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Abstract

Mimivirus, a parasite of Acanthamoeba polyphaga, is the largest DNAvirus known; it encodes a cornucopia of proteins with imputed functions
in DNA replication, modification, and repair. Here we produced, purified, and characterized mimivirus DNA ligase (MimiLIG), an NAD+-
dependent nick joining enzyme homologous to bacterial LigA and entomopoxvirus DNA ligase. MimiLIG is a 636-aa polypeptide composed of
an N-terminal NAD+ specificity module (domain Ia), linked to nucleotidyltransferase, OB-fold, helix–hairpin–helix, and BRCT domains, but it
lacks the tetracysteine Zn-binding module found in all bacterial LigA enzymes. MimiLIG requires conserved domain Ia residues Tyr36, Asp46,
Tyr49, and Asp50 for its initial reaction with NAD+ to form the ligase–AMP intermediate, but not for the third step of phosphodiester formation at
a preadenylylated nick. MimiLIG differs from bacterial LigA enzymes in that its activity is strongly dependent on the C-terminal BRCT domain,
deletion of which reduced its specific activity in nick joining by 75-fold without affecting the ligase adenylylation step. The ΔBRCT mutant of
MimiLIG was impaired in sealing at a preadenylylated nick. We propose that eukaryal DNA viruses acquired the NAD+-dependent ligases by
horizontal transfer from a bacterium and that MimiLIG predates entomopoxvirus ligase, which lacks both the tetracysteine and BRCT domains.
We speculate that the dissemination of NAD+-dependent ligase from bacterium to eukaryotic virus might have occurred within an amoebal host.
© 2006 Published by Elsevier Inc.
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Introduction

DNA ligases are found in all free-living organisms and are
essential for the maintenance of cellular genome integrity
(Lehman, 1974). They are responsible for joining Okazaki
fragments on the lagging strand of the DNA replication fork and
restoring continuity of the DNA backbone subsequent to
nucleotide excision and base excision repair. DNA viruses, as
extrachromosomal replicons, also rely on ligases to guard their
genomes against breaks introduced during replication and
recombination or DNA damage caused by environmental agents
or genoclastic host defenses. Whereas small DNA viruses
depend primarily on cellular enzymes for their replication and
repair, many of the larger DNA viruses encode their own
enzymatic machinery for viral DNA transactions, often
including a viral DNA ligase. The bacterial DNA viruses T4
and T7 were among the original sources for discovery of DNA
ligases in 1967 (Weiss and Richardson, 1967; Becker et al.,
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1967), and these bacteriophage ligases have figured promi-
nently in the elucidation of the ligase catalytic mechanism and
protein structure (Weiss et al., 1968; Harvey et al., 1971;
Subramanya et al., 1996). Several eukaryotic virus-encoded
DNA ligases have also been characterized biochemically or
structurally, including the ligases of poxviruses (Kerr and
Smith, 1989; Shuman and Ru, 1995; Shuman, 1995; Sekiguchi
and Shuman, 1997; Sriskanda et al., 2001; Lu et al., 2004),
baculovirus (Pearson and Rohrmann, 1998), African swine
fever virus (Hammond et al., 1992; Lamarche et al., 2005), and
Chlorella virus (Ho et al., 1997; Sriskanda and Shuman, 1998,
2002a,b; Odell et al., 2000).

Nick sealing by all DNA ligases occurs via a series of three
nucleotidyl transfer reactions (Lehman, 1974). In the first step, a
lysine nucleophile in the ligase active site attacks the α
phosphorus of ATP or NAD+ to form a covalent lysyl–N-
AMP intermediate and expel either pyrophosphate or nicotin-
amide mononucleotide (NMN). In the second step, the 5′
phosphate of the DNA nick attacks the phosphorus of lysyl–
AMP to form a DNA–adenylylate intermediate [A(5′)pp(5′)
DNA] and expel the lysine. The third step is the attack of the nick
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3′-OH on the DNA–adenylylate to form a 3′–5′ phosphodiester
and release AMP.

NAD+-dependent andATP-dependent DNA ligases comprise
two distinct branches of the covalent nucleotidyltransferase
superfamily, which includes RNA ligases and mRNA capping
enzymes (Shuman and Lima, 2004). The superfamily members
catalyze chemically similar NMP addition reactions at polynu-
cleotide 5′ ends via lysyl–NMP intermediates. DNA ligases and
RNA capping enzymes contain two structural modules that
comprise a catalytic core: a proximal nucleotidyltransferase
(NT) domain and a distal OB-fold (OB) domain (Subramanya et
al., 1996; Odell et al., 2000; Pascal et al., 2004; Håkansson et al.,
1997; Fabrega et al., 2003; Singleton et al., 1999; Lee et al.,
2000; Gajiwala and Pinko, 2004; Srivastiva et al., 2005) (Fig.
1A). Structure–function analyses have pinpointed five con-
served peptide motifs (I, III, IIIa, IV, and V; see Fig. 1B) within
Fig. 1. Conservation of domain structure and amino acid sequence between MimiLIG
MimiLIG, entomopoxvirus (EPV) ligase, and bacterial LigB. Domain Ia is an NMN-
(B) The amino acid sequence of MimiLIG is aligned to that of E. coli LigA. The poly
domain Ia (yellow); nucleotidyltransferase (green); OB-fold (gray); HhH (blue). The c
segment. The four Zn-binding cysteine residues that are found in LigA, but not in M
Asp50 in domain Ia of MimiLIG that were targeted for alanine scanning are denoted
carboxyl termini are denoted by asterisks.
the NT domain that comprise the NMP-binding pocket (Shuman
and Lima, 2004).

