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ABSTRACT: DNA strand joining entails three consecutive steps: enzyme adenylation to form AMP-ligase,
substrate adenylation to form AMP-DNA, and nick closure. In this study, we investigate the effects on
ligation steps by deletion and site-directed mutagenesis of the BRCA1 C-terminal (BRCT) domain using
NAD+-dependent DNA ligase fromThermusspecies AK16D. Deletion of the BRCT domain resulted in
substantial loss of ligation activity, but the mutant was still able to form an AMP-ligase intermediate,
suggesting that the defects caused by deletion of the entire BRCT domain occur primarily at steps after
enzyme adenylation. The lack of AMP-DNA accumulation by the domain deletion mutant as compared
to the wild-type ligase indicates that the BRCT domain plays a role in the substrate adenylation step. Gel
mobility shift analysis suggests that the BRCT domain and helix-hairpin-helix subdomain play a role
in DNA binding. Similar to the BRCT domain deletion mutant, the G617I mutant showed a low ligation
activity and lack of accumulation of AMP-DNA intermediate. However, the G617I mutant was only
weakly adenylated, suggesting that a point mutation in the BRCT domain could also affect the enzyme
adenylation step. The significant reduction of ligation activity by G634I appears to be attributable to a
defect at the substrate adenylation step. The greater ligation of mismatched substrates by G638I is
accountable by accelerated conversion of the AMP-DNA intermediate to a ligation product at the final
nick closure step. The mutational effects of the BRCT domain on ligation steps in relation to protein-
DNA and potential protein-protein interactions are discussed.

DNA ligases are essential components of DNA replication,
repair, and recombination; and they catalyze the phosphodi-
ester bond formation of single-stranded nicks in double-
stranded DNA (1). DNA ligases can be classified into two
categories based on their need for either NAD+ or ATP.
ATP-dependent DNA ligases are present in various organ-
isms, such as mammals and yeast, viruses, Archaea, bacte-
riophages, and eubacteria (2). However, NAD+-dependent
ligases are initially found in eubacteria and later in some
entomopoxviruses (2). Regardless of the choice of the
adenylation cofactor, a reaction catalyzed by DNA ligase
requires three distinct steps. First, adenylation of theε-lysine
present within the essential KXDG motif of the adenylation
domain in ligases occurs via the adenylate portion of an
NAD+ molecule. Second, the adenylate moiety is then
transferred to the 5′-terminal phosphate present at the nick.
The third and final step involves phosphodiester bond
formation via a nucleophilic attack of the 3′-hydroxy
terminus present at the other side of the nick (1).

Both ATP- and NAD+-dependent DNA ligases belong to
a nucleotidyl transferase superfamily, the members of which
also include RNA ligases and RNA capping enzymes (2-
5). The common structural feature of this superfamily is that
each member contains a nucleotidyl transferase core that
consists of six conserved motifs. Extensive biochemical and
structural studies have defined the role of some of these
motifs in multiple nucleotidyl transfer reactions (3, 6-24).
Bacterial NAD+-dependent DNA ligases contain an adeny-
lation domain at the N-terminus followed by an OB-fold
domain, a zinc finger, a four-helix-hairpin-helix-motif
(HhH) domain, and a BRCT1 domain (Figure 1). NAD+-
dependent DNA ligases found in entomopoxviruses and some
second NAD+-dependent DNA ligases found in bacteria,
however, do not contain the C-terminal BRCT domain (12,
14).

The BRCT domain was originally identified as a small
domain in proteins involved in cell cycle control and DNA
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repair ((25, 26). BRCT domains may function as a protein-
protein interaction module (27-33), in DNA binding (34-
36), and in recognition of phosphopeptides (37, 38). Some
of the eukaryotic ATP-dependent ligases contain one or
tandem BRCT domains (2, 39). Interactions between human
ligase IIIa and XRCC1 are mediated by BRCT domains
located in both proteins (30, 33, 40). Previously, we
biochemically characterized a high-fidelity ligase from
Thermusspecies AK16D (41). We herein report domain
deletion and site-directed mutagenesis on the Tsp AK16D
thermostable DNA ligase. Deletion mutational analysis
indicates that the BRCT domain, along with HhH motifs,
Zn finger, and OB fold, plays an important role in ligation
function. Site-directed mutagenesis performed on conserved
residues of the BRCT domain further underscores the
functional role of this domain in different steps of strand
joining. To the best of our knowledge, this is the first site-
directed mutagenesis analysis addressing the relationship
between the BRCT domain and the ligation steps.

EXPERIMENTAL PROCEDURES

Reagents, Media, and Strains.Routine chemical re-
agents were purchased from Sigma (St. Louis, MO), VWR

(Suwanee, GA), or Fisher Scientific (Suwanee, GA). Restric-
tion enzymes were obtained from New England Biolabs
(Beverly, MA).PfuDNA polymerase and other components
of the QuikChange kit were purchased from Stratagene (La
Jolla, CA). LB medium was prepared according to standard
recipes. Sonication buffer consisted of 20 mM HEPES-KOH
(pH 7.2), 0.5 mM DTT, 0.5 mM PMSF, 10% glycerol, 0.5
mM EDTA, and 50 mM NaCl. Ligase activity assay buffer
consisted of 20 mM Tris-HCl (pH 7.6), 100 mM KCl, 10
mM DTT, and 20µg/mL BSA. GeneScan stop solution
consisted of 1% Blue Dextran, 80% formamide, and 50 mM
EDTA. PBS buffer (pH 7.4) consisted of 137 mM NaCl,
2.7 mM KCl, 10 mM Na2PO4, and 2 mM KH2PO4. The
plasmid pEV5 used for cloning was from our laboratory
collections (42). Escherichia coliBL21(DE3)pLysS cells and
plasmid pET11c were obtained from Novagen (Madison,
WI). JM109 cells were purchased from Promega (Madison,
WI). Hitrap columns were purchased from Amersham
Bioscience (Piscataway, NJ). Deoxyriboolionucleotides were
ordered from Integrated DNA Technologies (Coralville, IA).

