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A Staphylococcus aureus mutant conditionally defective in DNA ligase was identified by isolation of comple-
menting plasmid clones that encode the S. aureus ligA gene. Orthologues of the putative S. aureus NAD™ -
dependent DNA ligase could be identified in the genomes of Bacillus stearothermophilus and other gram-positive
bacteria and confirmed the presence of four conserved amino acid motifs, including motif I, KXDG with lysine
112, which is believed to be the proposed site of adenylation. DNA sequence comparison of the lig4 genes from
wild type and temperature-sensitive S. aureus strain NT64 identified a single base alteration that is predicted
to result in the amino acid substitution E46G. The S. aureus ligA gene was cloned and overexpressed in
Escherichia coli, and the enzyme was purified to near homogeneity. NAD*-dependent DNA ligase activity was
demonstrated with the purified enzyme by measuring ligation of *?P-labeled 30-mer and 29-mer oligonucleo-
tides annealed to a complementary strand of DNA. Limited proteolysis of purified S. aureus DNA ligase by
thermolysin produced products with apparent molecular masses of 40, 22, and 21 kDa. The fragments were
purified and characterized by N-terminal sequencing and mass analysis. The N-terminal fragment (40 kDa)
was found to be fully adenylated. A fragment from residues 1 to 315 was expressed as a His-tagged fusion in
E. coli and purified for functional analysis. Following deadenylation with nicotinamide mononucleotide, the
purified fragment could self-adenylate but lacked detectable DNA binding activity. The 21- and 22-kDa
C-terminal fragments, which lacked the last 76 amino acids of the DNA ligase, had no adenylation activity or
DNA binding activity. The intact 30-kDa C terminus of the S. aureus LigA protein expressed in E. coli did
demonstrate DNA binding activity. These observations suggest that, as in the case with the NAD*-dependent
DNA ligase from B. stearothermophilus, two independent functional domains exist in S. aureus DNA ligase,
consisting of separate adenylation and DNA binding activities. They also demonstrate a role for the extreme
C terminus of the ligase in DNA binding. As there is much evidence to suggest that DNA ligase is essential for
bacterial survival, its discovery in the important human pathogen S. aureus indicates its potential as a

broad-spectrum antibacterial target for the identification of novel antibiotics.

The increasing incidence of drug resistance among bacterial
pathogens, including Staphylococcus aureus, has stimulated the
development of strategies targeting previously unexploited
mechanisms of antibiotic action. Moreover, the emergence of
vancomycin-resistant enterococci and drug-resistant Strepto-
coccus pneumoniae has illustrated the necessity for antibacte-
rials to combat multiply resistant gram-positive pathogens (19,
20). Attractive targets for novel antimicrobial agents can be
found among genes that are essential for bacterial survival. In
an effort to identify genes essential for the growth of S. aureus,
a collection of temperature-sensitive mutants has been gener-
ated (13). One of the mutant strains, NT64, was found to be
complemented by genes encoding an NAD ™ -dependent DNA
ligase.

DNA ligases are essential enzymes found in all bacteria that
catalyze the formation of phosphodiester bonds at single-
strand breaks between adjacent 3'-OH and 5'-phosphate ter-
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mini in double-stranded (ds) DNA (7, 30). This activity plays
an essential role in DNA replication, repair of damaged DNA,
and recombination (11, 15, 17, 18, 26). Reports describing
conditional lethal mutations in the ligase gene of Escherichia
coli have confirmed the essentiality of this important enzyme,
since mutants are deficient in both DNA replication and repair
1, 2).

The DNA ligase family can be divided into two classes: those
requiring ATP for adenylation (eukaryotic cells and phage),
and those requiring NAD™ for adenylation, which include all
known bacterial DNA ligases (7, 18, 21, 23, 25, 26, 29). Amino
acid sequence comparisons indicate that NAD " -dependent li-
gases are phylogenetically unrelated to the ATP-dependent
DNA ligases. Eukaryotic, bacteriophage, and viral DNA li-
gases show little sequence homology to DNA ligases isolated
from prokaryotes, with the exception of the conserved residues
within the central cofactor-binding core (28, 29). This suggests
that bacterial DNA ligase may be a selective target for new
antibacterials.

The first step of DNA ligation in bacteria requires adenyla-
tion by the NAD™ cofactor of an &-NH, group of lysine in the
conserved KXDG motif at amino acids (aa) 112 to 115 (see
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Fig. 2). This first step creates an adenylated enzyme interme-
diate with AMP covalently bound to the enzyme and allows
release of nicotinamide mononucleotide. In the second step of
the reaction, the adenylate moiety is transferred from Lys-112
to the terminal 5" phosphate at the DNA nick. A phosphodi-
ester bond is then formed between the 5’ phosphate and the
adjacent 3’ hydroxyl, producing the sealed DNA strand (16,
25).

DNA sequences of DNA ligase genes have been determined
for a number of different bacterial species (8, 9, 23, 24, 25, 27),
and several conserved regions have been identified and com-
pared with those found in E. coli (4, 7). The first motif contains
the active site Lys that is covalently adenylated in the interme-
diate reaction step. A second conserved motif, DGVVXK, and
a third motif, FANPRNAAGSLRQLDPRITARRGL, starting
at residue 196 in Thermus scotoductus, have unknown functions
(8). A fourth motif located in the C-terminal portion of the
protein is found in other DNA binding proteins (4).

A recent report described the existence of separate func-
tional domains for the NAD"-dependent DNA ligase isolated
from the moderate thermophile Bacillus stearothermophilus
(28). In this species, the DNA ligase is composed of N- and
C-terminal domains that are connected by a proteolytically
sensitive linker region (residues 319 to 396). These separate
domains were cloned and overexpressed in E. coli for detailed
functional analysis. The larger, 36-kDa N-terminal domain re-
tained full self-adenylating activity while possessing minimal
DNA binding or ligation activity. The smaller, 30-kDa C-ter-
minal domain displayed DNA binding activity comparable to
that of the intact enzyme but had no adenylating activity. The
separate fragments, when combined, did not function in a
cooperative fashion to express ligase activity. These data taken
together suggested that each domain in the B. stearothermophi-
lus DNA ligase can function independently in vitro and coop-
erativity between the domains is minimal.

