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ABSTRACT. The gene froniNeisseria meningitidiserogroup A, encoding a putative, secreted ATP-dependent
DNA ligase was cloned and overexpressed, and the soluble protein was purified. Mass spectrometry
indicated that the homogeneous protein was adenylated as isolated, and sedimentation velocity experiments
suggested that the enzyme exists as a monomer in solution. The 31.5 kDa protein can catalyze the ATP-
dependent ligation of a singly nicked DNA duplex but not blunt-end joining. The first step of the overall
reaction, the ATP-dependent formation of an adenylated ligase, was studied by measuring the formation
of the covalent intermediate and isotope exchange betwe&?P] ATP and PP Mg?* was absolutely
required for this reaction and was the best divalent cation to promote catalysis. Electrophoretic gel mobility
shift assays revealed that the enzyme bound both unnicked and singly nicked double stranded DNA with
equivalent affinity Kq ~ 50 nM) but cannot bind single stranded DNA. Preadenylated DNA was synthesized
by transferring the AMP group from the enzyme to thgbosphate of a'alideoxy nicked DNA. The

rate of phosphodiester bond formation at the preadenylated nick was afSeddgendent. Kinetic data
showed that the overall rate of ligation, which occurred at 0.008is the result of three chemical steps

with similar rate constants)0.025 s?). The Ky, values for ATP and DNA substrates, in the overall
ligation reaction, were 0.4M and 30 nM, respectively.

DNA ligases are ubiquitous enzymes involved in the step, the adenylated protein intermediate transfers the AMP
maintenance and the evolution of the genotype of the cell moiety to the 5phosphoryl group at the DNA break site to
because of the essential role that they play in replication, form, via a new pyrophosphate linkage, the adenylated DNA
recombination, and DNA repai2( 3). They vary in size intermediate. In the final step, the enzyme catalyzes the
from 30 to 100 kDa, with a low level of overall sequence formation of a phosphodiester bond between thiey8iroxyl
conservation outside of the six sequence motifs constituting group and the 'sadenylated phosphate of the DNA, releasing
the active site of the enzyme4<7). Structural data reveal AMP.
that despite this sequence diversity, DNA ligases, as wellas DNA ligases are divided into two classes depending on
other nucleic acid modifying enzymes belonging to the the identity of the AMP donor, NAD or ATP, that they
nucleotidyl transferase superfamiB)(share a common basic  yse in the first step. The main difference between the two
structural core that includes the conserved motifs of DNA ¢lasses of enzymes is the presence of an extra N-terminal
ligases 7). This core can be divided into two structural domain (domain la) in the NAD-dependent DNA ligases
domains, the adenylylation domain that binds and reacts with (7). This domain is essential for NABdependent adenyl-
the AMP donor substrate and the OB domain involved in ylation and AMP transfer to a hosphate nickl(2). Until
DNA recognition and bindingd). The common core appears recently, it was believed that ATP-dependent DNA ligases
to be responsible for a common mechanism for catalysis of were found only in eucaryotes, viruses, and archeabacteria
the joining of breaks in duplex DNA shared by all DNA  and that NAD-dependent DNA ligases were found specif-
Iigases, whereas the additional N- or C-terminal domains arEica”y in eubacteria. In the past decade, the sequences of
proposed to be involved in more specific DNA/protein or many bacterial genomes have revealed that some of them,
protein/protein interactions responsible for pathway specific- in addition to the structural gene(s) for the typical bacterial
ity (7, 9, 10). NAD*-dependent DNA ligase(s), also contain gene(s) pre-

The mechanism of the overall DNA ligation reaction can dicted to encode ATP-dependent DNA ligase(s) based on
be divided into three catalytic steps involving two covalent sequence homology6). Reciprocally, a NAD-dependent
intermediatesX1). The first step involves the attack of the DNA ligase was recently characterized from a eukaryotic
e-amino group of a Lys residue, located in motif I, on the vijrus (13).