Generation and Purification of Domain Deletion Mutants
of Tsp AK16D DNA Ligases.Domain deletions were gener-
ated by PCR using the forward primer (Seq22, 5′-GCC

FIGURE 1: Domain deletion in Tsp AK16D DNA ligase. Panel A presents the domain organization of Tsp AK16D DNA ligase: 1a (gray),
subdomain 1a; Adenylation (diagonal lines), adenylation subdomain; OB (horizontal lines), OB fold; Zn (vertical lines), Zn finger; HhH
(crosshatch), helix-hairpin-helix motifs; BRCT (black), BRCT domain. Sites of deletion mutations are marked with an arrow. Panel B
shows SDS-PAGE analysis of purified deletion mutants. Purified deletion mutant proteins were analyzed on a 15% SDS-PAGE gel and
visualized using Coomassie brilliant blue staining. Panel C shows the perfectly matched nicked substrate. Panel D shows the ligation
activity of deletion mutants with E/S (enzyme/substrate) ratio) 1:10. Reactions mixtures (20µL) containing 20 mM Tris-HCl (pH 7.6),
100 mM KCl, 10 mM dithiothreitol, 20µg/mL BSA, 10 mM MgCl2, 1 mM NAD+, 1 nM ligase deletion mutant, and 10 nM nicked C/G
substrate were incubated at 65°C for 30 min and then analyzed on the 10% GeneScan gel. Panel E shows the ligation activity of deletion
mutants with E/S) 10:1. The ligation assays were performed identical to those in panel D except that the ligase deletion mutant concentration
was increased to 100 nM.
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TCG AAA TTC TGT CAT-3′) and one of the reverse
primers targeted at different deletion sites (Tak.406R for
deleting OB-fold, zinc finger, and BRCT domain, 5′-GCG
CCTGGA TCC CTAGGG CCA GAT GAT GGG CTT CT-
3′; Tak.429R for deleting HhH motifs and BRCT domain,
5′-GCG CCT GGA TCCCTACAA GGG GTT GGG GCA
GCG GT-3′; Tak.584R for deleting BRCT domain, 5′-GCG
CCT GGA TCCCTATTT GGC CTC CAT CTC CAC CC-
3′; the BamHI sites are underlined and the stop codon are
italicized). The PCR reaction mixtures (100µL) consisted
of 1 ng of pEV5-Tak, 50µM each dNTP, 2.5 U ofTaqDNA
polymerase, 0.6µM forward primer, and 0.6µM one of the
three reverse primers. The PCR procedure was carried out
with a predenaturation step at 95°C for 30 s, 25 cycles of
two-step amplification with each cycle consisting of dena-
turation at 94°C for 30 s and annealing-extension at 65°C
for 6 min, and a final extension step at 72°C for 5 min. The
PCR products were purified by routine phenol extraction and
ethanol precipitation. The purified PCR products and the
vector pEV5 were digested withNdeI and BamHI and
ligated. The ligation products were transformed intoE. coli
strain AK53 by a one-step protocol (43). The resulting
plasmids, pEV-Tak584, pEV-Tak429, and pEV-Tak406,
were sequenced to verify the fidelity of PCR amplification.
Fragments containing ligase deletion mutants were subcloned
into expression vector pET11c throughNdeI and BamHI
digestion. The resulting plasmids, named as pET-Tak584,
pET-Tak429, and pET-Tak406, respectively, were trans-
formed intoE. coli strain BL21(DE3).

To overexpress the domain deletion mutants of the Tsp
AK16D DNA ligase, an overnight culture ofE. coli strains
containing pET-Tak584, pET-Tak429, or pET-Tak406 was
diluted 100-fold into 1 L of LB medium supplemented with
0.2% glucose and 50µg/mL ampicillin. TheE. coli strain
was grown at 37°C with shaking at 250 rpm until the optical
density at 550 nm reached about 0.6. After adding IPTG to
a final concentration of 1 mM, the culture was incubated at
37 °C with shaking for another 3.5-4 h to induce protein
expression. The inducedE. coli cells were harvested by
centrifugation at 4000 rpm for 10 min, washed with PBS
buffer, and stored at-20 °C prior to use.