The independent domain functions of the B. stearothermo-
philus enzyme contrasts with the situation observed for ATP-
dependent T7 DNA ligase, where both domains are required
for self-adenylation and DNA binding. Furthermore, outside
of the active site KXDG motif, the ATP- and NAD " -depen-
dent DNA ligases share very little sequence homology; hence,
questions about the structural similarities and differences be-
tween the two classes of enzyme are of great interest in terms
of understanding how these DNA ligases function. X-ray crys-
tal structures have now been reported (10, 22) for both the
ATP-dependent enzyme from the T7 phage and the N-termi-
nal adenylation domains of B. stearothermophilus and Thermus
filiformis DNA ligase. Comparison of the structures revealed
that, while a core fold and key nucleotide binding residues in
the adenylation domains are conserved between both types of
DNA ligases, sequence differences outside of this motif exist
which may be specific to binding of the specific cofactor.

In the current paper, we report the cloning, overexpression
in E. coli, and initial characterization of purified full-length as
well as N- and C-terminal domains of S. aureus DNA ligase.
This is the first report characterizing the functional DNA ligase
domains from this gram-positive species, which is a significant
human pathogen. Comparison with the DNA ligase character-
ized from B. stearothermophilus illustrates the conservation of
key functional domains within this important enzyme and, in
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addition, demonstrates a critical role in DNA binding for the
extreme C-terminal region of the DNA ligase.

The identification and characterization of the NAD*-depen-
dent DNA ligase from S. aureus provides further insight into
the potential of this enzyme as a broad-spectrum antibacterial
target. In addition, our studies will facilitate future structure-
function studies and the design and identification of inhibitors
of DNA ligase, which could have potential as antibacterial
agents.

MATERIALS AND METHODS

Bacterial strains and plasmids. Strains of S. aureus were grown in tryptic soy
broth with erythromycin (2 pg/ml) or tetracycline (1 pg/ml) added for vector
selection where appropriate. SAM23 was derived from S. aureus 8325-4 wild-type
and SAM13 1~ m™ 8325-4 (RN4220, from R. Novick). Plasmid pMP16 is a 6.4-kb
shuttle vector derived by ligation of Narl-digested pUC19 with Clal-digested
pE194 (Ap" Ery") (13). A library of 2- to 8-kb partial Sau3AI fragments of
SAM23 was prepared by ligation of genomic fragments, which were partially
filled with dGTP and dATP, with Sa/l-cut pMP16, which had been partially filled
with dCTP and dTTP. Plasmid pMP98 contained the S. aureus ligA gene on a
2.9-kb Sau3Al partial DNA fragment in pMP16.

Mutant isolation and complementation. Temperature sensitive mutants of
SAM23 were isolated following DES mutagenesis. Colonies that arose on Tryp-
ticase soy agar at 30°C were tested for the inability to grow at 43°C by replica
plating. Complementing clones were isolated from a library of 2- to 8-kb S.
aureus SAM23 Sau3Al-derived fragments ligated in shuttle vector pMP16, as has
been described previously (13).

DNA sequence analysis. Complementing plasmids and PCR fragments were
sequenced with a PRISM dye terminator kit from Applied Biosystems, Inc.
(Foster City, Calif.), and an AMI 373A automated DNA sequencer. Oligonu-
cleotides for DNA sequencing were produced on an ABI 392 synthesizer. All
sequencing reactions were performed in multiple passes from both directions.
Multiple genomic PCR fragments from the NT64 mutant and the SAM23 parent
were sequenced in parallel and compared to differentiate genomic mutations
from possible PCR-induced artifacts. Similarity searches were performed with a
BLAST program against the GenBank database. Protein alignments of putative
open reading frames (ORFs) were performed using BESTFIT.

Chemicals. [y-*P]JATP (~5,000 Ci/mmol) was purchased from Amersham
Pharmacia Biotech, Arlington Heights, Ill. Restriction endonucleases and T4
polynucleotide kinase (10 U/ml) were purchased from Gibco/BRL, Gaithers-
burg, Md. T4 ligase was purchased from New England Biolabs, Inc., Beverly,
Mass. Cibacron Blue 3GA type 3000-L, DEAE Sepharose CL-6B, streptomycin
sulfate, and all buffer components were obtained from Sigma Chemical Co., St.
Louis, Mo.

Construction of ligd expression vector. Briefly, pMP98 was restricted with
Nsil/HindIII, and a 0.4-kb Nsil fragment containing the 5’ end of the lig4 coding
region and a 2.2-kb Nisil/HindIII DNA fragment, which comprised the remainder
of the ligA coding region and termination sequences, were isolated. The Nsil
fragment was then restricted with Bsmbl, and a 0.25-kb Bsmbl/Nsil fragment was
isolated. The 5’ end of the putative DNA ligase gene, which included the initi-
ation ATG, was reconstructed with the ds synthetic oligonucleotide 5'-TATGG
CTGATTTATCGTCTCG-3' and 5'-CACACGAGACGATAAATCAGCCA-3'
(Genosys Biotechnologies, Inc., The Woodlands, Tex.) and isolated as a 275-bp
Ndel/Nsil fragment. This fragment was ligated with the 2.2-kb Nsil/HindIIT
fragment to the Ndel/HindIIl-cut pLEX vector. The resulting ligation products
were used to transform E. coli strain GI724 by electroporation. Transformants
were selected on induction base medium (Invitrogen Corp., San Diego, Calif.),
which contains, per liter, 6 g of Na,HPO,, 3 g of KH,PO,, 0.5 g of NaCl, 1 g of
NH,CI, 2 g of Casamino Acids, and 0.095 g of MgCl, and is supplemented with
ampicillin (100 pg/ml). Plasmid DNA from selected transformants was analyzed
by restriction enzyme digestions. Transformants containing the /ig4 insert were
isolated and designated pLEX-ligNH. The junctions of each isolate were verified
by DNA sequence analysis.