adenylyl phosphorus of either NADor ATP, to form a Since the early detailed mechanistic characterization of
covalent phosp_hoam|de linkage beth_aen protein and AMP |5ih the bacteriophage T4 ATP-dependent ancEtbeheri-
and releasing either NMN or RPespectively. In the second i coli NAD*-dependent DNA ligasesl, 14), several
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functionally characterized, and they have revealed very Protein Purification.Twenty-five grams oE. coliBL21-

distinct features. In 1997, Cheng et al. showed Hia¢mo-
philus influenzaeencoded a 31 kDa protein able to form a

(DE3)pLysS/pET23af)::adl-Hiss, recovered by centrifuga-
tion from a 10 L culture grown as described previously, were

protein-AMP intermediate using ATP and to catalyze a strand suspended in 40 mL of 20 mM triethanolamine hydrochloride

joining at a singly nicked DNA duplexig). In 2002, Weller

(TEA) pH 7.8, containing one Complete Protease Inhibitor

et al. demonstrated that the 83.6 kDa polypeptide encodedCocktail tablet (Roche) and 1.6 M NaCl. The cells were lysed

by Rv0938 fromMycobacterium tuberculostzas the ability
of self-adenylylation in the presence of ATP and is involved
in double-strand break joining.). This activity was found

by ultrasonic disruption for 10 min, and the crude extract
was stirred fo 1 h at 4°C in the high salt buffer. Cell debris
was separated from the soluble fraction by a 45 min

to be strongly activated by another protein component, a ultracentrifugation at 35 000 rpm. The clear supernatant was

bacterial Ku homodimer, similar to the nonhomologous end-
joining pathway of eukaryotic cell4.9). Very little is known
about the physiological role of ATP-dependent DNA ligases
in bacteria. TheBacillus subtilishomologue of Rv0938,
ykoV, which was proposed to be involved in the repair of
DNA damage due to ionizing radiation, was shown to be
neither essential nor able to substitute for the NAD
dependent DNA ligase of the same species, y&h Other

diluted to 80 mL with 20 mM TEA, pH 7.8 and applied to
a column containing 50 mL of Ni-NTA His.Bind resin
(Novagen) equilibrated with 20 mM TEA, pH 7.8 containing
300 mM NacCl. Proteins were eluted at 1 mL/min with a
linear 0—250 mM imidazole gradient. The fractions eluting
between 100 and 175 mM imidazole, which contained a
single band ¥ 95%) with a molecular mass estimated at 30
kDa by SDS-PAGE, were pooled and dialyzed against 50

studies have shown that heterologous complementationmM HEPES, pH 7.5 containing 200 mM NaCl, 1 mM

between ATP- and NAD-dependent enzymes is possible
(24, 22).

dithiothreitol (DTT), and 0.1 mM EDTA, for 2 h. After
clearing of the minor precipitate formed during dialysis by

In this study, we have cloned and expressed the structuralcentrifugation, the protein was concentrated and stored at

gene of the putative ATP-dependent DNA ligas&lefsseria
meningitidis (ADL). We have purified the protein and
investigated its substrate specificity and kinetic properties.
The results permit us to highlight the similarities, as well as
the differences, between ADL and both NAfependent
bacterial DNA ligases and various ATP-dependent DNA
ligases.

EXPERIMENTAL PROCEDURES

Cloning and Expression of the adl Geriehe adl gene
(ATP dependent DNA ligase) was amplified from genomic
DNA of N. meningitidisserogroup A, ATCC 53417D, using
Pfu DNA polymerase and the primers C1!-GGATTC-
CATATGATTAAGAAGACAATCGGC-3' and C2, contain-
ing a six-His tagged coding region (bold characters):
5'-CCCAAGCTTTTAATGGTGATGGTGATGGTG GC
GGTCGGTACGCACGCGC-3 complementary to the's
terminal coding strand and to thé-t8rminal noncoding
strand of the NMAO388 open reading frame f menin-
gitidis 22491, respectively. The amplification product was
restricted withNdd andHindlll (restriction sites underlined

in the PCR primer sequences) and ligated into the pET23a-

(+) expression vector (Novagen). A recombinant plasmid
obtained from a transformant &:. coli BL21(DE3)pLysS
(Novagen) selected on Luria Broth (LB) agar containing 100
ug/mL of ampicillin and 35%g/mL of chloramphenicol was

—20°C in 50% glycerol.