The ATP-dependent DNA ligases are found in all three
phylogenetic domains of cellular life: bacteria, archaea and
eukarya (Martin andMacNeill, 2002; Cheng and Shuman, 1997;
Sriskanda et al., 2000; Keppetipola and Shuman, 2005). In
contrast, the NAD+-dependent ligases, exemplified by the
founding member Escherichia coli LigA (Zimmerman et al.,
1967; Olivera and Lehman, 1967), have been regarded as unique
to bacterial cells. LigA proteins are composed of six structural
modules: N-terminal domain Ia, the NT and OB domains, a
tetracysteine Zn-binding domain, a helix–hairpin–helix (HhH)
domain, and a C-terminal BRCT domain (Fig. 1A). (The BRCT
domain is a structural motif named for the C-terminal domain of
the breast cancer susceptibility gene product BRCA1.) An
NAD+-dependent LigA enzyme is found in every known
and bacterial LigA. (A) Comparison of the domain structures of bacterial LigA,
binding module found in all NAD+-dependent DNA ligases. See text for details.
peptide segments corresponding to the structural domains are shaded as follows:
onserved nucleotidyltransferase motifs are highlighted in boxes within the green
imiLIG are highlighted in orange boxes. Amino acids Tyr36, Asp46, Tyr49, and
by | above the alignment. Gaps in the alignment are indicated by dashes, and the
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bacterial proteome and LigA is essential for bacterial viability in
every case tested (Wilkinson et al., 2001; Gottesman et al., 1973;
Konrad et al., 1973; Park et al., 1989; Petit and Ehrlich, 2000;
Kaczmarek et al., 2001; Gong et al., 2004). However, a recent
study shows that the archaeon Haloferax volcanii, which has an
ATP+-dependent ligase (as do all archaea), also has an NAD+-
dependent ligase, the first such sighting in a free-living organism
outside the bacterial domain of life (Zhao et al., 2006).
Moreover, neither of the Haloferax ligases is essential for
viability because they are functionally redundant, that is, the
genes encoding the ATP- and NAD+-dependent ligases can be
deleted singly, but not in combination (Zhao et al., 2006). The
Haloferax NAD+-dependent ligase is structurally homologous
to bacterial LigA proteins. A phylogenetic sequence comparison
hints that Haloferax might have acquired its NAD+-dependent
ligase by horizontal gene transfer from a δ-proteobacterium.

Until recently, it was thought that viral DNA ligases were all
of the ATP-dependent variety, as is the case for the ligases of T4,
T7, vaccinia, baculovirus, and African swine fever virus. This
presumption was overturned by the discovery and characteriza-
tion of the NAD+-dependent DNA ligases of the Amsacta moorei
andMelanoplus sanguinipes entomopoxviruses (Sriskanda et al.,
2001; Lu et al., 2004). The entomopoxvirus ligases are
structurally homologous to bacterial LigA, although they lack
the tetracysteine and BRCT domains. The fact that invertebrate
poxviruses have an NAD+-ligase (which is not found in any
eukaryotic organism), while mammalian poxviruses like vaccinia
have an ATP-dependent ligase that is highly homologous to
mammalian DNA ligase III, raises interesting questions about
where the entomopoxviruses might have acquired their NAD+-
dependent ligase genes. Another arthropod virus, Chilo
iridescent virus (a member of the Iridovirus family), encodes a
LigA-like polypeptide (Jakob et al., 2001), but its activity and
substrate specificity have not been tested biochemically.

Mimivirus is a recently identified parasite of Acanthamoeba
polyphaga that has an extraordinarily large genome (1.2 Mb)
encoding 911 predicted proteins (44). The mimivirus proteome
embraces a slew of proteins with imputed functions in DNA
metabolism, including two DNA polymerases, a PCNA sliding
clamp, three DNA topoisomerases (types IA, IB and II), and an
NAD+-dependent DNA ligase (Raoult et al., 2004). Character-
ization of the mimivirus type IB topoisomerase (MimiTopIB)
shows it to be a structural and functional homolog of poxvirus
TopIB and the poxvirus-like TopIB enzymes found in many
bacteria (Benarroch et al., 2005). Based on its DNA cleavage
site specificity, MimiTopIB is functionally more akin to
poxvirus TopIB than bacterial TopIB, despite its greater primary
structure similarity to the bacterial TopIB group. These results
suggested the occurrence of TopIB gene transfer between
bacteria, mimivirus, and poxviruses.

Here we purify and characterize the mimivirus DNA ligase
(henceforth named MimiLIG). We find that MimiLIG is a bona
fide nick sealing enzyme with specificity for NAD+ as its
nucleotide substrate. Although biochemically similar to bacterial
LigA, MimiLIG lacks the tetracysteine Zn-binding module found
in all LigA enzymes. MimiLIG exemplifies an intermediate
evolutionary stage between LigA and the NAD+-dependent
entomopoxvirus DNA ligases with respect to its protein domain
composition. Our results suggest that dissemination of NAD+-
dependent ligases from bacteria to eukaryal viruses occurred by
horizontal transfer, perhaps in an ancestral amoebal host.