Overexpression of S. aureus ligA gene in E. coli strain GI724. Several trans-
formants were grown in duplicate in flasks with shaking at 30°C in the induction
basal medium described above. When the cultures reached an optical density at
600 nm of 0.3 to 0.4, tryptophan was added to one flask in each set to a final
concentration of 100 wg/ml, and the temperature was shifted to 37°C. Cell
samples were taken at 1, 2, and 4 h postinduction. Total cell proteins were
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analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) to tentatively identify the DNA ligase.

Purification of S. aureus full-length DNA ligase. The S. aureus DNA ligase was
purified by a modified version of the procedure reported by Lauer et al. (9).
Frozen cells of the E. coli strain GI724 (1 liter, ~1.3 g) containing the overex-
pressed S. aureus DNA ligase were suspended in TKED buffer (25 mM Tris-HCI
[pH 7.7], 100 mM KCI, 1 mM EDTA, and 2 mM dithiothreitol [DTT]) containing
0.5 mM phenylmethylsulfonyl fluoride. The cells were sonicated at 4°C, and the
cellular debris was removed by centrifugation at 30,000 X g at 4°C for 30 min.
Streptomycin sulfate (10% [wt/vol] stock) was added to the supernatant to a final
concentration of 2%, and the solution was kept on ice with occasional mixing for
20 min. The resulting precipitate was removed by centrifugation (20 min at 4°C
at 15,000 X g). The supernatant was loaded onto a Cibacron Blue 3GA column
(1.5 by 12 cm) equilibrated with TKED buffer. The column was washed with
TKED buffer and then washed with TKED buffer containing 0.2 M KCI. The
DNA ligase was eluted with TKED buffer containing 0.65 M KCI The flow rate
was 2.0 ml/min and 4-ml fractions were collected. The fractions containing DNA
ligase were pooled and dialyzed overnight at 4°C against TKED buffer plus 10%
(volivol) glycerol (TKEDG buffer). The dialyzed ligase fraction was loaded onto
a DEAE Sepharose CL-6B column (1.5 by 10 cm) equilibrated with TKEDG
buffer. The column was then washed with TKEDG buffer and ligase was eluted
with a linear KCI gradient from 0.1 to 1.0 M in TKEDG. The fractions containing
ligase were combined and concentrated using a Centriprep 30 unit (Amicon).
The concentrate was then dialyzed against TKEDG buffer containing 15% (vol/
vol) glycerol and stored at —20°C.

Expression and purification of DNA ligase N-terminal and C-terminal do-
mains. The N-terminal and C-terminal domains of DNA ligase were expressed as
N-terminally His-tagged fusion proteins in E. coli BL21(DE3) from Novagen and
BL21 Gold(DE3) from Stratagene with plasmids pET15b and pET32a(+) mod-
ified to remove the TrxTag, respectively. The N-terminal domain consisted of
residues Alal to Lys315 of the full-length protein sequence and included the
initiator methionine. The C-terminal domain consisted of residues Val391 to
Ser667. Each protein was purified to >95% purity by chromatography on a
Mono Q column (Amersham Pharmacia). Authenticity of the purified proteins
was verified by analysis of mass by liquid chromatography (LC)-coupled mass
spectroscopy (LC-MS) and N-terminal sequencing. Protein concentration was
determined using the Coomassie Plus assay (Pierce Chemicals).

DNA ligase gel-based assay. A DNA ligase assay that separates nicked sub-
strate from ligated products by gel electrophoresis was employed using the
procedure of Barker et al. (1) with slight modification. The assay is designed so
that the two adjacent oligonucleotides (29-mer and 30-mer) serve as substrate
DNA for DNA ligase when annealed to a 59-mer complement. S. aureus DNA
ligase (0.25 wM) was added to a reaction mixture containing 50 mM Tris-HCl
(pH 7.8), 5 mM MgCl,, 1 mM NH,Cl, 10 mM DTT, 27 pM NAD™, 2% poly-
ethylene glycol 8000, and 17 pM 3?P-labeled nicked oligonucleotide substrate
(14). The 29-mer (5'-CCCTGTTCCAGCGTCTGCGGTGTTGCGTC-3") and
the 5' 3?P-end labeled 30-mer (5'-AGTTGTCATAGTTTGATCCTCTAGTCT
GGG-3'") and the complement 59-mer (5'-CCCAGACTAGAGGATCAAACT
ATGACAACTGACGCAACACCGCAGACGCTGGAACAGGG-3") come to-
gether to form a double-stranded piece of DNA with a manufactured nick that
is a substrate for DNA ligase (obtained from Genosys). The assay is terminated
by the addition of stop buffer containing 5.5% glycerol, 7.5 mM EDTA, 0.2%
(wt/vol) SDS, and 0.015% (wt/vol) bromphenol blue. A 10% acrylamide-8 M
urea running gel was used to separate product from starting material. This assay
was used in all of the DNA ligase activity determinations in this study.

Band shift assay. Binding of purified DNA ligase components to DNA was
examined in buffer (50 mM Tris-HCI [pH 7.5], 10 mM EDTA, and 5 mM DTT)
as previously described (28). Proteins (20 pM concentrations) were incubated
with dsDNA oligonucleotide (~0.01 £M) substrate 5" end labeled with *?P in a
total volume of 10 pl and incubated at room temperature for 60 min. One
microliter of gel loading buffer (0.25% [wt/vol] bromphenol blue and 40% [wt/
vol] sucrose) was then added to each reaction tube and the mixtures were
analyzed on a native 6% acrylamide gel in 0.5X Tris-borate-EDTA running
buffer. Gels were run at 120 V until the dye front reached three-fourths the
length of the gel. Labeled bands were visualized by autoradiography.

Adenylation assay. Adenylation assays were performed in standard DNA
ligase buffer using 3*P-labeled NAD* (~0.01 uM) and deadenylated protein (10
M) in a total reaction volume of 10 wl as previously described (28). Reaction
mixtures were incubated for 60 min at room temperature, and then reactions
were terminated by the addition of SDS (3.3% final concentration) and incuba-
tion at 95°C for 3 min. Radiolabeled products were analyzed by SDS-10%
PAGE, and bands were visualized by autoradiography.