Deadenylylation of the Ligas@hree nmol of ADL were
incubated in 60Q:L of 50 mM HEPES, pH 7.5 containing
5 mM DTT, 10 mM MgCh, 50 mM NacCl, and 1 mM PP
for 45 min at room temperature. The deadenylated ligase
was purified by applying the reaction mixture & 6 mL
Sephadex G-10 column, preequilibrated with 50 mM HEPES,
pH 7.5 containing 50 mM NacCl. The products of the reaction
were eluted with the same buffer, and protein-containing
fractions were detected by the absorbance at 280 nm. The
protein obtained was subjected to mass spectrometry analysis
and stored at-20 °C in 50% glycerol.

Analytical MethodsThe protein concentration was esti-
mated by the Bio-Rad protein assay method using bovine
serum albumin as a standard. The molecular mass of the
protein was determined by MALDI and electrospray ioniza-
tion-mass spectrometry (Laboratory for Macromolecular
Analysis and Proteomics (LMA&P), Albert Einstein College
of Medicine, NY). An estimate of the native molecular
weight of ADL-Hiss was determined by measuring the
sedimentation velocity of the protein at three different
concentrations by analytical ultracentrifugation (LMA&P,
Albert Einstein College of Medicine, NY).

DNA SubstratesThe oligodeoxynucleotides (Table 1) used
to prepare DNA substrates or ligands were obtained from
Invitrogen with the exception of O8 '@8lideoxy), which was

used as template to determine the sequence of the DNApurchased from Qiagen. Oligodeoxynucleotides (Table 2)

insert by the dideoxynucleotide chain termination method.
A single colony of this transformant was used to inoculate
1 L of LB containing selective antibiotics and grown at 37
°C until the optical density at 600 nm reached 1. The
expression of thadl gene was then induced by the addition
of 0.3 mM isopropylg-p-thiogalactoside (IPTG) to the
culture, which was grown for an additional 4 h. After cell

were 3-3?P-labeled using 1 unit of T4 polynucleotide kinase
per 5 pmol of oligodeoxynucleotide and a 4-fold excess of
30—100 Ci/mmol [y-32P] ATP as previously describe@g)

and purified by gel filtration using MicroSpin G-25 Columns
(Amersham Biosciences). Complementary oligodeoxynucle-
otides were then annealed to form the DNA substrates or
ligands listed in Table 2. The adenylated®®P-labeled O1

lysis, the supernatant and the pellet of the crude extract werewas prepared by incubating S6, double stranded DNA

analyzed separately by sodium dodecyl sulgislyacryl-
amide gel electrophoresis (SBEAGE) using 16-15%
Phastgels (Amersham Pharmacia).

1 GenBank Accession Number AY356550.

containing a 3dideoxy single nick (Table 2) with 0.2M
ADL for 48 h in 50 mM HEPES, pH 7.5 containing 5 mM
DTT, 10 mM MgCk, 50 mM NacCl, and 10M ATP. The
adenylated-5%?P-labeled O1 oligodeoxynucleotide was puri-
fied by gel electrophoresis as previously descril®8).(The
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Table 1: Oligodeoxynucleotides Used to Generate DNA Substrates