TheE. coli cell paste from 1 L of culture was suspended
in 10 mL of sonication buffer containing 20 mM Tris-HCl
(pH 7.6), 1 mM EDTA, 0.5 mM PMSF, 0.5 mM DTT, and
50 mM NaCl on ice, sonicated at Output 3 for 3× 30 s
using Branson Sonifier 450, and clarified by centrifugation.
The supernatant was heated at 70°C for 30 min to denature
E. coli proteins and then cooled on ice. Denatured proteins
were pelleted by centrifugation at 12 000 rpm for 30 min.
The remaining proteins in the heat-treated supernatant were
precipitated by adding ammonium sulfate to 80% saturation.
The precipitate was collected by centrifugation at 12 000 rpm
at 4 °C and dissolved in 10 mL of Butyl buffer A (20 mM
Tris-HCl (pH 8.0), 1 mM EDTA, 0.2 mM DTT, 3 M NaCl).
The sample was loaded onto a 5 mL HiTrap Butyl FF
column, and the proteins were eluted with 6 column volumes
(CV) of a descending linear gradient of NaCl (3-0 M) in
the same buffer. Fractions containing ligase protein as shown
in 15% SDS-PAGE gels (2.10-1.35 M NaCl) were pooled
and dialyzed against HiTrap Blue buffer A (20 mM Tris-
HCl (pH 8.0), 0.5 mM EDTA, 0.5 mM DTT) overnight in
cold room. The sample was clarified by centrifugation and

loaded onto a 1 mLHiTrap Blue column. The protein was
eluted with 10 CV of an ascending linear gradient of NaCl
(0-1 M) in HiTrap Blue buffer. Fractions containing ligase
protein (0.35-0.50 M NaCl) were pooled, and protein
concentrations were determined by quantifying the intensity
of protein bands on a 15% SDS-PAGE gel using BSA as a
standard.

Site-Directed Mutagenesis at the BRCT Domain of the
Tsp AK16D DNA Ligase.Site-directed mutagenesis was
conducted according to the instructional manual of the
QuikChange mutagenesis kit (Stratagene). The pEV5-Tak
plasmid containing the Tsp AK16D ligase gene was used as
the template for initial incorporation of mutant sequences.
The mutagenized plasmids were transformed intoE. coli
JM109 competent cells. Plasmids were then isolated using
QIAprep plasmid miniprep kit (Qiagen). The entire ligase
open reading frame was sequenced to confirm that only a
desired site-directed mutation was introduced. A mutation-
containing fragment was generated byNcoI and BamHI
digestion and substituted for the wild-type ligase gene
fragment in pET11c-Tak by subcloning. The resulting
plasmids were transformed intoE. coli strain BL21(DE3).
Plasmids were isolated and the BRCT domain region was
sequenced again to verify the mutations.E. coli BL21(DE3)
cells containing 13 site-directed mutants were cultured
overnight at 37°C in LB medium containing 50µg/mL
ampicillin. Induction, sonication, partial purification by heat
treatment, and protein quantitation were performed as
described above.

Substrates and Ligation Assays.The deoxyribooligonucle-
otide perfectly matched nicked substrate was formed by
annealing two short oligonucleotides (33-mer for LP3′C and
30-mer for Com3F) with a 59-mer complementary oligo-
nucleotide (Glg) (Figure 1C). Oligonucleotides LP3′C and
Glg were in 1.5-fold excess so that all the 3′ Fam-labeled
Com3F represented nicked substrates. A substrate with a
mismatch at the 3′-penultimate position of a nick was formed
by annealing LP3′C and Com 3′F to the complementary
strand (GGlg) (Figure 7). A substrate with a mismatch at
the 3′ position of a nick was formed by annealing LP3′T
and Com 3′F to the complementary strand (Glg) (Figure 8).
The nicked DNA duplex substrates were formed by denatur-
ing DNA at 94°C for 2 min followed by reannealing at 65°C
for 2 min in ligation buffer.

Ligation mixtures (20µL) containing the indicated amount
of DNA ligase, 10 nM 3′-Fam-labeled substrate, 20 mM Tris-
HCl (pH 7.6), 100 mM KCl, 10 mM dithiothreitol, 20µg/
mL BSA, 10 mM MgCl2, and 1 mM NAD+ (unless otherwise
stated) were incubated at 65°C for 30 min. Addition of an
equal volume of GeneScan stop solution terminated the
reaction. Samples (3.5µL) were denatured for 3 min at 95
°C prior to separation on an 8 M urea-10% GeneScan gel
according to the instructional manual on an ABI PRISM
373XL sequencer or an ABI PRISM 377 sequencer (Applied
Biosystems). Results were quantified using GeneScan soft-
ware (Applied Biosystems).

Enzyme Adenylation Assays.Enzyme adenylation reaction
mixtures (10µL) containing 5µM ligase protein, 20 mM
Tris-HCl (pH 7.6), 50 mM KCl, 5 mM MgCl2, 0.5 mM
EDTA, and 0.5 mM [32P]-NAD+ (1000 Ci/mmol, Amersham
Biosciences) were incubated at 65°C for 30 min. In the case
of NAD+ titration assays, the adenylation assay was under
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the same conditions as described above, except that various
concentrations of [32P]-NAD+ were added into each separate
reaction tube. Reactions were stopped by adding 2× SDS-
PAGE loading buffer. Samples were boiled for 5 min and
analyzed by 15% SDS-PAGE. Gels were exposed in a
phosphorimager screen at-20 °C for about 3 h and then
scanned using a Typhoon 9400 phosphorimager (Amersham
Biosciences).

Gel Mobility Shift Assays.The gel mobility shift assays
were performed as described previously (44). The binding
reaction mixtures contained 50 nM fluorescently labeled
nicked C/G oligonucleotide substrate, 20 mM Tris-HCl (pH
7.6), 1 mM DTT, 15% glycerol, and 4µM wt or mutant
ligase protein. The binding reactions were carried out at room
temperature for 30 min. Samples were electrophoresed on a
6% native polyacrylamide gel in 1× TBE buffer. The bound
and free DNA species were analyzed using a Typhoon 9400
Imager (Amersham Biosciences) with the following set-
tings: PMT at 750 V, excitation at 495 nm, emission at 535
nm.