J. BACTERIOL.

Proteolysis of ligase. Conditions for limited proteolysis of S. aureus DNA
ligase with thermolysin and purification of the DNA ligase fragments are de-
scribed in the legend to Fig. 3.

Nucleotide sequence accession number. The DNA sequence corresponding to
the complementing clone from pMP98 has been deposited with GenBank under
accession no. AF234833.

RESULTS

Identification of the S. aureus NAD*-dependent DNA ligase
gene. The temperature-sensitive S. aureus mutant NT64 was
complemented with a shuttle plasmid library of genomic frag-
ments prepared from wild-type S. aureus strain 8325-4. Com-
plementation of the temperature-sensitive phenotype of NT64
was observed using the plasmid clone pMP98. Sequence anal-
ysis of a 2,991-bp fragment subcloned from pMP98 revealed a
large ORF. The ORF is comprised of 2,004 bp with a Shine-
Dalgarno sequence, AAAGGAGG, located 9 bp from the pre-
dicted ATG start codon. The remaining sequence also re-
vealed several other partial ORFs. A partial upstream ORF
matched that of the pcr4 gene of S. aureus, which encodes a
DNA helicase (6). Similarities to the downstream ORF were
not identified.

The translated sequence of the major ORF predicted a pro-
tein product of 667 aa with a corresponding molecular mass of
75,080 daltons. Clustal sequence alignment revealed 60% and
47% amino acid identity between the B. stearothermophilus and
E. coli DNA ligases, respectively (Fig. 1). Structural alignments
with orthologs from other gram-positive organisms highlighted
conserved features characteristic of DNA ligases possibly in-
volved in adenylation and DNA binding (Fig. 2). Motif I,
KXDG, containing amino acid residues 112 to 115, has been
shown by mutation analysis to be the site of adenylation, and
Lys112 may be the AMP binding site (7, 8, 12). Motifs II and
IIT are of unknown function, while motif IV contains the con-
served C-terminal DNA binding region (4).

Identification of the temperature-sensitive mutation in
NT64. In order to identify the site of the ligase mutation
present in the temperature-sensitive mutant NT64, DNA se-
quence analysis was carried out on PCR-amplified chromo-
somal DNA from the mutant and wild-type strains. A single
difference was observed in the ligase gene of NT64 relative to
SAM23. The mutational alteration was a G-to-A transition at
nucleotide 136 of the /ig4 coding region, which is expected to
result in the substitution of Glu for Lys46 of DNA ligase. This
mutation does not reside in any of the four previously identi-
fied conserved motifs but lies in the middle of a surface-ex-
posed alpha helix (22).

Characterization of S. aureus DNA ligase. The S. aureus
DNA ligase was overexpressed in E. coli to ~5% of total cell
protein. Purification of the enzyme was achieved by a previ-
ously published method used to obtain 7. thermophilus DNA
ligase (9), followed by an anion exchange chromatographic
step. The protein appeared as a single band on SDS-10%
PAGE and was estimated to be at least 95% pure (Fig. 3, lane
1).
Amino acid sequencing of the protein identified the N-ter-
minal sequence as ADLS, consistent with the expected N ter-
minus after removal of the initiator methionine. The molecular
mass of enzyme determined by MS was shown to be in good
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1 ——{DLSSRVNELHDLLNQYSYEYYVEDNPSVPDSEYDKL $ aureus lig protein s

Es-—IEQQLTELRTTLRHHEYY@VMDAPE’PDAEYDRL EC Lig Pro seq.PRO
DRQQAER[RAA[ELIRE[L L NR¥|G|YE Y Y V|L|DJR[P 5 V P D|A{E Y D|R|L| Bacillus lig aa seq.PR

—

oy

39 EEEHPEYKTVDSPTVRVGGEAQASFNKVNHDT P| S aureus lig protein s
39 EfT x]u P E[L 1]T[P|D 5 P T[Q]R vV 6[a A P L|A[A|F[s ¢ 1 R|H[E V]P| EC Lig Pro seq.PRO
41 GPPLEAFRAHRVP Bacillus lig aa seq.PR
79 MLSLGNAFNEDDLRKFDQRIREQI|~--~-[GNVEYMCELKIDG|S aureus lig protein s
79 ML s L[D|N[V]F[D|E[E S F L A|F[N K][RIV QD R L KN N E K|V[T W C|C E L K[T]D G| EC Lig Pro seq.PRO
81 MMSLANAFGEGDFDRRVIEQEV———EAAVCELKIDG Bacillus lig aa seq.PR

116[LAVS LKYVDGYFV(QGLTRGDGTTGEDITENLEKTIHALPLK|S aureus lig protein s
119LAVSILYENGVSAATRGDGTTGEDITEJNTIRAIPLK EC Lig Pro seq.PRO

118 LAV S|VR|YJE[DGYFVQGATRGDGTTGEDITENLKT I|RS L|P LJR Bacillus lig aa seq.PR
156|MKE|———PLNVEVRGEAYMPwRRSFLRLNEEKEKNDEQLFAN S aureus lig protein s
159 LHGENI[PIARLIEVRGE[VF L|P[QAG|F[EKI|NE[DARRT GG K V|F A N| EC Lig Pro seq.PRO

158 L--—pVSLEARGEAFMPKAsFLRLNEERKARG@ELFAN Bacillus lig aa seq.PR
193PRNAAAGSLROLDSKLTAKRKLSVFIYSVNDFTDFNAR|-[5]S aureus lig protein s

199|PRNAAAGSLRQLD EGGELPDT EC Lig Pro seq.PRO
195pRNAAAG5LRQLDPVAAsRQLDLFVYGLA@AEALGIA—[_E_] Bacillus lig aa seq.PR

232[QSEALDELDKLGFTTNKNRARVNNIDGVLEYIEKWTSQRE S aureus lig protein s

239 HLGR|L[LQ FK|K[W|G[LPVSDRVTLCESAEE|VLAF YH[KVEED(RP EC Lig Pro seq.PRC
234 H[S E A L DJ¥[L}e A[L ¢ F]x V[§]P E[R]R[F]C AEVIAFVSE@HDKMP Bacillus lig aa seq.PR