name nucleic acid sequence (frofm&3) length
o1 TCAGACCTGCAGGCGTTCCC 20
02 CGAGTCATGTGCCGTGAGCC 20
03 GGGAACGCCTGCAGGTCTGAGGCTCACGGCACATGACTCG 40
04 CGAGTCATGTGCCGTGAGCCTCAGACCTGCAGGCGTTCCC 40
05 CGAGTCATGTGCCGTGAGCG 20
06 CTATGGGAACGCCTGCAGGT 20
o7 CTGAGGCTCACGGCACATGACTCGACTTTA 30
08 CGAGTCATGTGCCGTGAGC[ddC] 20
09 CGAGTCATGTGCCGTGAGC 19
Table 2: DNA Substrates or Ligands Used in This Study Isotope Exc_hangeThe revgr5|blllty of the_adenylylahon
step was studied by measuring the rate of isotope exchange
Name Composition Description Scheme between §-32P] ATP and PP Kinetic analysis was per-
formed in the presence of 0-D.5 uM ligase at a fixed
SI 02,01%+03 double strand singly nicked s concentration of one substrateBl [-2P] ATP or 50uM
S2 05,01* + 03 double strand singly nicked, 3’ nick mismatched ——~ * PR)’ Whlle the concentration Of the Seco_nd was Varled_(O'S
o 50 uM [y-32P] ATP and 3-200 uM PPi). Samples were
S3 03* unicked single strand * .
‘ spotted onto PEl-cellulose F thin-layer chromatography
S4 04+ O3 double stranded unicked B (TLC) plates (EM-Sciences) and developed with 0.5 M
S5 02,01*+06,07*  double stranded doubly nicked _— ammonium bicarbonate. The respective amountg 6fp]
$6  09,01*+03 double strand singly nicked, 3" nick dideoxy ~ ___dd * ATP and f?P] PPi were quantified by autoradiography. The
S7  02,01*AMP + 03  double strand singly nicked, 5’-preadenylated i |n;£|al ratesgf ISOtope e?’)EChange Wa3§ determined by pIOttIng
S8  09,01*+03 double strand singly nicked, 3’-gap _ * ](:[mZ]PPI/([ P]PPI + [V' P]ATP))[V- P]ATP/[ADL] versus
ime.
2% 2p_label Phosphodiester Bond Formation Assajhe rate of

phosphodiester bond formation was determined by single

concentration of DNA substrates was determined by measur-turnover experiments performed in 40 reactions contain-

ing the radioactivity using liquid scintillation counting. ing 50 nM substrate S7 and 600 nM deadenylated ligase.
DNA Binding ExperimentsBinding isotherms were ob- After boiling, the samples were loaded onto a denaturing

tained from electrophoretic gel mobility shift assays (EMSA). 1.2 X TBE, 7 M urea, 18% polyacrylamide gel. The

Various amounts of enzyme @ M) were incubated in dependence of this catalytic step on#goncentration was

50 mM HEPES, pH 7.5 containing-®00 mM NacCl, 5 mM investigated by quantification of the different DNA species

DTT with 1 nM DNA ligand, for 30 min at 25°C. The (20 .21, and 40 mer) present in the mixture afiel min

samples were then loaded onto a 6% TBE polyacrylamide réaction in the presence o200 mM MgCb.

gel. The amount of free DNA was quantifie@4j by Overall Ligation Assay.To investigate the substrate

autoradiography, and the data were fitted to the Hill specificity of the enzyme, various substrates were incubated

equation:F = u+ (I — u)((L/Kg)™N)/(1 + (1/Kg)"X")) where overnight, ir_1 the presence Qf 100 ATP and 0.1uM ADL

F is the amount of free DNAX is the concentration of  Or T4 DNA ligase as a positive control. To study the substrate

enzymeh is the Hill coefficient, anci and| are the upper ~ concentration dependence of the initial rate of the ligation

and lower limits of theY axis, respectively. reaction, steady-state kinetics{00 min) was performed
Kinetic Reaction ConditiondJnless specifically noted in ~ €ither in the presence of 1 nM ADL, a fixed and saturating
the text, reactions were performed at 26 in 50 mM concentration of ATP (10@M), and various amounts of S1