Results

A mimivirus protein related to NAD+-dependent DNA ligases

Bacterial LigA, the prototypal NAD+-dependent ligase
found in all bacteria, is composed of a central ligase core (the
NTand OB domains) flanked by an N-terminal module (domain
Ia) and three C-terminal modules, including a tetracysteine
domain that binds a single Zn atom, a helix–hairpin–helix
(HhH) domain, and a BRCT domain (Singleton et al., 1999; Lee
et al., 2000; Gajiwala and Pinko, 2004; Srivastiva et al., 2005)
(see Fig. 1). Domain Ia confers NAD+ specificity via interaction
with the NMN moiety of NAD+ (Sriskanda et al., 2001;
Gajiwala and Pinko, 2004; Sriskanda and Shuman 2002c).
Several species of bacteria have a second NAD+-dependent
DNA ligase (LigB) in addition to LigA (Sriskanda and Shuman,
2001). The LigB proteins contain the Ia, NT, OB, and HhH
domains, but lack the C-terminal BRCT domain and two of the
four Zn-binding cysteines found in LigA (Fig. 1A). The two
entomopoxvirus NAD+-dependent DNA ligases are composed
of Ia, NT, OB, and HhH domains; they are missing the
tetracysteine and BRCT modules (Sriskanda et al., 2001; Lu et
al., 2004) (Fig. 1A). Here we focus on the mimivirus R303 gene
product (MimiLIG), a 636-aa polypeptide that displays primary
structure similarity to bacterial and entomopoxvirus NAD+-
dependent DNA ligases (Fig. 1). MimiLIG is composed of Ia,
NT, OB, HhH, and BRCT domains. The primary structure
alignment of MimiLIG and E. coli LigA shown in Fig. 1B
highlights conservation of the nucleotidyltransferase motifs that
form the AMP binding pocket (green boxes) and the identity of
the four amino acids of domain Ia that comprise the NMN
binding site (denoted by |). All four Zn-binding cysteines of E.
coli LigA are absent in MimiLIG (Fig. 1B).

Recombinant MimiLIG is an NAD+-dependent nick sealing
enzyme

MimiLIG was produced in E. coli as a His10-Smt3 fusion and
purified from a soluble bacterial lysate by Ni2+-agarose
chromatography. The His10-Smt3 tag was removed by the
Smt3-specific protease Ulp1, and the tag-free MimiLIG was
separated from the tag by a second step of Ni2+-agarose
chromatography. SDS-PAGE showed that the preparation
consisted of a major 70 kDa polypeptide corresponding to
MimiLIG (Fig. 2A, WT).

Recombinant MimiLIG protein sealed a singly nicked
duplex DNA substrate in the presence of NAD+ and
magnesium, converting 94% of the input 5′ 32P-labeled 18-
mer strand into a labeled 36-mer product (Fig. 2B, lane WT).
The extent of nick sealing in the presence of 50 μM NAD+ was
proportional to the amount of MimiLIG added (Fig. 3A). From
the slope of the titration curve, we estimate that >100 fmol of



Fig. 3. Characterization of wild-type MimiLIG. (A) Nick joining reaction mixtures (20 μl) containing 50 mM Tris–HCl (pH 7.5), 10 mM (NH4)2SO4, 5 mM DTT,
5 mM MgCl2, 1 pmol 5′ 32P-labeled nicked duplex DNA substrate, either 50 μM NAD+ (•), 50 μM ATP (▴) or no added nucleotide (▪), and MimiLIG as specified
were incubated at 37 °C for 10 min. The extents of ligation are plotted as a function of input protein. (B) Reaction mixtures (100 μl) containing 50 mM Tris–HCl (pH
7.5), 10 mM (NH4)2SO4, 5 mM DTT, 5 mM MgCl2, 50 μM NAD+, 5 pmol 5′ 32P-labeled nicked duplex DNA substrate, and either 165 fmol (▪) or 330 fmol (•) of
MimiLIG were incubated at 37 °C. Aliquots (20 μl) were withdrawn at the times specified and quenched immediately with an equal volume of 95% formamide, 20 mM
EDTA. The extents of ligation per sample (containing 1 pmol input substrate) are plotted as a function of time.

Fig. 2. Purification and activities of wild-type MimiLIG and MimiLIG mutants. (A) Aliquots (5 μg) of wild-type MimiLIG, the indicated Ala mutants, and the CΔ336
and CΔ79 truncation variants were analyzed by SDS-PAGE. Polypeptides were visualized by staining with Coomassie blue dye. The positions and sizes (kDa) of
marker polypeptides are indicated on the left. (B) Nick joining reaction mixtures (20 μl) containing 50 mM Tris–HCl (pH 7.5), 10 mM (NH4)2SO4, 5 DTT, 5 mM
MgCl2, 50 μMNAD+, 1 pmol 32P-labeled nicked DNA, and 20 fmol of the specified MimiLIG preparation were incubated for 30 min at 37 °C. The reaction products
were resolved by PAGE and visualized by autoradiography. MimiLIG was omitted from the control reaction shown in lane –. The structure of the singly nicked 36-mer
DNA is illustrated at the bottom with the radiolabeled nick 5′-phosphate indicated by p. (C) Ligase adenylylation reaction mixtures (20 μl) containing 50 mM Tris–
HCl (pH 7.5), 5 mM DTT, 5 mMMgCl2, 1 μM [32P-AMP]NAD+, and 8 pmol of the specified MimiLIG preparation were incubated at 37 °C for 10 min. The products
were analyzed by SDS-PAGE and visualized by autoradiography (D). Ligation at a preadenylylated nick. Reaction mixtures (20 μl) containing 50 mM Tris–HCl (pH
7.5), 5 mM DTT, 5 mMMgCl2, 200 fmol 32P-labeled nicked DNA–adenylylate substrate, and 1 pmol of the specified MimiLIG preparation were incubated at 37 °C
for 5 min. The products were resolved by PAGE and visualized by autoradiography. MimiLIG was omitted from the control reaction shown in lane –. The structure of
the nicked DNA–adenylylate substrate is illustrated at the bottom.
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ends was sealed per fmol of MimiLIG. The rate of ligation in the
presence of 50 μM NAD+ was proportional to input MimiLIG
(Fig. 3B). From these data, we estimated a turnover number of
~18 min−1. Activity in the absence of added NAD+, which was
detectable at stoichiometric levels of enzyme to nicked DNA
substrate (Fig. 3A), reflected the presence of preadenylylated
MimiLIG in the enzyme preparation. The linear dependence of
NAD+-independent product formation on input enzyme indi-
cated that ∼56% of the MimiLIG molecules had AMP bound
covalently at the active site. Inclusion of 50 μM ATP in lieu of
NAD+ failed to stimulate the joining reaction above the level
seen in the absence of added nucleotide. Thus, MimiLIG is a
bona fide NAD+-dependent DNA ligase.