RESULTS

Domain Deletion Analysis.Classical bacterial NAD+-
dependent DNA ligases are composed of four distinct
domains (21). Domain 1 consists of subdomain 1a and an
adenylation domain (Figure 1A). Domain 2 is the OB-fold,
a common oligonucleotide/oligosaccharide binding domain
(45). Domain 3 contains a zinc finger motif and a subdomain
consisting of four helix-hairpin-helix motifs. Domain 4 is
the BRCT domain. The nucleotidyl transferase core encom-
passes the adenylation domain and much of the OB-fold (21).
Since the domain architecture is well defined from the crystal
structure of theThermus filiformisNAD+-dependent DNA
ligase (21), we designed PCR primers that allowed us to
delete domains at the interdomain regions. To investigate
the functional role of various domains on NAD+-dependent
ligases, we constructed three domain deletion mutants by
PCR. For the∆584 mutant, we deleted domain 4 (BRCT
domain); for the∆429 mutant, we removed the BRCT
domain, as well as the HhH subdomain of domain 3. The
∆406 mutant lacked both domains 3 and 4 (Figure 1A). The
sites of deletion were chosen based on the alignment of the
Tsp AK16D ligase and theTfi ligase. All three domain
deletion fragments were overexpressed inE. coli and purified
as described in Experimental Procedures. The purified ligase
proteins migrated normally on a SDS-PAGE gel (Figure
1B). To determine the ligation activity, a perfectly matched
oligonucleotide substrate was assembled to form a nick
(Figure 1C). Since one of the oligonucleotides is fluores-
cently labeled (Fam), the fluorescent ligation product (63
mer) can be distinguished from the unligated substrate (30
mer) on a GeneScan gel (Applied Biosystems). We initially
assayed ligation activities of the three domain deletion
mutants along with the wt Tsp AK16D ligase using enzyme
(E)/substrate (S) ratio of 1:10 (E/S) 1:10, [S] ) 10 nM).
As shown in Figure 1D, while the wt ligase showed normal
ligation activity on the nicked substrate, none of the deletion
mutants showed detectable ligation product. Since domain
deletion may substantially reduce ligation activity to below
detection when the enzyme concentration was low, we
increased the E/S ratio to 10:1 ([S]) 10 nM). As shown in
Figure 1E, when the enzyme was in excess, ligation activity

became detectable for∆584 and∆429. The yields of ligation
product for∆584 and∆429 were 76% and 2%, respectively,
as compared with that of the wt ligase. The very low but
detectable ligation from∆429 deletion mutant was not a
result of spillover during sample loading on the GeneScan
gel, since it was detectable even when the neighboring lanes
were not used (data not shown).

Although these mutants have lost much of the ligation
activity, it is possible that they still maintain enzyme
adenylation activity (step 1). To examine this possibility, we
measured formation of adenylated ligase using [32P]-labeled
NAD+. All three deletion mutants were adenylated signifi-
cantly (Figure 2A).∆429, which lacked the BRCT domain
and HhH subdomain, and∆406, which lacked domains 3
and 4, still showed strong enzyme adenylation (Figure 2A).
These results, consistent with previous studies on theBacillus
stearothermophilus, Aquifex pyrophilus, Staphylococcus au-
reus, E. coli LigB, and entomoxvirus ligases (12, 14, 44,
46, 47), suggest that the C-terminal domains 3 and 4
primarily affect ligation activity by causing defects at steps
after step 1 (enzyme adenylation).

To assess the potential role of individual domains in DNA
binding, we performed gel mobility shift analysis on these
mutants (Figure 2B). The wt Tsp AK16D ligase formed a
distinct retarded band. The retarded band generated by∆584
was at most one-third as intense as the band generated by
the wt ligase, suggesting that the BRCT domain plays a role
in DNA binding (Figure 2B). As expected, the retarded band
generated by∆584 migrated slightly faster than the wt since
∆584 is a smaller protein. No retarded bands were detected
in ∆429 or∆406, suggesting that the HhH subdomain, and
possibly the Zn finger motif, plays an important role in DNA

FIGURE 2: Adenylation and binding analysis of wt and mutant
ligase. Panel A shows detection of adenylated wt ligase and deletion
mutants. Ligase proteins (5µM) were incubated with 0.5 mM [32P]-
NAD+ in a reaction buffer, as detailed in Experimental Procedures,
at 65°C for 30 min. Adenylated ligase bands were visualized using
a phosphorimager. Panel B shows gel mobility shift analysis of
binding of wt and deletion mutant ligases to the nicked 3′ C/G
substrate. Binding reactions containing the nicked C/G oligonucle-
otide substrate, 20 mM Tris-HCl (pH 7.6), 1 mM DTT, 15%
glycerol, and 4µM wt or mutant ligase protein were incubated at
room temperature for 30 min prior to electrophoresis. CNTL denotes
substrate control.
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binding in bacterial NAD+-dependent ligases. These results
are consistent with the notion that the C-terminal domains
play a role in DNA binding, as demonstrated previously by
gel shift analysis using various C-terminal deletion protein
fragments (44, 46, 47).