HEPES, pH 7.5 containing 50 mM NaCl, 5 mM DTT, and DNA substrate (26400 nM), or in the presence of 10 nM
10 mM MgCh. Reactions were initiated by the addition of ADL, a fixed and saturating concentration of S1 DNA
enzyme and quenched by the addition of 0.1 M EDTA and substrate (450 nM) and various concentrations of ATP<0.2
SDS buffer. 50 uM). The reaction samples were boiled and resolved on
Adenylylation ReactiorReaction mixtures for determining ~ denaturing 1.2 X TBE7 M urea, 13% polyacrylamide gel.
the kinetics of adenylylation contained-200 uM [o-32P] The initial velocity was obtained by plotting (40 mer/(40
ATP (15 Ci/mmol) and 1uM deadenylated ligase. The ~mer+ 20 mer))[S1]/[ADL] versus time.
samples were boiled and resolved by SBFAGE on 12% Autoradiography, Quantification, and Data Analydixied
polyacrylamide gels, and thé?P]-adenylated ligase was gels and TLC plates were exposed to an imaging screen,
quantified by autoradiography. The determined rate of which was scanned using a STORM 820 phosphoimager
adenylylation corresponds to the first-order rate constant of (Amersham Pharmacia Biotech). The different labeled spe-
the kinetic data fitted to a single exponential. The¥lg  cies were quantitated using the ImageQuant 5.2 software,
concentration dependence of the reaction was studied byand the data were fitted using the SigmaPlot 6.0 programs.
measuring the amount of adenylated ligase in reaction ReagentsAll DNA restriction and modifying enzymes
mixtures containing 20@M [a-%2P] ATP and from 0 to 20  were purchased from New England Biolabs, ampicillin and
mM MgCl,, incubated for 4 min. To study the dependence chloramphenicol were from Sigma, LB and IPTG were from
of the reaction on the identity of the divalent cation, DTT Fisher, and ¢ or y -3P] ATP was from Perkin-Elmer Life
was omitted from the reaction mixtures. Sciences.
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Ficure 1: Substrate specificity of ADL. Autoradiograph of ligation reactions separated on a denaturing TBE polyacrylamide gel. Lane 1:
molecular weight marker. Substrate S1 (lanes 2), S5 (lanes 3), S4 (lane 4), or S6 (lanes 5) was incubated overnight as described in the
Experimental Procedures without enzyme (a), with ADL (b), or with T4 DNA ligase (c). The size of the substrates and products are
indicated.

RESULTS DNA Substrate Specificitffhe DNA substrate specificity
of ADL was investigated by carrying out overnight reactions.

_Purification and Physical Characteristics of the Recom- Thg results presented in Figure 1 show that ADL is able to
binant ADL-Hig Protein. The adl gene amplified from catalyze the sealing of a single nick in a duplex DNA

genomic DNA ofN. meningitidisserogroup A, ATCC 53417, i ecyle, probed by the conversion of a labeled 20 mer to
was cloned into the expression vector pET23a(The 825 5 |apeled 40 mer using S1 as substrate (Table 2). In the

bp sequence of this gehwas determined and found to be o4 ction using S5 as substrate (Table 2), both labeled 20 mer
96% identical to the NMA0388 open reading frame of the 54 |aheled 30 mer were converted to labeled 40 and 50

sequenced 22491 strain, u;ed to design PCR primers. Thq’ner, indicating that nicks on both strands of the duplex can
deduced encoded ADL protein differed from the homologous be efficiently sealed. The lack of 39 or 40 mer products in

ggglelir:j%?lts S?Vlfﬂ;::s,gngstf%tjrd aﬁir?op;(t:iaggl ?c;csaetgzjegeuotls?d-repthe reaction_containing S8 or S2 substrate (Table 2),
oo . : ively, indi hat the li ivity di |
the conserved motifs of DNA ligases (E37 instead of D37, respectively, indicated that the ligase activity did not tolerate

g . . either a G/G mismatch or a gap at theeXtremity of the
V60 instead of 160, V65 instead of A65, and A103 instead . ;
of V103). The corresponding histidine-tag recombinant nick (data not shown). As expected, tHetH is absolutely

protein had a calculated isoelectric point of 10 and a required for the formation of the phosphodiester bond but