272|SLPYDIDGIVIKVNDLDQQDEMGFTQKSPRWAIAYKTFPAE|S aureus lig protein s
279TLGFDIDGVIKVNSLAQQEQLGFVARAPRWAA@KFPAQ EC Lig Pro seq.PRO

274 QLPYEIDGIVIKVDSFAQQRALGAAKSPRWAIAYKFPAE Bacillus lig aa seq.PR
312EVVTKLLDIELSIGRTGVVTPTAILEPVKVAGTTVSRASL|S aureus 1lig protein s

319 ETFVRDVEFQVGRTGTPAELEPVﬂVAGVSNATL EC Lig Pro seq.PRO
R [

314 EVVTTIGIEVNVGRTGVVTPTAILEPV VAGTTVIQIR A|T|L| Bacillus lig aa segqg.PR

352[HFNEDLIHDRDIRIGDSVVVKKAGDIIPEVVRSIPERRDPED|S aureus lig protein s
359 HNDEIERLGLRIGDKVVIRRAGDI P@VVNVVLSERPED EC Lig Pro seq.PRO

354 HNED|FII|REK[DIRIGD|A|V[I I[KKAGDI IPEVV|GVVYVD[RR[DG|D| Bacillus 1ig aa seq.PR
392[AVTYHMPTHCPSCGHELVRIEGEVALRCINP|-[KCQAQLV E| S aureus lig protein s

399 TREVVF|PTHCP[V[C G/sDVERIVIEGE[AVARC|T GG L I|C/G|A QR K|E| EC Lig Pro seq.PRO
A Q L]R[E

394 ETPFAMPTHCPECESELVRLEGEVALRCL-NCP Bacillus lig aa seq.PR

431/GLIHFVSRQOQAMNIDGLGTKIIQQLYQSELIKDVADIFYLT|S aureus lig protein s

4395LHFVSRRAMDVDGE]GDKIIDQLVEKEYVHTPADLFKLT EC Lig Pro seq.PRO
433 RLIHFASRAAMNIEGLGEKVVTQLFNAGVRDVADLYCLT Bacillus lig aa seq.PR

471[EEDLLPLDRMGQKKVDNLLAAIQQAKDNSLENLLFGLGIR S aureus lig protein s
479AGKLTGLERMGPKSAQNVVNALEKAKETTFARFLLGIR EC Lig Pro seq.PRO

473 K@QL’VGLERMGEKSAANLLAAIEASKQNSLERLLFGLGIR Bacillus lig aa seq.PR
S511HLGVKASQVLAEKYETIDRLLTVTEAELVEIHDIGDZ KVAQ| S aureus lig protein s

519 EV|GEATAAG|LA/[AY FG|T[L EA|L[EAA S I E|E L[]0 KV P|D[V]|G[1 V]v Als Ec Lig Pro seq.PRO
513 YVGAA@LLABHFETMBRLERAKEELMAVPEIGE{EMAD Bacillus lig aa seq.PR

551
559
553

VIYLENEDIRALIOKLKDKHVNMIYKGIK|-[TSDIEGHEP| S aureus lig protein s
HNFFAE|E[SNRNV|[I|SE[LJLAEG/V(H--WPAPIVINAE[EIDS EC Lig Pro seq.PRO
TAFFAQPEATEL@ELRAYGVNMAPIERSAEAPADS Bacillus lig aa seq.PR

590EF SGKTIVLTGKLHQMTRNEASKWLASQGAKVTSSVTEKNT
K A RILIV E L{G A K V|A G|S V|SIK|K|T

597PFAGKTVVLTGE]LSQMSRA
593 A|F[A|GKT|VIVLTGKL/AS|MSIRNEA|KE QI ERL|GGR|VT|G|s VisR s|T

S aureus lig protein s
EC Lig Pro seq.PRO
Bacillus lig aa seq.PR

630 DVVIAGEDAGSKLTKAQSLGIEIWTEQQFVDKQNETLN S]. S aureus lig protein s
637DLVIAGEAGSKLAKAQELGIEVIDEAEML—-—RLLGS. EC Lig Pro sed.PRO
633DLVIAGEDAGSKLEKAQQLGIEIWDESRLQEI@RGKR. Bacillus lig aa seq.PR

Decoration 'Decoration #1': Box residues that match S aureus lig protein seq.PRO exactly.

FIG. 1. Clustal amino acid sequence alignment of DNA ligases from S. aureus, E. coli, and B. stearothermophilus. Regions enclosed in boxes
indicate identical amino acid residues. Amino acid positions of conserved motifs (designations from references 4, 8, 9, and 26) for the S. aureus
DNA ligase are as follows: motif I, 112 to 117; motif II, 278 to 283; motif III, 190 to 214; and motif IV, 591 to 667.
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Motif I Motif II Motif III
KIDGLA DGIVIK FANPRNAAAGSLRQLDSKLTAKRKL S. aureus
KLDGLA DGVVIK FANPRNAAAGSLRQLDPRITAKRPL E. coli
KLDGLA DGTVLK FANPRNAAAGSLRQLDPNITSKRPL H. influenzae
KIDGLS DGVVYK FPANPRNAAAGSLRQLDPNITARRSL 2. mobilis
KVDGLS DGVVVK FKNPRNAAAGSLRQKDPRITAKRGL r. thermophilus
KVDGLS DGVVLK FKNPRNAAAGSLRQKDPRVTAKRGL 7r. filiformis
KIDGLA DGIVIK FANPRNAAAGSLRQLDPKVAASRQL B. stearothermo
KIDGLA DGIVIK FANPRNAAAGSLRQLDPKIAAKRNL B. subtilis
KIDGVS DGVVYK FANPRNAAAGSIRQLDVAITAQRPL R. prowezekii
KIDGLA DGIVIK FANPRNAAAGSLRQLDTKIVAKRNL E.faecalis
KIDGLS DGVVIK FANPRNAAAGTLRQLDTSVVAKRQL S.pyogenes
Motif IV
B1 Al B2