Ligation ActiVity of 13 Site-Directed Mutants at the
BRCT Domain.Given the significant effects of the BRCT
domain deletion on ligation activity, we set out to identify
amino acid residues at the BRCT domain that may be
accountable for the substantial loss of ligation activity.
Sixty sequences of the BRCT domain of the NAD+-
dependent ligases obtained from Genbank were aligned using
Multalin. A representative alignment is shown in Figure 3.
Thirteen highly conserved amino acid residues in NAD+-
dependent ligases were chosen for site-directed mutagenesis.
Six mutants, T599, S623, V624, L647 and E654, were
changed to alanine to remove the functional side chain. Two

positively charged residues, K619 and K640, were sub-
stituted by arginine to maintain the positive charge. G600,
G617, G634, G638, and A644 were switched to a bulkier
isoleucine residue. Interestingly, G617 and G634 are also
conserved in the two BRCT domains of human ATP-
dependent ligase IV, and the position corresponding to G638
at the first BRCT domain of ligase IV is an isoleucine residue
(Figure 3).

Site-directed mutagenesis was performed using the
QuikChange kit (Stratagene), and all mutant sequences were
doubly confirmed in cloning and expression vectors. All 13
mutants except G600I achieved significant overexpression
after IPTG induction. G600I did not appear to express well,
or may have been misfolded or degraded (Figure 4A).
Therefore, no further studies were performed on this mutant.
All other mutant proteins were quantified by SDS-PAGE
analysis using BSA as a standard (Figure 4A).

FIGURE 3: Representative sequence alignment of the BRCT domain in DNA ligases. Sequence alignment of NAD+-dependent DNA ligases
was initially performed using Multalin 5.4.1 (prodes.toulouse.inra.fr/multalin/,58) to determine an overall consensus sequence. The Sanger
Institute’s Pfam database (www.sanger.ac.uk/Software/Pfam/,59) was then used to selectively align the BRCT domain of the various
ligases shown. Sites for mutation were chosen on the basis of 90% consensus. Genbank accession numbers are shown after the species
names:Tak, Thermussp. AK16D, 4235370;Tth, Thermus thermophilus, 118780;Tsc, Thermus scotoductus, 609276;Tfi, Thermus filiformis,
3800758;Eco, Escherichia coli, 146613;Ctr, Chlamydia trachomatis, 3328547;Cpn, Chlamydophilia pneumoniaeCWL029, 4376415;
Vch, Vibrio cholerae, 9655431;Fnu, Fusobacterium nucleatum, 19705308;Sau, Staphylococcus aureus, 1318294;Mge, Mycoplasma
genitalium, 12045108; Lg4A and Lg4B, human DNA ligase IV, 1706482. Amino acid residues selected for site-directed mutagenesis are
highlighted, and the resulting mutants are indicated.
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With the nicked substrate in excess, K619R, S623A,
V624A, K640R, A644I, L647A, and E654A showed com-
parable ligation activity with the wt ligase (Figure 4B,C, solid
bars). Ligation yields from T599A, R606A, and G638I were
about 30-40% lower than that from the wt ligase. G634I
only achieved about 10% ligation as compared with about
70% by the wt ligase. Similar to the results obtained from
the domain deletion mutants, G617I did not show any
detectable ligation when the enzyme concentration was low
(Figure 4B). To detect low level ligation activities, the E/S

ratio was increased to 10:1. Under these conditions, all the
mutants including G617I were able to achieve 70-80%
ligation (Figure 4C, open bars).

The effects of these site-directed mutations on DNA
binding were evaluated by gel mobility shift analysis. The
intensities of retarded bands were in general consistent with
their ligation activities. Mutants that exhibited wt or close
to wt level ligation activities (K619R, S623A, V624A,
K640R, K644I, L647A, and E654A) showed distinct retarded
bands with good binding affinity (Figure 5). T599A, R606A
and G638I, which had reduced ligation activities (Figure 4C),
showed much reduced binding (Figure 4D). The smearing
effect seen in G634I, as well as other mutants, indicated that
some of the mutant-DNA complexes may have experienced
dissociation during gel electrophoresis. Although a diffused
retarded band was detected in G617I, it migrated slightly
faster than that generated by the wt ligase (Figure 4D). G634I
appeared to generate three retarded bands with one corre-
sponding to the location of the wt ligase-DNA complex and
one above and one below. These results suggested that
aberrant interactions occurring between G617I or G634I and
DNA may contribute to the substantially lower ligation
activities (Figure 4B,C).

To discern the potential similarity or difference among
G617I, G634I,∆584, and the wt ligase, we conducted a time
course analysis under the conditions of E/S) 1:1 (Figure
5A). G634I showed a lower-than-wt activity during the initial
15 min and then started to approach the ligation level
comparable to the wt enzyme. This kinetic behavior is in
general consistent with the ligation activity observed with

FIGURE 4: Analysis of 13 site-directed mutants at the BRCT
domain. Panel A presents the SDS-PAGE analysis. Thirteen
mutants were analyzed on a 15% SDS-PAGE gel and visualized
with Coomassie brilliant blue staining. Panel B presents a repre-
sentative ligation activity assay. Ligation assays were performed
as described in Experimental Procedures with 1 nM ligase mutant
and 10 nM nicked C/G substrate. C denotes substrate control. Panel
C shows the quantitative analysis of ligation activity with 1 nM
ligase mutant and 10 nM nicked C/G substrate (E/S) 1:10, solid
bars) and 100 nM ligase mutant and 10 nM nicked C/G substrate
(E/S ) 10:1, open bars). Values represent an average of two
independent experiments. Panel D shows the gel mobility shift
analysis of binding of wt and deletion mutant ligases to the nicked
3′ C/G substrate. Binding reactions containing the nicked C/G
oligonucleotide substrate, 20 mM Tris-HCl (pH 7.6), 1 mM DTT,
15% glycerol, and 4µM wt or mutant ligase protein were incubated
at room temperature for 30 min prior to electrophoresis. CNTL
denotes substrate control.