The native size of MimiLIG was gauged by zonal velocity
sedimentation through a 15–30% glycerol gradient containing
0.5 M NaCl. Marker proteins catalase (248 kDa), ovalbumin
(43 kDa), and cytochrome c (12 kDa) were included as internal
standards. Aliquots of the even-numbered gradient fractions
were analyzed by SDS-PAGE (Fig. 4A) and assayed for nick
sealing (Fig. 4B). The 70 kDa MimiLIG polypeptide sedimen-
ted as a single component with a peak at fractions 18–20, a
Fig. 4. Velocity sedimentation of MimiLIG. Sedimentation in a glycerol gradient
was performed as described under Materials and methods. (A) Aliquots (16 μl)
of the even-numbered gradient fractions were analyzed by SDS-PAGE. The
Coomassie blue-stained gel shows the polypeptides corresponding to MimiLIG
and the sedimentation standards catalase, ovalbumin, and cytochrome c. (B)
Nick joining reaction mixtures (20 μl) containing 50 mM Tris–HCl (pH 7.5),
10 mM (NH4)2SO4, 5 mM DTT, 5 mMMgCl2, 50 μMNAD+, 1 pmol of 5′ 32P-
labeled nicked DNA, and 1 μl of a 1:100 dilution of the indicated gradient
fractions were incubated for 10 min at 37 °C.
position just ahead of the ovalbumin peak in fraction 20. A
single peak of ligase activity coincided with the distribution of
the MimiLIG protein. We surmise that MimiLIG is a monomer
in solution.

Effects of alanine mutations in domain Ia and motif I on the
nick sealing activity of MimiLIG

Domain Ia is the NAD+ specificity determinant of bacterial
LigA and the A. moorei entomopoxvirus DNA ligase. Previous
studies showed that mutations of conserved amino acids Tyr22,
Asp32, Tyr35, and Asp36 within domain Ia of E. coli LigA
either severely reduced or abolished nick sealing and adenyl-
ylate transfer from NAD+ (Sriskanda et al., 2001; Sriskanda and
Shuman, 2002c). These four side chains comprise a binding site
for the NMN moiety of NAD+ (Gajiwala and Pinko, 2004). All
of the NMN-binding side chains of E. coli LigA are conserved
in MimiLIG (Fig. 1B). To probe whether domain Ia functional
groups are relevant to the activity and NAD+ specificity of
MimiLIG, we introduced single alanine substitutions at Tyr36,
Asp46, Tyr49, and Asp50. We also mutated Lys113 in motif I,
which is the predicted site of covalent AMP attachment in
MimiLIG. The Y36A, D46A, Y49A, D50A, and K113A
proteins were produced in E. coli and purified free of their tags
in parallel with wild-type MimiLIG (Fig. 2A). Sealing activity
in the presence of 50 μM NAD+ was assayed initially at a 50:1
molar ratio of nicked DNA substrate to input enzyme,
conditions that result in nearly quantitative nick closure by
wild-type MimiLIG (Fig. 2B). As expected, the K113A protein
was inert. The Y36A and D46A proteins displayed only trace
sealing activity, whereas the Y49A and D50A mutants retained
activity, albeit less than wild-type MimiLIG. The specific
activities of the domain Ia mutants in the nick sealing reaction
were determined by enzyme titration (not shown). The results,
when normalized to the wild-type specific activity (defined as
100%), were as follows: the Y36A and D46A mutations
decreased activity to <1% of wild-type; the D50A and Y49A
enzymes were 2% and 6% as active as wild-type, respectively.

Mutational effects on ligase adenylylation

The first step in DNA ligation is the formation of a covalent
enzyme–adenylylate intermediate (Lehman, 1974; Weiss et al.,
1968; Zimmerman et al., 1967; Olivera and Lehman, 1967).
Incubation of wild-type MimiLIG with 1 μM [32P-AMP]NAD+

and magnesium resulted in the formation of a 32P-labeled
covalent nucleotidyl–protein adduct that comigrated with the
MimiLIG polypeptide during SDS-PAGE (Fig. 2C, WT). The
K113A mutant protein was unreactive with [32P-AMP]NAD+,
consistent with its role as the nucleophile in the adenylyl-
transferase reaction. Among the domain Ia mutants, Y36A and
D50A were unreactive, whereas D46A and Y49A formed very
low amounts of the covalent ligase–AMP intermediate (2.0 and
2.3% of the wild-type level, respectively). The observation that
D50A retains some nick sealing activity (Fig. 2B) despite what
appears to be a complete defect in step 1 (Fig. 2C) is probably
attributable to the difference in the NAD+ concentrations used
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in the adenylyltransferase assay (1 μM) versus the ligation assay
(50 μM). We surmise that Y36, D46, Y49, and D50 are critical
for the autoadenylylation reaction of MimiLIG with NAD+.

Domain Ia mutations do not affect sealing at a preadenylylated
nick

The third step of the ligation pathway is the attack of the 3′-
OH of the nick on the 5′-PO4 of the DNA–adenylylate to form a
phosphodiester and release AMP. We assayed step 3 of the
ligation reaction using a preadenylylated nicked DNA substrate
labeled with 32P on the 5′-PO4 of the DNA–adenylylate strand
(Fig. 2D). Reaction of wild-type MimiLIG with the nicked
DNA–adenylylate (in 5-fold molar enzyme excess) in the
presence of magnesium without added NAD+ resulted in strand
closure, evinced by conversion of 40% of the input AppDNA
strand to a radiolabeled 24-mer product. The Y36A, D46A,
Y49A, and D50A mutants attained similar extents of ligation at
the preadenylylated nick (Fig. 2D). Thus, the ablation of nick
joining and ligase–AMP formation by these four mutations
cannot be ascribed to a global folding defect, but instead reflects
a specific requirement for domain Ia functional groups in the
reaction of MimiLIG with NAD+. We surmise that MimiLIG
relies on the same NAD+ specificity determinants as bacterial
LigA and entomopoxvirus ligase.