: o .~ not for the binding to the ligase or adenyl transfer to the
dosaribed in the experimental procedres yielded a sonsider DNV SITce he labeled 20 mer of S6 (Table 2) was partially
X : converted into labeled 21 mer. In contrast to T4 DNA ligase,
able amount of enzyme, but 90% was present in the insoluble ™ . o C L
: . . which exhibits blunt end joining activity as probed by the
cell pellet. Induction of protein expression at a lower formation of labeled 40 mer concatemers from S4 (Table
temperature did not improve the protein solubility, although 2) the ADL Ii fivit tound 10 b fic f
suspension of the cells in 1.6 M NaCl increased the recovery ) € Igase activity was found to be specilic Tor
of soluble protein. The protein was purified to homogeneity nicked-DNA and was not ab'? o catalyze blunt end joining
(>95%) in one step by nickel affinity chromatography. The even after prolonged incubation.
native molecular weight of the purified recombinant protein ~ Adenylylation ReactiorThe first step of the DNA ligation
was estimated at different protein concentrations betweenreaction, self-adenylylation of the enzyme, was first studied
30 and 32 kDa by analytical ultracentrifugation, suggesting by measuring the formation of a covalent protein-adenylate
that the enzyme exists as a monomer in solution. Massintermediate resulting from the adenyl transfer fraxe*fP]
spectrometry confirmed the homogeneity of the preparation ATP to deadenylated ADL. The kinetics performed in the
and indicated a subunit molecular mass of 31 873 Da aspresence of 10 mM Mggland from 1 to 20«M ATP led
compared to the theoretical value of 31 548. Since the massto similar fits. The very small changes observed for the first-
of AMP is 330 Da, these data suggested that greater thanorder rate constants obtained did not correlate with [ATP],
90% of the purified protein was adenylated. A molecular suggesting that M ATP was saturating. The mean of these
mass of 31 543 Da was determined for the protein preincu- first-order rate constants provided a rétg ¢f 0.0264 0.006
bated in the presence of ¥gand pyrophosphate and then s * for the ADL self-adenylylation step (Supporting Informa-
purified by gel filtration chromatography. This result con- tion). A very faint signal was detected after a 90 min reaction
firmed the adenylation state of the purified, heterologously in the presence of &AM [32P] NAD* (<0.1% of the signal
expressed recombinant ADL and demonstrated that a ho-obtained with 1uM [a-%2P] ATP), demonstrating the
mogeneous nonadenylated protein can be successfully prespecificity of ADL for ATP as AMP donor. No intermediate
pared. was detected in the absence of Mgrevealing that the
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Ficure 2: Dependence of the adenylylation reaction on the identity Figure 4: DNA binding by ADL. Data from EMSA were fitted

of the metal cation. The bars represent the percentage of adenylateqp the Hill equation. DNA ligand used ar®) S1; (#) S2; () S3;
ligase after a 20 min reaction in the presence of 10 mM of each and ) S4 (Table 2).

different metal cation indicated as compared to the amount of
adenylated ligase obtained in the same time in the presence of 1
mM MgCl, (arbitrarily defined as 100%). Reactions were performed

in the presence of 100M ATP and in the absence of DTT.

e ARRR R RN

& & & B
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Ficure 3: Isotope exchange catalyzed by ADL. Autoradiograph

0s1, S2, and S4, respectively (Figure 4), demonstrated that

ADL bound the three double stranded DNA ligands with
equivalent affinity. The Hill coefficients were greater than