FIGURE 5: Time course analysis of∆584, G617I, G634I, and the
wt Tsp AK16D ligase. Panel A shows the time course analysis of
ligation activities. The reaction mixtures containing 10 nM ligase
enzyme, 10 nM nicked C/G substrate, and other components as
described in Experimental Procedures were incubated at 65°C for
indicated times. Closed circles denote wt Tsp AK16D ligase; closed
squares denote G634I; open triangles denote∆584; open diamonds
denote G617I. Data represents the average of two independent
experiments. Panel B shows the accumulation of AppDNA over
the time course. AppDNA denotes the AMP-DNA intermediate.
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E/S ) 1:10 and E/S) 10:1 (Figure 4). Furthermore, both
G634I and the wt ligase accumulated AMP-DNA interme-
diate (AppDNA) during the entire course of ligation reaction
(Figure 5B). These results suggest that the nick closure step
(step 3) is a rate-limiting event for both G634I and the wt
ligase. However, there was a difference between the amount
of the AppDNA intermediate accumulated during the course
of the ligation reaction. The most significant difference
occurred in the first 15 min. While the ratio of AppDNA
and unligated substrate reached about 50% for the wt ligase,
the level of AppDNA remained at about 25% for G634I
(Figure 5B, 15 min), indicating a defect at the substrate
adenylation step (step 2) for the latter.

On the other hand, both G617I and the∆584 deletion
mutant showed a comparable low ligation activity throughout
the entire time course analysis (Figure 5A). In addition,
neither G617 nor∆584 appeared to accumulate AppDNA
during the reaction (Figure 5B), suggesting that the muta-
tional effects on ligation function by an isoleucine substitu-
tion at the G617 position were similar to the deletion of the
entire BRCT domain as seen in∆584. Under these assay
conditions, the ligation activities demonstrated by G617I and
∆584 were less than half than those demonstrated by G634I
and the wt ligase (Figure 5A).

Effects of NAD+ on Ligation ActiVity. To determine the
effects of the G617I and G634I substitutions may have on
step 1, we examined formation of adenylated ligase using
[32P]-labeled NAD+. Both G617I and G634I remained
capable of forming the AMP-ligase intermediate (Figure
6A). However, G617I appeared to be only weakly adeny-
lated.

Although the KXDG adenylation motif (motif I) is located
at the N-terminal part of the ligase based on structural and

biochemical analysis (Figure 1A) (3, 15, 21), the BRCT
domain seemed to affect the enzyme adenylation step as well
(46). We then determined ligation activities of G617I,∆584,
G634, and the wt ligase at different NAD+ concentrations
(Figure 6B). Without supplementing exogenous NAD+, all
of them still showed significant ligation activity (Figure 6B,
0 mM NAD+). These results suggest that a certain portion
of the mutants and the wt ligase have been adenylated in
vivo, which can complete steps 2 and 3 without input of
NAD+. The degree of the in vivo adenylation appeared to
be higher in G634I and the wt ligase (Figure 5B). With
increasing NAD+ concentrations, both G634I and the wt
ligase converted most of the substrate to ligation product.
On the other hand, input of increasing NAD+ only had a
limited enhancement effect for G617I and∆584. The ligation
yields remained below 30% and 40% for G617I and∆584,
respectively (Figure 6B).

Ligation of Mismatched Substrates.With the exception
of G617I and G634I, all other mutants still maintained at
least 50% level of wt ligation activity on the perfectly
matched nick substrate (Figure 4B,C). Given the significant
effects observed on BRCT domain deletion (∆584) and some
site-directed mutations, their ligation activities on mis-
matched substrates may change due to amino acid substitu-
tions. To investigate this possibility, we measured ligation
yields of 10 mutants using nick substrates with a 3′ mismatch
at the penultimate position or the nick junction. After 60
min incubation, the wt ligase yielded 40% 3′-penultimate
misligation product (Figure 7A,B). Under the same reaction
conditions, G638I generated about twice as much 3′-
penultimate misligation product as the wt ligase. To further
confirm the results, a time course analysis was conducted
on G638I, K619R, and the wt ligase. The wt ligase showed
a steady increase over a 60-min period to reach about 40%
ligation product (Figure 7C). G638I, on the other hand,
readily reached 70% ligation within 10 min on the 3′-
penultimate substrate and plateau to about 80% (Figure 7C).
In fact, the ligation kinetics of G638I on the 3′-penultimate
mismatched substrate is similar to the wt ligase on a perfectly
matched substrate (Figures 5A and 7C). Although both the
wt ligase and all mutants accumulated the AppDNA inter-
mediate, most of the intermediate generated by G638I was
converted to the ligation product (Figure 7A, compare G638I
lane with others). These results indicate that G638I exhibits
a greater ligation on the 3′-penultmate mismatched substrate
by accelerating the nick closure step. Some mutants such as
T599A showed some enhancement in ligation fidelity (Figure
7A,B).

The mismatch ligation pattern obtained from the 10
mutants using the nick substrate with a 3′ mismatch at the
nick junction was very similar to the results obtained from
the 3′-penultimate mismatched substrate (Figure 8A). G638I
again showed a 2-fold greater ligation in comparison with
the wt ligase, which was further confirmed by a time course
analysis (Figure 8B,C).