The motif I lysine nucleophile is required for phosphodiester
formation

In contrast to the benign effects of domain Ia mutations on
the isolated step 3 reaction, the alanine change at Lys113
abolished sealing at a preadenylylated nick. These findings for
MimiLIG are counter to those reported for several ATP-
dependent DNA ligases, for which loss of the motif I lysine
nucleophile did not preclude catalysis of step 3 (Sekiguchi and
Shuman 1997; Sriskanda and Shuman 1998; Sriskanda et al.,
2000; Akey et al., 2006). A requirement for the lysine in step 3
of the MimiLIG reaction echoes similar finding concerning E.
coli LigA, whereby changing the lysine nucleophile to
glutamine abolished sealing at a preadenylylated nick,
although replacing the lysine with arginine restored step 3
activity to the wild-type level, despite the arginine mutant
being completely defective in the composite nick sealing
reaction and in step 1 adenylylation (Zhu and Shuman, 2005).
The requirement for a positively charged motif I side chain for
step 3 catalysis might be a shared characteristic of NAD+-
dependent DNA ligases that distinguishes them from the ATP-
dependent enzymes.

Effects of deleting the BRCT domain of MimiLIG

The necessity and function of the BRCT domain of
NAD+-dependent DNA ligases have been debated. On the
one hand, the fact that bacterial LigB enzymes and
entomopoxvirus ligases have nick sealing activity, though
they lack the BRCT domain (Sriskanda et al., 2001; Lu et al.,
2004; Sriskanda and Shuman 2001), indicates that this
structural module is not a defining requirement for NAD+-
dependent ligation. On the other hand, there have been
several reports of the effects of deleting the BRCT domain of
bacterial LigA proteins, which range from deleterious (Feng
et al., 2004) to mild or minimal (Lim et al., 2001; Wilkinson
et al., 2005; Jeon et al., 2004), depending on which LigA
enzyme is being investigated.

Here we produced and purified a truncated version of
MimiLIG (CΔ79), composed of residues 1–557, but lacking the
C-terminal 79 amino acids that comprise the BRCT domain.
The purity of the tag-free CΔ79 protein was comparable to that
of wild-type MimiLIG, and it displayed the expected incre-
mental increase in electrophoretic mobility (Fig. 2A). CΔ79
displayed extremely weak nick joining activity at a 50:1 ratio of
nicked DNA substrate to enzyme (Fig. 2B); a protein titration
showed its specific activity to be 1.3% of the activity of wild-
type MimiLIG. These results suggest that the BRCT domain is
critical for overall MimiLIG function.

The CΔ79 mutant was active in the step 1 adenylylation
reaction with NAD+ insofar as the yield of radiolabeled CΔ79–
AMP adduct was 84% of that formed by wild-type MimiLIG
(Fig. 2C). The nonessentiality of the extreme C-terminal
segment for adenylylation is consistent with previous deletion
analyses of other NAD+-dependent DNA ligases (Timson and
Wigley, 1999; Sriskanda et al., 2001; Kaczmarek et al., 2001;
Lim et al., 2001; Feng et al., 2004; Leon et al., 2004; Wilkinson
et al., 2005) and implicates the BRCT domain of MimiLIG in a
downstream step of the ligation pathway. This inference was
verified by the finding that the CΔ79 protein was impaired in
step 3 sealing at a preadenylylated nick, generating only 7.5%
as much ligated 24-mer product as did wild-type MimiLIG (Fig.
2D). Furthermore, the fact that CΔ79 is readily adenylylated,
but formed no detectable DNA–adenylylate intermediate
during the 5′-PO4 nick ligation reaction (Fig. 2B), suggests
that the missing BRCT domain is essential for step 2 of the
ligation pathway.

A more extensive truncation of MimiLIG that eliminated 336
amino acids from the C-terminus (Fig. 2A) abolished overall
ligation and step 3 activity. The CΔ336 mutant, which
terminated at Thr300, consists solely of the Ia and NT domains.
CΔ336A displayed weak reactivity with NAD+, forming a
truncated radiolabeled protein–AMP adduct to the extent of 4%
of the amount seen with wild-type MimiLIG (Fig. 2C). Whereas
the retention of adenylyltransferase by the isolated N-terminal
Ia-NT fragment is consistent with results for other NAD+-
dependent ligases, the isolated domains of other enzymes
generally retained higher levels of autoadenylylation than what
we observed for MimiLIG. Conceivably, the deleted OB
domain might either assist in the adenylylation reaction of the
Ia-NT fragment or contribute to its folding and stability.

Discussion

Mimivirus encodes a score of proteins with imputed
functions in DNA replication, modification, and repair (Raoult
et al., 2004; Claverie et al., 2006). Here, we produced, purified,
and characterized mimivirus DNA ligase, which we find to be a
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structural and functional homolog of bacterial LigA and
entomopoxvirus NAD+-dependent DNA ligases. MimiLIG is
the first instance of a biochemically verified NAD+-dependent
“eukaryotic” DNA ligase from a non-entomopoxvirus source.
The putative NAD+-dependent ligase encoded by Chilo
iridescent virus has not been characterized biochemically.
Given that it is a close structural homolog of MimiLIG (with
30% amino acid identity over a 614-aa polypeptide segment)
and has the same domain components, we suspect that the
iridovirus protein is also a legitimate nick sealing enzyme. Our
studies of MimiLIG reveal fundamental similarities, but also
significant differences, between members of the NAD+-
dependent ligase family. They also prompt speculation
concerning how NAD+-dependent DNA ligases might have
been insinuated into the eukaryal domain via horizontal transfer.