1 in all cases (between 2.4 and 3.3), suggesting that more
than one molecule of protein is bound per molecule of DNA.
Thus, the large size of the complex resulting from the
oligomerization of the protein onto the DNA is the likely
reason for its inability to penetrate into the gel. The
experiments were repeated in the presence of 100 and 200

of isotope exchange reactions separated on a TLC plate. ReactiormM KCI to ensure that the ADL-DNA complexes observed

mixtures contained 0.6M ADL, 5 uM [y-32P] ATP, and 1QuM
PR. The positions of ATP and RPRre indicated.

were not the result of nonspecific, ionic interactions between
nucleic acids and very basic ADL protein (g 10). The
presence of 200 mM salt resulted in a similar and expected

divalent metal cation is absolutely required for this step. The ghift of the sigmoid binding curveKy ~ 300 nM) for all
Mg*" concentration requirement for the self-adenylylation hree Jigands but did not affect either the Hill coefficient
was investigated and showed that the reaction occurs at an,5jes or the ability of the complexes to enter into the gel

optimal Mg?* concentration of 2 mM (data not shown). To

(data not shown).

study the dependence of the reaction on the identity of the = Apmp Transfer to DNA and Phosphodiester Bond Forma-
divalent cation, DTT was omitted from the reaction mixtures ion at a 5-Preadenylated NickThe S-preadenylated O1

to avoid precipitation of the metals. The results shown in  gjigodeoxynucleotide used to make S7 substrate was prepared

Figure 2 indicated that Mg is by far the best metal ion for
this reaction among the metals tested.

by transferring the AMP group from the adenylated ligase
to the nonreactive S6 substrate-@deoxy nick). Thus, the

To study the reversibility of the first step, we measured 3'-hydroxyl group of the nick is not required for either

isotope exchange between{?P] ATP and PP The kinetics

binding of the ligase or AMP transfer to the DNA. However,

of isotope exchange (Figure 3) were obtained in the presencerhis reaction, carried out in the presence of 10 mM MgCl

of various concentrations of ATP andPPhe maximal rate
of isotope exchangekd,), 0.006 + 0.0002 s?, and the
concentration of PRhat gave a rate equal to one-halflaf

, 22 + 8 uM, were determined from the reciprocal plot of

was extremely slow, and after 48 h of incubation, only 65%
of O1 was adenylated. By carrying out single turnover
reactions with 20-fold excess enzyme over th@®adeny-
lated S7 substrate in the presence of 10 mM MdEigure

the kinetics performed at a saturating concentration of ATP 5A), a rate ks) of 0.022+ 0.002 s* was determined for the

(5 uM) and various concentrations of PPSupporting
Information).

DNA Binding.DNA binding studies were performed by
EMSA with four different DNA ligands: S1, a perfectly
matched DNA duplex containing a single nick; S2, a DNA
duplex containing a G/G'3nismatched single nick; S3, a
single strand DNA; and S4, a unnicked DNA duplex. No

phosphodiester bond formation step. The?Mdependence

of this last step was investigated by measuring the extent of
phosphodiester bond formation during a one minute, single
turnover reaction in the presence 6f200 mM MgCh. As
shown in Figure 5B, the reaction was strongly affected by
the concentration of the metal ion. The optimum AVigfor

the phosphodiester bond formation step, probed by the

complex formation was observed with the single stranded conversion of a labeled 21 mer to labeled 40 mer, was 20
S3, but the three duplex DNA ligands were able to form a mM. The presence of the metal was not absolutely required

complex with the ADL protein, located in the wells of the

for activity since some product was detected in a longer

gel. The data were analyzed by measuring the disappearanceeaction performed in the absence of Mg(ata not shown),

of the free DNA substrate as a function of [ADL34). The
Kqvalues of 46+ 1, 46+ 1, and 55+ 1 nM determined for

but very high concentrations of Mgg(200 mM) abolished
this activity, probably preventing ADL-DNA binding. In-
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Ficure 5: Single turnover phosphodiester bond formation catalyzed by deadenylated ADL. (A) Time course of product formation. The 10
ulL reaction contained 600 nM ADL and 50 nM preadenylated-DNA substrate S7. (B) Dependence of the phosphodiester bond formation

on MgCk concentration. Reaction mixture components are described in the Experimental Procedures, agdg§Mgiiated. Reactions
were stopped after 1 min. The localizations of the 40, 21, and 20 mer are indicated.