FSG KTIVLT G KLHQMT RNEA SKWLASQ GAK VTSSVTKNT D .VVI AGEDAG S. aures

FAG KTVVLT G SLSQMS RDDA KARLVEL GAK VASGVSKKT D .LVI AGEAAG E. coli

FKD KTVVLT G TLTQMG RNEA KALLQQL GAK VSGSVSSKT D .FVI AGDAAG H. influenza

LSG KIIVFT G SLQKIT RDEA KRQAENL GAK VASSVSKKT N .LVV AGEAAG Z. mobilis

LKG LTFVIT G EL.SRP REEV KALLRRL GAK VTDSVSRKT 8§ YLVV .GENPG T. thermophilus

LSG LTFVLT G EL.SRP REEV KALLQRL GAK VTDSVSRKT 8 YLVV .GENPG T. filiformis

FAG KTVVLT G KLASMS RNEA KEQIERL GGR VTGSVSRST D .LVI AGEDAG B. stearothermophilus

FAG KTIVLT G KLEELS RNEA KAQIEAL GGK LTGSVSKNT D .LVI AGEAAG B. subtilis

LTG KIVVFT G SLSTIS RVEA KEIAEKL GAK VTASVSLNT D .LVI AGVNGG R. prowezekii

FKD KTVVLT G KLAQYT REEA KEKIENL GGK VTGSVSKKT D .IVV AGEDAG E. faecalis

LFG LTVVLT G KLNQLN RNEA KDKLEAL GAK VTGSVSKKT D .LVI AGSDAG S. pyogenes

A2 A3

S KLTKAQSL G IE IWTEQQFV DKQNE LNS* S. aureus

S KLARAQEL G IE VIDEAEML RLLGS * E. coli

S KLARAQEL N IT VLTEEEFL AQITR * H. influenza

S KLSKAKEL D IS IIDEDRWH RIVEN GGQES IKI* Z. mobilis

S KLEKARAL G VP TLTEEELY RLLEA RTGKK AEELV* T. thermophilus

S KLEKARAL G VA VLTEEEFW RFLKE KGAPV PA* T. filiformis

S KLERAQQL G IE IWDES... RFLQE INRGK R* B. stearothermophilus

S KLTKAQEL N IE VWNEEQLM GELKK * B. subtilis

S KLKKAKEL N IK IIDEVEWL AFIKN A* R. prowezekii

S KLTKAESL G VT VWNEQEMV DALDA SHF* E. faecalis

S KLERAKSL G IR IEDE.... DWLRQ L* S. pyogeneS

FIG. 2. Comparison of the conserved amino acid motifs I through IV from known and uncharacterized bacterial /ig4 gene sequences. Amino
acids identical in all species are shown in boldface type. Motif I is the conserved region at the active site. Motifs II and III are of unknown function.
Motif IV constitutes the DNA binding domain. Designations in motif IV (B1, A1, etc) refer to areas defined as beta-sheet or alpha-helix structures
(4). Alignment of amino acid sequences within the C-terminal DNA binding motif IV from various DNA ligases were as follows: E. coli, aa 598
to 671; Haemophilus influenzae, aa 605 to 679; Zymomonas mobilis, aa 649 to 731; T. thermophilus, aa 594 to 676; T. filiformis, aa 594 to 667,
B. stearothermophilus, aa 594 to 670; Bacillus subtilis, aa 595 to 668; Rickettsia prowazekii, aa 619 to 689; S. aureus, aa 591 to 667; Enterococcus
faecalis predicted DNA ligase, aa 586 to 664; and Streptococcus pyogenes predicted DNA ligase, aa 582 to 652. The unpublished genomic sequence
data used to identify the LigA orthologues were obtained from the PEDANT database (http://pedant.mips.biochem.mpg.de/).

agreement with the theoretical mass of adenylated protein,
75,290 Da.

The activity of the S. aureus DNA ligase preparation was
determined by a gel-based assay measuring the ligation of a
32P_labeled 30-mer with a 29-mer oligonucleotide, annealed to
a complementary strand of DNA. Approximately 0.25 pM
purified full-length S. aureus DNA ligase essentially completed
ligation of a 17 wM concentration of the oligonucleotide mix-
ture within 10 min under the conditions of the assay (Fig. 4A).
Studies with deadenylated enzyme indicated that NAD™ was
necessary for ligation activity, with maximal activity achieved at

30 pM NAD™ (data not shown). The pH optimum for the
S. aureus DNA ligase was 8.5.

S. aureus DNA ligase is composed of functionally distinct N-
and C-terminal domains. A recent study by Timson and Wig-
ley (28) indicated that the NAD " -dependent DNA ligase from
B. stearothermophilus is composed of N- and C-terminal do-
mains connected by a proteolytically sensitive linker region of
77 amino acids. In order to determine if this organization was
also characteristic of the enzyme from S. aureus, proteolytic
digestion was conducted with the purified DNA ligase.

Limited proteolysis of S. aureus DNA ligase with thermoly-
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FIG. 3. Limited proteolysis of S. aureus DNA ligase by thermolysin.
(A) Purified S. aureus DNA ligase from expression in E. coli (lane 1)
was incubated with thermolysin at a ratio of 10:1 (wt/wt). After 60 min,
the reaction was stopped by addition of 50 mM EDTA. Products of 40,
22, and 21 kDa were produced (lane 2). Thermolysin appeared as a
band of 37.5 kDa (lanes 2 and 3). The reaction mixture was chromato-
graphed on Mono Q, and fractions containing the 21-kDa fragment
and thermolysin (lane 3), the 22-kDa fragment (lane 4), and the 40-
kDa fragment (lane 5) were collected and subjected to N-terminal
sequencing and LC-MS analysis to identify the cleavage products.
Weakly stained bands at 12 and 4 kDa (lane 3) were not identified. (B)
The 40-kDa fragment represented the N-terminal domain of the DNA
ligase (1 to 315 or 316) and was fully adenylated. It contained a mixture
of two C termini at K315 and L316. The two smaller fragments (21 and
22 kDa) represented domains from the C terminus of the DNA ligase.
The 21-kDa fragment contained the N terminus, V391, and two C
termini at T581 and D583. The 22-kDa fragment had two N termini,
V391 and Y393, each having a C terminus at E589. This panel sum-
marizes the cleavages with the AMP-containing N-terminal domain
shown as speckled and the C-terminal domains shown shaded gray.
The missing N-C linker region is unshaded and the missing C terminus
of the DNA ligase is solid black.

sin resulted in the production of three major products with
apparent molecular masses of 40, 22, and 21 kDa (Fig. 3, lane
2). Individual fragments were isolated by anion exchange chro-
matography (Fig. 3, lanes 3 to 5). The isolated fragments were
characterized by N-terminal sequencing and mass analysis by
LC-MS (Fig. 3, legend). The purified 40-kDa fragment corre-
sponded to the N-terminal region (Fig. 3, lane 5), was fully
adenylated as determined by MS, and began at residue 1 (Ala)
of the mature DNA ligase. The 40-kDa fragment was com-
posed of two distinct species terminating at K315 and L316
(Fig. 3B).