MimiLIG versus other NAD+-dependent ligases

We report that four amino acid side chains of domain Ia
responsible for the reaction of LigA and entomopoxvirus ligases
with NAD+ to form the ligase–AMP intermediate are conserved
and essential in MimiLIG. From the crystal structure of
Enterococcus LigA bound to NMN (Gajiwala and Pinko,
2004), we predict that Tyr36 and Tyr49 in MimiLIG sandwich
the nicotinamide base in a π stack, while Asp46 makes a
hydrogen bond to the amide nitrogen of nicotinamide and
Asp50 coordinates the ribose 2′-O.

Like other NAD+-dependent ligases tested, MimiLIG
requires the motif I lysine and the OB and HhH domains for
the composite nick sealing reaction and for phosphodiester
bond formation at a preadenylated nick. The HhH domain has
been implicated as a component of an essential DNA binding
surface, based on its conservation in all NAD+-dependent
DNA ligases and the observations that the isolated C-terminal
segments of B. stearothermophilus, S. aureus, or T. filiformis
LigA that include the tetracysteine, HhH, and BRCT domains
can bind duplex DNA in an electrophoretic mobility shift assay
(Timson and Wigley, 1999; Kaczmarek et al., 2001; Jeon et al.,
2004). In the case of Amsacta entomopoxvirus DNA ligase,
deletion of the C-terminal OB and HhH domains abolished
ligase binding to the nicked DNA–adenylylate intermediate
(Sriskanda et al., 2001). Although there is no crystal structure
yet for an NAD+-dependent DNA ligase bound to nicked
duplex DNA, the crystal structure of human DNA ligase I (an
ATP-dependent ligase) bound to a nicked DNA–adenylylate
(Pascal et al., 2004) revealed a circumferential clamp binding
mode, wherein a predominantly alpha-helical structural
domain flanking the NT-OB core comprises the DNA binding
surface on the face of the duplex away from the nick. This
helical domain of human Lig1 is structurally similar to the
HhH domain of the NAD+-dependent ligases (Pascal et al.,
2004).

MimiLIG differs from bacterial LigA in that it is missing the
tetracysteine Zn-binding module located between the OB and
HhH domains. In this respect, MimiLIG resembles the
entomopoxvirus ligases. We find that MimiLIG displays
vigorous sealing activity in vitro without a tetracysteine module.
The essentiality of the Zn-binding module for bacterial LigA
appears to depend on which protein is being investigated.
Whereas Sriskanda et al. (1999) showed that alanine mutations
at three of the four Zn-binding cysteines of E. coli LigA
abolished its nick sealing activity in vitro and in vivo, Luo and
Barany (1996) reported that three of the four cysteines of T.
thermophilus LigAwere nonessential for activity in vitro and in
vivo. The fact that all bacteria have LigA proteins with the
tetracysteine Zn-binding domain suggests that it could provide a
functional advantage, although its role might overlap with that
of one or more of the other LigA structural domains. Whether
the Zn-binding domain of LigA is part of the DNA binding
surface, or simply provides a structural spacer between the OB
and HhH domains, remains unclear.

MimiLIG differs from several characterized bacterial LigA
enzymes in that its activity is strongly dependent on the C-
terminal BRCT domain, deletion of which reduced specific
activity in nick joining by nearly two orders of magnitude
without affecting the ligase adenylylation step of MimiLIG. The
findings that the BRCT domain is important for the isolated step
3 reaction of MimiLIG, and that no DNA–adenylylate is formed
when the ΔBRCT mutant is incubated with nicked DNA,
implicate the BRCT domain in DNA binding, either via direct
DNA contacts or indirect effects on the upstream OB and HhH
domains. Direct involvement of the BRCT domain in DNA
binding would be consistent with the report that the isolated
BRCT module of T. filiformis LigA can bind DNA in the gel-
shift assay (Jeon et al., 2004), even though the BRCT domain of
T. filiformis LigA can be deleted with minimal impact on
TfiLigA function in vivo or in vitro. Our results for MimiLIG
are compatible with the idea that LigA contacts the DNA via
several of its domain modules, so that the effects of mutation or
deleting any one contact module, such as the Zn-binding
cysteines or the BRCT domain, might not have a great impact
on ligase activity as long as the other domains are intact. By this
reasoning, the acute reliance of MimiLIG on its BRCT domain
could arise because MimiLIG lacks a tetracysteine Zn-binding
module.

Ligase evolution and dissemination of NAD+-dependent
ligases to eukaryal viruses

Given the ubiquity of LigA in all bacterial proteomes, and
the few examples of NAD+-dependent ligases outside the
bacterial niche, it is reasonable to suppose that the ensemble of
Ia, NT, OB, tetracysteine, HhH, and BRCT domains represents
the progenitor of the NAD+-dependent ligase family as it
branched off from other covalent nucleotidyltransferases. The
newly discovered NAD+-dependent ligase in the archaeon
Haloferax contains the full set of structural domains found in
bacterial LigA (Zhao et al., 2006) and was probably acquired by
horizontal LigA gene transfer from a bacterium. An interesting
question is whether such LigA transfer was directly from
bacterial cell to archaeal cell or involved an intermediate carrier
such as a transposon, plasmid, or virus. Although many
bacteriophages encode an ATP-dependent DNA ligase, Wang
et al. (2005) reported recently that the bacteriophage T5 genome
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encodes a putative LigA-like NAD+-dependent DNA ligase,
albeit split into two adjacent open reading frames. The upstream
ORF encodes a polypeptide consisting of Ia, NT and OB
domains; the downstream ORF specified a polypeptide
composed of tetracysteine, HhH, and BRCT domains. Hertveldt
et al. (2005) reported the genome sequence of Pseudomonas
aeruginosa phage EL, which encodes a putative NAD+-
dependent DNA ligase: a 656-aa single polypeptide containing
all of the domain modules found in LigA. Thus, it appears likely
that the acquisition of an NAD+-dependent ligase gene by a
virus is not unique to eukaryal agents, which makes it
conceivable that viruses are both recipients and vectors for
ligase gene dissemination.