DISCUSSION

NAD+-dependent DNA ligases are multidomain proteins
(21). The primary objective of this study is to investigate
the role of the BRCT domain in ligation function. All classic
bacterial NAD+-dependent ligases contain a BRCT domain

FIGURE 6: Effects of NAD+ on ligation activity. Panel A shows
enzyme adenylation. Ligase proteins (5µM) were incubated with
0.5 mM [32P]-NAD+ in a reaction buffer as detailed in Experimental
Procedures at 65°C for 30 min. Adenylated ligase bands were
visualized using a phosphorimager. Panel B shows titration of
NAD+ concentrations on ligation activity. The reaction mixtures
containing 10 nM ligase, 10 nM nicked C/G substrate, and other
components as described in Experimental Procedures were incu-
bated at 65°C for 30 min. Closed circles denote wt Tsp AK16D
ligase; closed squares denote G634I; open triangles denote∆584;
open diamonds denote G617I. Data represents the average of two
independent experiments.
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with the exception of a few bacteria that contain additional
NAD+-dependent ligases. This work demonstrates that the
BRCT domain plays an important role in NAD+-dependent
ligases. Deletion of the BRCT domain (∆584) renders the
ligation activity undetectable when the E/S ratio is 1:10
(Figure 1D). The∆584 mutant shows only a low ligation
activity even when the E/S ratio is increased to 1:1 (Figure
5A). When the HhH subdomain or the entire domain 3 is
deleted in addition to the BRCT domain as seen in∆429
and ∆406, the ligase fragments are essentially inactive,
indicating the pivotal role of the C-terminal domains in
NAD+-dependent ligases (Figure 1). Consistent with previous
deletion studies (44, 46, 47), domains 3 and 4 are not
essential for enzyme adenylation in step 1 (Figure 2). The
BRCT domain can mediate protein-protein interactions, as
well as DNA binding (26, 27, 35). Both HhH motifs and Zn

fingers are known for their role in protein-DNA interactions
(18, 48, 49). Previous studies onBst, Apy, andSauligases
have implicated the involvement of C-terminal domains in
DNA binding (44, 46, 47). The well-defined domain
organization in theTfi ligase crystal structure allowed us to
construct domain deletion mutants. Data obtained from
ligation and DNA binding analysis of Tsp AK16D ligase
indicates that the BRCT domain and the HhH subdomain
play an important role in DNA binding.

The focus of this work is to identify conserved amino acid
residues at the BRCT domain that are important for ligase
function and their effects on different steps of DNA ligation.
Thirteen conserved amino acid residues were mutated by site-
directed mutagenesis (Figures 3-4). G600, conserved in all
60 NAD+-dependent ligases, is located downstream to a
highly hydrophobic region in the BRCT domain (Figure 3)

FIGURE 7: Effects of site-directed mutations on ligation fidelity of 3′-penultimate T/G mismatch substrate. Panel A presents a representative
ligation assay chromatogram. The reaction mixtures containing 10 nM ligase, 10 nM 3′-penultimate T/G mismatched nicked substrate, and
other components as described in Experimental Procedures were incubated at 65°C for 60 min and analyzed on a 10% GeneScan gel. C
denotes substrate control. AppDNA denotes AMP-DNA intermediate. Panel B presents the quantitative analysis of ligation product. Panel
C presents the time course analysis of ligation activity of 3′-penultimate T/G mismatch substrate. Assays were performed as described in
panel A except that reactions were stopped at indicated time points. Closed circles denote wt Tsp AK16D ligase; closed squares denote
K619R; closed triangles denote G638I. Results represent the average of two independent experiments.
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(25). Apparently, G600 may be important for maintaining
the ligase structure, because G600I did not seem to express
well in E. coli.

In many ways, the G617I ligase mutant behaves similarly
to the∆584 BRCT domain deletion mutant. First, both G617I
and∆584 fail to ligate the matched substrate with the E/S
ratio of 1:10 (Figures 1D and 4B). Second, neither∆584
nor G617I binds to nicked DNA as tightly as the wt ligase
(Figures 2B and 4D). Third, both of the mutants show similar
kinetics on the matched substrate ligation (Figure 5A).
Fourth, unlike the wt ligase, both of the mutants do not
accumulate the AppDNA intermediate (Figure 5B). Finally,
both of mutants respond to NAD+ titration in a similar
fashion (Figure 6B). These results suggest that the deleterious
effects on ligation function caused by G617I point mutation
to a large extent are comparable with deletion of the entire
BRCT domain.

Since no detectable AppDNA intermediate accumulation
was observed in G617I and∆584 (Figure 5B), the major
defect caused by glycine to isoleucine substitution at position
617 or deletion of the entire BRCT domain (∆584) is likely
to occur at step 1 (enzyme adenylation) or step 2 (substrate
adenylation). For∆584, the effects on ligation may primarily
lie at step 2 since it forms AMP-ligase to the level similar
to that of the wt ligase (Figure 2). The weaker binding of
∆584 to DNA may contribute to its effect on step 2. For
G617I, it appears that step 1 is significantly affected (Figure
6A), resulting in weak enzyme adenylation. G617I may have
adopted a slightly different conformation, which inhibits its
adenylation and causes aberrant migration as seen in gel
mobility shift analysis.