The smaller C-terminal fragments obtained after thermoly-
sin cleavage (21 and 22 kDa) were isolated by chromatography
on a Mono Q column (Fig. 3, lanes 3 and 4). The unbound
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fraction eluting with the void volume contained fragments of
21 kDa, from residue V391 to T581 or D583. The fraction
bound to the column included two 22-kDa fragments with
distinct N termini (V391 and Y393) and a common C terminus
at E589. The N- and C-terminal domains obtained by treat-
ment with thermolysin were purified and failed to demonstrate
DNA ligation activity when tested individually or when com-
bined (data not shown). Neither of the 21- or 22-kDa frag-
ments were active in a DNA binding assay. Further inspection
of the C-terminal region of the DNA ligase revealed that each
of these fragments was missing the last 76 amino acids present
in the full-length sequence.

In order to obtain quantities of the N- and C-terminal do-
mains for more in-depth analysis, each was overexpressed in
E. coli as the His-tagged fusion protein. Comparative ligation
studies indicated that neither the 40-kDa N-terminal domain
nor the 30-kDa C-terminal domains possessed ligation activity
separately (Fig. 4B). The individual domains when mixed to-
gether also failed to demonstrate DNA ligase activity even
when tested in an excess of 0.25 mM.

The 40-kDa N-terminal domain and the full-length DNA
ligase were deadenylated in the presence of 10 mM nicotin-
amide mononucleotide and 10 mM magnesium chloride. De-
adenylation was essentially complete as shown by mass anal-
ysis. The deadenylated N-terminal fragment as well as the
full-length DNA ligase underwent rapid self-adenlyation in the
presence of [*?PI[NAD™, while the 30-kDa C-terminal frag-
ment was inactive (Fig. 5). The separate N-terminal fragment
and the combined N- and C-terminal fragment mixture dem-
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FIG. 4. Ligation time course of S. aureus DNA ligase (0.25 uM)
with 17 wM **P-labeled nicked substrate (see Materials and Methods).
Activity is measured in relative densitometric units of ligated product
(59-mer) on a 10% acrylamide, 8 M urea gel. (A) Lanes 1 to 7 repre-
sent 0, 2, 4, 8, 18, 40, and 60 min of incubation at 30°C. (B) Gel assay
comparing activity of full-length S. aureus DNA ligase with the purified
N-terminal and C-terminal domains over 60 min at 30°C. Lane 1, no
enzyme control; lane 2, 0.25 uM full-length ligase; lane 3, 0.25 pM
40-kDa N-terminal domain; lane 4, 0.25 pM 30-kDa C-terminal do-
main; and lane 5, 0.25 wM concentration of each of the N- and C-
terminal domains, respectively. Lanes 6 to 8 represent the N-terminal,
C-terminal, and both the N- and C-terminal domains in excess at 0.25
mM, respectively.
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FIG. 5. Relative rates of adenylation of the full-length ligase and
the 40-kDa N- and 30-kDa C-terminal domains. A series of assays
containing a 1.0 wM concentration of protein and 0.01 pM [**P]NAD™*
were incubated at room temperature and terminated at selected time
points by the addition of SDS to a final concentration of 3.3%. Phos-
phorimaging was used to quantify the percentage of enzyme adeny-
lated with labeled NAD™.

onstrated somewhat lower adenylation activity compared with
the full-length DNA ligase. Direct amino acid sequencing of
the 30-kDa C-terminal domain and confirmation of mass by
MS confirmed that this fragment was unadenylated at the start
of the experiment.

Both the C-terminal 21- and 22-kDa thermolysin-generated
fragments are missing the last 76 residues of the full-length
DNA ligase and were inactive in a DNA binding assay. In
order to test whether the final 76 amino acids of the C terminus
were required for DNA binding activity, the intact 30-kDa C
terminus of the S. aureus DNA ligase (amino acids 391 to 667)
expressed as the His-tagged fusion in E. coli was tested in a
gel-shift DNA binding assay. The intact 30-kDa C-terminal re-
gion, unlike the versions lacking the complete C terminus, did
display DNA binding activity (Fig. 6, lanes 2 and 4 compared
with lane 5). The full-length DNA ligase was compared with
the complete 30-kDa C-terminal fragment for DNA binding
across a 100-fold protein concentration range. The full-length
DNA ligase was somewhat more active than the 30-kDa frag-
ment in the DNA binding assay (Fig. 7).

DISCUSSION

In this study, we have identified and characterized the
NAD *-dependent DNA ligase in S. aureus that is essential for
survival in vitro. Several studies have characterized the distinct
differences that exist between NAD "-dependent DNA ligases
and ATP-dependent DNA ligases found in bacteriophages and
eukaryotes. These enzymes differ in their mass as well as en-
ergy cofactor requirement, with the bacterial DNA ligases us-
ing NAD™ while DNA ligases found in plants, animals, viruses,
and bacteriophages utilize ATP (7, 8, 16, 20, 28). In addition,
the NAD"-dependent DNA ligases share very little sequence
homology with ATP-dependent DNA ligases outside of the
active-site lysine pocket (7, 8, 22). Furthermore, recent studies
of the NAD™"-dependent DNA ligase from B. stearothermophi-
lus indicate that this enzyme is comprised of two separate
domains that function independently in an in vitro ligation
reaction (23, 28). The presence of separate functional domains
signifies a divergence from the organization of ATP-dependent
DNA ligases, where the N- and C-terminal fragments function
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together to effect adenylation and DNA substrate binding.
In order to determine whether the apparent independence of
the N- and C-terminal functional domains is common to oth-
er NAD"-dependent DNA ligases from bacteria, full-length
DNA ligase and truncated protein from the human pathogen
S. aureus were cloned and overexpressed in E. coli.