MimiLIG appears to comprise a mesne stage in the
devolution, or simplification, of the domain composition of
NAD+-dependent DNA ligases. Whereas MimiLIG lacks the
tetracysteine Zn-binding site and contains a BRCT domain, the
entomopoxvirus DNA ligases lack both of these components.
Thus, the entomopoxvirus ligases can be viewed as more
distantly devolved from the ancestral LigA enzyme, either along
a sequential route via a MimiLIG-like intermediate missing only
one module, or via a parallel pathway in which entomopox-
viruses lost both modules in one stroke. We prefer the sequential
scenario, especially because the loss of the tetracysteine Zn-
binding site appears to reflect incremental missense changes
rather than deletion of the entire internal polypeptide segment
linking the OB and HhH domains. The incrementalist view of
remodeling the tetracysteine motif is supported by the fact that
bacterial LigB apparently retains two of the original four
cysteines found in bacterial LigA but is nonetheless missing the
entire BRCT domain (Sriskanda and Shuman, 2001). It is worth
noting that MimiLIG is a much better nick sealing enzyme in
vitro than are either Amsacta entomopoxvirus DNA ligase or E.
coli LigB, which could be because the latter enzymes lack the
BRCT domain that we show is important for MimiLIG.

Given the likelihood that eukaryal DNAviruses acquired the
NAD+-dependent ligases by horizontal transfer from a
bacterium and the possibility that the MimiLIG-type domain
composition is a precursor to the more stripped-down
entomopoxvirus ligase structure, we speculate that the transfer
from bacterium to virus might have occurred in an amoebal
host. We discussed previously why Amoebae are plausible
incubators for the transfer of TopIB between bacteria and
eukaryotic viruses (specifically, mimivirus, and poxviruses)
(Benarroch et al., 2005). In brief, free-living amoebae are
ubiquitous in marine and soil environments; they congregate at
biofilms or water–plant interfaces and feed on bacteria, fungi,
and algae. Many bacteria have been identified that have the
capacity to survive or grow within amoebae (especially in
Acanthamoeba, from which mimivirus was isolated) and then
exit after internalization (Greub and Raoult, 2004). The
potential for transient coexistence within amoebae of diverse
bacterial species and a eukaryal DNAvirus sets the stage for the
transfer of LigA to the eukaryal niche.

How then did NAD+-dependent ligases spread to all known
entomopoxviruses, but not to any known vertebrate pox-
viruses? Similar core gene content with respect to DNA and
mRNA metabolism suggests that entomopoxviruses and
mimivirus might derive from a common progenitor virus.
Perhaps the progenitor had already acquired the NAD+-
dependent ligase gene from a bacterium by coexistence in a
unicellular eukaryal host. Alternatively, a separate ancestral
lineage of entomopoxvirus could have acquired its NAD+-
dependent ligase gene from a mimi-like virus. (Yet another
formal possibility is that entomopoxviruses gained their ligases
by gene transfer from a bacterium within an arthropod
organism, with no connection to mimi-like viruses.) Although
no poxviruses have yet been identified in primitive metazoa
(below the level of arthropoda), or protozoa, or fungi, there is
no reason to doubt that they are there, awaiting serendipitous
discovery a la mimivirus. Given the fact that arthropods bite
mammals and other vertebrates without immediately killing
them, whereas the converse is generally not true, we imagine
that today's vertebrate poxviruses descended from entomo-
poxviruses. In that case, they would have exchanged their
original NAD+-dependent ligases for the ATP-dependent
ligases they now encode, which strongly resemble cellular
DNA ligase III.

A tantalizing prospect is that eukaryal viruses bearing LigA-
like genes might have delivered NAD+-dependent ligases to
their hosts. In metazoans, this would be of no consequence
unless transfer occurred in germ cells; indeed, there is no sign
yet of an NAD+-dependent ligase in the available metazoan
proteomes. The prospects for ligase gene transfer from virus to a
unicellular host appear better, in principle, but most unicellular
organisms that have viral pathogens (including amoebae and
algae) have not yet had their genomes sequenced and annotated.

Materials and methods

T7-based vectors for expression of mimivirus DNA ligase

Oligonucleotide primers complementary to the 5′ and 3′
ends of the mimivirus R303 open reading frame (Genbank
accession NC_006450) were used to PCR amplify the MimiLIG
gene from a genomic DNA clone. The PCR primers were
designed to introduce BamHI restriction sites at the translation
start codon (GGATCCATG) and 3′ of the stop codon. The 1910-
bp PCR product was digested with BamHI and then inserted
into the BamHI site of the T7-based expression plasmid
pET28b-His10-Smt3. The resulting plasmid encodes MimiLIG
fused to a leader polypeptide composed of a decahistidine tag
linked to the yeast Smt3 protein. Sequencing of the entire insert
of pET28b-His10-Smt3-MimiLIG confirmed that no alterations
of the genomic DNA sequence were introduced during PCR
amplification or cloning. Single alanine mutations Y36A,
D46A, Y49A, D50A, and K113A were introduced into the
MimiLIG gene via two-stage PCR overlap extension using
pET28b-His10-Smt3-MimiLIG as the template for the first stage
PCR reaction. BamHI fragments of the mutated second stage
PCR products were inserted into pET28b-His10-Smt3. The
CΔ336 and CΔ79 deletion mutants, encoding MimiLIG-(1–
300) and MimiLIG-(1–557), were constructed by PCR
amplification of the gene with antisense-strand primers that
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introduced stop codons in lieu of the codons for Val301 or
Glu558, respectively, and a BamHI site immediately 3′ of the
new stop codon. BamHI fragments containing the truncated
genes were inserted into pET28b-His10-Smt3 vector. The DNA
inserts of the resulting plasmids were sequenced to confirm the
presence of the desired alanine mutations or truncated ORFs
and exclude the acquisition of unwanted coding changes during
amplification and cloning.