The G634I substitution substantially reduces ligation
activity, yet in many aspects, this mutant behaves similarly
to the wt ligase (Figures 4B, 5, and 6). The enzyme

FIGURE 8: Effects of site-directed mutation on ligation fidelity of 3′ T/G mismatch substrate (3′ pT/G). Panel A presents a representative
ligation assay chromatogram. The reaction mixtures containing 10 nM ligase, 10 nM 3′ T/G mismatched nicked substrate, and other components
as described in Experimental Procedures were incubated at 65°C for 60 min and analyzed on a 10% GeneScan gel. C denotes substrate
control. AppDNA denotes AMP-DNA intermediate. Panel B presents the quantitative analysis of ligation product. Panel C presents the
time course analysis of ligation activity of 3′ T/G mismatch substrate. Assays were performed as described in panel A except that reactions
were stopped at indicated time points. Closed circles denote wt Tsp AK16D ligase; closed squares denote K619R; closed triangles denote
G638I. Results represent the average of two independent experiments.
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adenylation step (step 1) does not seem to be affected by
the G634I substitution (Figure 6A). The major difference
between G634I and the wt enzyme is that the former appears
slower in substrate adenylation (step 2), resulting in reduced
accumulation of AppDNA in comparison with the wt ligase
(Figure 5B). Thus, like the BRCT domain deletion mutant,
G634I may primarily affect the substrate adenylation (step
2). The aberrant migration observed in gel mobility shift
analysis may contribute to the effect of G634I on step 2. It
is worth noting that both BRCT domains in human ligase
IV encode a glycine residue in the corresponding positions
(Figure 3). It will be interesting to test the mutational effects
that these two glycine residues may have on human ligase
IV.

The G638I substitution increases ligation of mismatched
substrates by at least 2-fold (Figures 7 and 8). The major
rate enhancement appears to occur at the nick closure step
(step 3), which results in greater conversion of the AppDNA
to the ligation product (Figure 7A). These results suggest
that the BRCT domain in NAD+ ligases not only plays a
role in step 1 or 2 but also may play a role in step 3. We
have not detected increased binding affinity of G638I to
nicked mismatch substrates (data not shown). Thus, the
greater mismatch ligation may not be attributed to a binding
effect. The ability of a ligase to discriminate a mismatched
substrate is regulated at both steps 2 and 3 (41, 50). G638I
appears to lower its ligation fidelity by enhancing nick
closure. It is interesting to note that the corresponding
position at the first BRCT domain of the more promiscuous
human ligase IV is an isoleucine residue (Figure 3). In the
past, engineering of higher fidelity ligases primarily focuses
on the nucleotidyl transferase core (16). Data obtained from
this study indicate that the BRCT domain also plays a role
in modulating ligation fidelity. Therefore, rational or random
mutagenesis at the BRCT domain may generate ligases with
desired fidelity.

The BRCT domain in NAD+ ligases appears to be very
flexible in the open conformation based on the crystal
structures of theTfi ligase (21). In the closed conformation,
domain 3 is shifted by∼6.4 Å toward domain 1, bringing
the BRCT domain in close proximity to helix B of subdomain
1a (Figure 1). Subdomain 1a is essential for the interaction
between NAD+ and the ligase (51). It is proposed that during
the course of ligation, NAD+ ligase experiences runs of open
and closed conformations during enzyme adenylation, sub-
strate adenylation, and nick closure (5). The potential
interactions between the BRCT domain and subdomain 1a
may act as a gate to regulate DNA binding and release or
form a sliding clamp-like structure to facilitate sliding on
DNA (5). Recent conformational analyses ofE. coli and
Thermus scotoductusNAD+ ligases have led to a model in
which the adenylation-dependent open-close conformational
change induces the ligase to a catalytically activated state
(52, 53). Similar open-close models are proposed for T7
ligase, T4 ATP ligase, and mRNA capping enzyme (17, 54-
56).

Although our data do not provide direct evidence to prove
or disprove the potential protein-protein interactions pro-
posed on the basis ofTfi ligase structure, they are consistent
with this model. Previous studies indicate that a small
C-terminal fragment of T7 ATP-dependent ligase can
stimulate the enzyme adenylation of a large N-terminal

domain (57). However, a small C-terminal fragment (aa
398-670) of Bst NAD+-dependent ligase cannot stimulate
the enzyme adenylation of a large N-terminal domain (aa
1-318) (47). It is possible that a full-length protein is
required to coordinate the potential protein-protein interac-
tions in bacterial NAD+-dependent ligase. G617 in Tsp
AK16D ligase is located in the region that potentially
interacts with the subdomain 1a. If this interaction is
important for enzyme adenyalion (step 1) or substrate
adenylation (step 2), it is conceivable that disruption of this
potential interaction by deletion of the BRCT domain (∆584)
or G617I substitution may severely impede these ligation
functions. Deletion of the BRCT domain may completely
abolish such an interaction, affecting substrate adenylation
at step 2, yet without exerting much influence on step 1
(enzyme adenylation). The G617I substitution may effect an
aberrant interaction between BRCT domain and domain 1
as demonstrated by gel mobility shift analysis, resulting in
impediment of enzyme adenylation by domain 1. The effect
G634I exhibits on the substrate adenylation step and the
acceleration of nick closure step on mismatched substrates
by G638I may also be mediated through the potential
interactions between the BRCT domain and the subdomain
1a. As a consequence, these interactions may modulate DNA
binding, catalysis or both in step 2 or 3. It is also possible
that the influence on step 2 or 3 exhibited by G634I or G638I
is largely a local effect confined the BRCT domain itself.
In summary, this biochemical analysis reveals the conserved
amino acids at the BRCT domain that play an important
functional role in the three steps of DNA ligation.
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