Amino acid sequence alignment revealed that the S. aureus
ligA gene product had 60% and 47% amino acid identity with
the B. stearothermophilus and E. coli enzymes, respectively.
Further analysis revealed the presence of conserved motifs
among the DNA ligases found in these and other bacterial
species. Mass determination from the deduced amino acid
sequence indicated that the LigA protein from S. aureus
(75,080 Da) is comparable in size to the DNA ligases from
B. stearothermophilus (74,229 Da) and E. coli (73,690 Da). The
full-length S. aureus DNA ligase expressed as the native pro-
tein in E. coli was essentially fully adenylated and enzymatically
active when quantitated in an in vitro ligation assay using a
radiolabeled oligomeric substrate. Approximately 0.25 pM pu-
rified DNA ligase essentially completed the ligation of 17 uM
oligonucleotide substrate within 8 min at 30°C.

As with the DNA ligase from the moderate thermophile
B. stearothermophilus, the results of our studies show that the
enzyme from S. aureus is composed of two separate and func-
tionally distinct domains. In the course of our limited proteol-
ysis studies, we consistently obtained stable C-terminal domain
fragments of 21 and 22 kDa. N-terminal sequencing and
LC-MS confirmed that each of these was missing the last 76 aa
of the DNA ligase; therefore, the 22-kDa fragment was iso-
lated and tested for DNA binding activity. Unlike the 30-kDa
C-terminal fragment obtained from B. stearothermophilus DNA
ligase by Timson and Wigley (28), our 22-kDa fragment had no
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FIG. 6. DNA band shift assay. Lane 1, 3*P-labeled oligonucleotide
substrate DNA only (position B); lane 2, full-length DNA ligase (cre-
ates a band-shifted oligonucleotide in position A); lane 3, 40-kDa N-
terminal fragment; lane 4, complete 30-kDa C-terminal fragment; lane
5, smaller 22-kDa C-terminal fragment (minus the last 76 aa, which
contain a putative DNA binding site) plus DNA. All proteins were
tested at a 20 wM concentration. Each mixture was incubated at room
temperature for 60 min before electrophoresis on a 6% acrylamide gel.
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FIG. 7. DNA band shift assay. (A) Full-length DNA ligase with
substrate. (B) Complete 30-kDa C-terminal fragment of DNA ligase.
Protein concentrations for each component were as follows: lane 1, 0
wM; lane 2, 1.0 pM; lane 3, 10 wM; lane 4, 25 wM; lane 5, 50 wM; and
lane 6, 100 M. All assays were performed with >?P-labeled oligonu-
cleotide substrate DNA.

detectable DNA binding activity. In order to test whether the
76-aa truncated species was missing a critical region that is
required for DNA binding, we expressed the intact S. aureus
DNA ligase C-terminal domain (30 kDa), consisting of resi-
dues 391 to 667, and assessed its ability to bind DNA. In
contrast to the truncated 22-kDa fragment, the complete 30-
kDa construct demonstrated activity in a gel-based DNA bind-
ing assay. When compared over a 100-fold protein concentra-
tion range, the full-length DNA ligase was somewhat more
active than the complete C-terminal fragment in the DNA
binding assay. A conserved protein motif was proposed by
Halligan (4) for several proteins known to interact with DNA.
These included the bacterial (NAD-dependent) DNA ligases
and VDIJP, a protein that binds the V(D)J recombinational
signal sequence element (4). This motif is found at the extreme
C-terminal region of all known bacterial DNA ligases and
encompasses approximately 80 aa residues. This region is ab-
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sent in the ATP-dependent DNA ligases (4). Our DNA bind-
ing results with the 22- and 30-kDa DNA ligase fragments are
consistent with the proposal by Halligan that suggests that this
motif contains an essential DNA binding region in bacterial
DNA ligases. In addition, since limited proteolysis often iden-
tifies flexible interdomain regions in protein structures, our
results suggest that the DNA binding region either exists as a
separately folded domain or is partially flexible, as opposed to
being an integral part of the larger 30-kDa C-terminal domain.
Our observations with this DNA binding region of the C-
terminal domain extend previous results of others (4, 10). They
may also explain why the ATP-dependent DNA ligases appear
to require the interaction of both subunits for DNA binding,
since the C-terminal fragment alone is insufficient to bind
DNA.

Additional tests with the individual domain fragments indi-
cated that as in the case of the ligase from B. stearothermophi-
lus, the 40-kDa N-terminal fragment of S. aureus DNA ligase
possessed self-adenylation activity comparable to that of the
full-length DNA ligase. This is in contrast to the ATP-depen-
dent DNA ligase of phage T7, which requires the interaction of
both N- and C-terminal domains for self-adenylation and DNA
binding activities (3). Since bacterial DNA ligase has a differ-
ent cofactor requirement from the eukaryotic homologue,
DNA ligase is an attractive target for drug discovery compared
with some other essential proteins. The current study validates
the essentiality of DNA ligase in S. aureus and provides infor-
mation from which to aid crystallization efforts and a structure-
based approach for finding novel DNA ligase inhibitors.

Results from this study confirm that important functional
regions exist within the individual domains of bacterial DNA
ligases. Similarities in the activity of these subunits between the
thermophilic bacterium B. stearothermophilus and the human
pathogen S. aureus illustrate the conservation of these domain
properties among gram-positive bacteria. Since DNA ligase
provides an attractive target for the identification of novel
antibiotics, further knowledge concerning the functional orga-
nization of the bacterial DNA ligases could help guide efforts
to design specific antibacterial inhibitors of this enzyme. The
recent structural data derived from the B. stearothermophilus
DNA ligase should be relevant for gram-positive pathogens as
well. Additional information concerning the structural and
functional organization of the bacterial DNA ligases should
further our understanding of these enzymes.
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