid sequences of
MtLigA, ScLigA, and EcLigA (protein product of E. coli
K12 ligA). As expected from phylogenetic relationships,
MtLigA and ScLigA are most similar, with 57% identity
and 68% similarity. Comparison to EcLigA gives 42%
identity and 56% similarity for MtLigA, and 40% identity
and 55% similarity for ScLigA. The most distinct differences between the proteins occur in ScLigA, with two
insertions of 5 and 24 amino acids that begin at amino
acids 480 and 506, respectively. These extensions are
within two of the conserved helix– hairpin– helix motifs
that have been implicated in non-sequence-speciﬁc binding of DNA by NAD⫹-ligases.3,21 High-resolution analysis
of ScLigA will be required to determine whether these
additional amino acids have a dramatic inﬂuence on the
structure of the protein.
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Fig. 2. LigA genes from E. coli, M. tuberculosis, and S. coelicolor encode functional NAD⫹-ligases. (A)
Schematic details of Fluorescein-oligo assay of in vitro DNA ligation activity. If ligation occurs, the size of the
DNA product increases from 18 to 40 bases. (B) In vitro ligation assays use indicated protein in the presence of
ATP or NAD⫹. LigA from E. coli, M. tuberculosis, and S. coelicolor all had DNA end-joining activity in the
presence of NAD⫹. Note that all eubacterial LigA’s had low ligation activity in the presence of ATP, because
preadenylated enzyme allowed one round of ligation. T4 was used as a control for ATP-dependent ligation and
was thus more active in the presence of ATP.

Functional NADⴙ-ligases of M. tuberculosis
and S. coelicolor
PCR ampliﬁcation of the relevant genomic DNA generated full-length genes for MtLigA and ScLigA, which were
cloned into an E. coli expression system. To compare our
results with previous studies, we also cloned full-length
EcLigA into the same expression system. The NAD⫹ligases were overexpressed and puriﬁed by afﬁnity chromatography to an in-frame N-terminal His-tag. This method
of puriﬁcation has been used in a number of studies of
different DNA ligases,9,22–24 and there is no evidence to
suggest that the His-tag inﬂuences activity of the enzyme.
Analysis on sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS–PAGE) showed that the His-tagged
proteins were ⬎90% pure, and Western blots with a
polyclonal antibody to EcLigA detected no contamination
with chromosomally expressed E. coli LigA (data not
shown).
To examine whether each of the puriﬁed proteins had
DNA ligase activity, we used a standard in vitro assay for

DNA ligation19 that uses a 40-bp double-stranded DNA
containing a gap between bases 18 and 19 of one strand
[Fig. 2(A)]. The eubacterial proteins puriﬁed in this study
all joined the DNA “nick” in the presence of NAD⫹ and
were thus, conﬁrmed to have DNA ligase activity [Fig.
2(B)]. Commercially available bacteriophage T4 (T4) DNA
ligase was used as a control for ATP-ligases and, as
expected, DNA end-joining was observed in the presence of
ATP. Note that there was a low level of activity of all
proteins (including T4) in the absence of their appropriate
cofactor [Fig. 2(B)], which was proportional to the amount
of added enzyme (data not shown). This has been observed
with other DNA ligases6,23 and occurs because the overexpressed enzymes are preadenylated when puriﬁed, allowing a single turnover of each enzyme.
The essential nature of LigA is illustrated by E. coli
strain GR501, which contains a temperature-sensitive
mutation in ligA that renders the strain nonviable at or
above temperatures of 42°C.7 This strain has been used
previously to conﬁrm ligation activity in E. coli of human
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Fig. 3. M. tuberculosis and S. coelicolor ligA genes function as NAD⫹-ligases in E. coli. E. coli GR501,
which contains a temperature-sensitive mutation in chromosomal ligA, was transformed with pTrc99A
overexpressing MtLigA or ScLigA and grown overnight at 30°C on LB-agar containing ampicillin (100 g/mL).
E. coli GR501 transformed with pTrc99A alone was used as a control for cells containing only temperaturesensitive ligA. Single colonies from both transformations were streaked on to fresh LB-agar plates containing
ampicillin and grown at 30°C (left plate) or 44°C (right plate). Note that over expression of MtLigA or ScLigA
complemented the temperature-sensitive mutation and allowed E. coli GR501 to grow at 44°C.

DNA ligase I.25 We used this strain to test whether
MtLigA and ScLigA can act as functional NAD⫹-ligases in
vivo. EcLigA, MtLigA, and ScLigA were cloned into the E.
coli expression vector pTrc99A. Control experiments
showed that E. coli GR501 was nonviable at 44°C when
transformed with pTrc99A alone (Fig. 3). As expected,
expression of full-length EcLigA from pTrc99A allowed
growth at 44°C (data not shown). Thus, the presence of
wild-type EcLigA complements the mutation and allows
GR501 to grow at elevated temperature. Similarly, expression of MtLigA or ScLigA from pTrc99A permitted growth
of E. coli GR501 at 44°C (Fig. 3). Thus, MtLigA and ScLigA
can function as NAD⫹-ligases in E. coli.
CONCLUSIONS
The presence of putative genes for both ATP- and
NAD⫹-ligases in some eubacteria is intriguing and indicates a complex evolutionary relationship for DNA ligases.8 Current evidence suggests that NAD⫹-ligases cannot be replaced by eubacterial ATP-ligases5; thus, the
NAD⫹-dependent enzymes are likely to be essential in all
eubacteria. Therefore, NAD⫹-ligases are still potential
targets for antibacterial compounds. To identify whether
this will be a valuable area of study, it is important to
perform biochemical characterization of NAD⫹-ligases from
a wide range of eubacteria. In this regard, we have cloned
and overexpressed the ligA homologs from M. tuberculosis
and S. coelicolor. In vitro and in vivo analyses conﬁrmed
that these genes encode functional NAD⫹-ligases.
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