Recombinant MimiLIG

The pET28b-His10-Smt3-MimiLIG plasmids were trans-
formed into E. coli BL21 (DE3)-RIL. Cultures (500 ml) derived
from single transformants were grown at 37 °C in Luria-Bertani
medium containing 50 μg/ml kanamycin and 12.5 μg/ml
chloramphenicol until the A600 reached 0.6. The cultures were
adjusted to 0.5 mM isopropyl-1-thio-β-D-galactopyranoside
and 2% (v/v) ethanol and placed on ice for 2 h, after which
incubation was continued for 20 h at 17 °C with constant
shaking. The cells were harvested by centrifugation and the
pellets stored at −80 °C. All subsequent steps were performed at
4 °C. Thawed bacteria were resuspended in 25 ml of buffer A
(50 mM Tris–HCl, pH 7.5, 500 mM NaCl, 10% glycerol).
Phenylmethylsulfonyl fluoride and lysozyme were added to
final concentrations of 250 μM and 100 μg/ml, respectively.
After 30 min, Triton X-100 was added to a final concentration
of 0.1% and the lysate was sonicated to reduce viscosity.
Insoluble material was removed by centrifugation for 45 min at
16,000 rpm in a Sorvall SS34 rotor. The soluble extract was
mixed for 30 min with 2 ml of Ni2+-nitrilotriacetic acid-agarose
resin (Qiagen) that had been pre-equilibrated with buffer A. The
resin was recovered by centrifugation, resuspended in buffer A,
and then poured into a column and washed with 35 ml of buffer
A containing 10 mM imidazole. Bound material was eluted with
500 mM imidazole in buffer A. The eluate was dialyzed against
buffer B (50 mM Tris–HCl, pH 7.5, 200 mM NaCl, 10%
glycerol) containing 1 mM dithiothreitol (DTT) and 0.01%
Triton X-100. The His10-Smt3-tag was removed by treatment of
the recombinant protein with Ulp1, an Smt3-specific protease
(Mossessova and Lima, 2000), for 15 min on ice at a Ulp1:
MimiLIG ratio of 1:1000. The digests were applied to 1-ml
columns of Ni-agarose equilibrated with buffer B. The tag-free
MimiLIG proteins were recovered in the flow-through fractions,
which were stored at −80 °C. Protein concentrations were
determined by using the BioRad dye reagent with BSA as the
standard.

Glycerol gradient sedimentation

An aliquot (50 μg) of the tag-free wild-type MimiLIG was
mixed with catalase (40 μg), ovalbumin (40 μg), and
cytochrome c (40 μg). The mixture was applied to a 5-ml 15–
30% glycerol gradient containing 50 mM Tris–HCl (pH 8.0),
500 mM NaCl, 2 mM DTT, 1 mM EDTA, and 0.05% Triton X-
100. The gradient was centrifuged in a Sorvall SW55 rotor at
50,000 rpm for 17 h at 4 °C. Fractions (~0.19 ml) were collected
from the bottom of the tube.
Nick ligation assay

Reaction mixtures (20 μl) containing 50 mM Tris–HCl (pH
7.5), 10 mM (NH4)2SO4, 5 mM DTT, 5 mM MgCl2, 1 pmol
nicked duplex DNA substrate (shown in Fig. 2B, with the 32P-
labeled phosphate at the nick indicated by p), NAD+ or ATP as
specified, and MimiLIG as specified were incubated at 37 °C.
The reactions were quenched with an equal volume of 95%
formamide, 20 mM EDTA. The samples were heat-denatured,
and aliquots (15 μl) were analyzed by electrophoresis through a
15-cm 17% polyacrylamide gel containing 7 M urea in TBE
(90 mM Tris borate, 2.5 mM EDTA). The products were
visualized by autoradiography and quantified by scanning the
gel with a Fujix BAS2500 imager.

Adenylyltransferase activity

Reaction mixtures (20 μl) containing 50 mM Tris–HCl (pH
7.5), 5 mM DTT, 5 mM MgCl2, 1.1 μM [32P-adenylate]-NAD+

(PerkinElmer Life Sciences), and 8 pmol of wild-type or
mutated MimiLIG were incubated at 37 °C for 10 min. The
reactions were quenched by adding SDS to 2% final
concentration, and the products were analyzed by SDS-PAGE.
The ligase–[32P]AMP adduct was visualized by autoradiogra-
phy and quantified with a Fujix BAS2500 imager.

Ligation at a preadenylylated nick

The nicked DNA–adenylylate substrate is depicted in Fig.
2D. The 32P-labeled 12-mer AppDNA strand was prepared as
described previously (Nandakumar and Shuman, 2005) and
annealing to the complementary 24-mer and a 12-mer 3′-OH
acceptor strand at a molar ratio of 1:2:5. AppDNA ligation
reaction mixtures (20 μl) containing 50 mM Tris–HCl (pH 7.5),
5 mM DTT, 5 mM MgCl2, 200 fmol 32P-labeled nicked DNA–
adenylylate, and 1 pmol of wild-type or mutated MimiLIG
proteins were incubated at 37 °C for 5 min. The reactions were
quenched with an equal volume of 95% formamide, 20 mM
EDTA. The products were resolved by TBE–Urea PAGE as
described above, visualized by autoradiography, and quantified
with a Fujix BAS2500 imager.
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