terestingly, as the concentration of Mg@icreases from 20  with a probability greater than 0.9, that the DNA ligases
to 100 mM, and only in the presence of enzyme, the amount mentioned previously contain an N-terminal signal sequence
of 40 mer product formed decreased, while the appearanceand a probable periplasmic space localization for the
of a 20 mer, corresponding to deadenylated O1, inversely meningitidisand H. influenzaeenzymes. Conversely, the
increased. This result suggested that if the divalent cation isMycobacteriumand PseudomonaATP-dependent DNA
not required for catalysis, it might strongly affect the ligases, which share less homology with ADL (38% similari-
equilibrium between the enzyme adenylate intermediate andties) than the viral ATP-dependent DNA ligases, do not
the sealed DNA product. appear to contain such a signal sequence. Sedimentation
Ligation AssaySteady-state kinetics of sealing the single velocity experiments showed that ADL is a monomer in
nick of the S1 substrate (Table 2) were performed at a fixed solution, and mass spectrometry of the protein indicated that
and saturating concentration of one substrate while the greater than 90% of the enzyme was purified in a pread-
concentration of the second substrate was varied. The doubleenylated form. This observation is consistent with the
reciprocal plot obtained at a saturating concentration of ATP kinetically determined values of ATP<(L uM) and PR (22
(100uM) and various concentrations of S1 allowed for the «M) giving half of the maximal rate of the reversible
calculation of ak.y value of 0.0085+ 0.0018 s? for the adenylylation step and in vivo conditions, where the high
overall ligation reaction and K,, value for S1 of 29+ 10 [ATP] and the low [PR would make this first step essentially
nM (Supporting Information). The initial velocity of ligation,  irreversible.
obtained from kinetics performed at a fixed concentration  The adenylylation reaction was specific for ATP and
of DNA substrate (400 nM) and various amounts of ATP  apsolutely required the presence of MgMg?* was not
(0.2-100uM) allowed us to estimate thé, of ATP at 0.4 apsolutely required for the phosphodiester bond formation
+ 0.1uM (Supporting Information). from preadenylated DNA, but the rate for this step was
influenced by the concentration of the metal ion. The optimal
DISCUSSION [MgCl;] was 2 and 20 mM for the adenylylation and

The sequencing of several bacterial genomes has reveale@hosphodiester bond formation steps, respectively. A con-
the presence of open reading frames encoding putative ATP-centration of 10 mM M§" was thus used for the kinetic
dependent DNA ligases$). The enzymatic activity of two §tud!es of the.three individuals steps as well as for the overall
of these has very recently been demonstrated. The ATP-ligation reaction.
dependent DNA ligase oH. influenzaecatalyzes strand The formation of the enzyme-adenylate is readily revers-
ligation of a singly nicked DNA duplex1@), while the ible as demonstrated by isotope exchange. The rate of
Rv0938-encoded ligase ®. tuberculosisrelated to ykoU enzyme adenylylationk{ = 0.026 s') and rate of isotope
from B. subtilis has been shown to be involved in a exchangek. = 0.006 s?) allowed us to put a lower limit
nonhomologous end-joining pathway by interacting with a on k-, of 0.006 s*, and theKeq for this step is thus less or
Ku homologue and catalyzing the joining of double strand equal to 4.3. Single turnover experiments of phosphodiester
breaks 19). The present study reports, for the first time, a bond formation at a preadenylated nicked DNA yielded a
detailed kinetic characterization of a bacterial ATP-dependentrate constant for this third step of 0.022'sand steady-
DNA ligase, ADL from N. meningitidis state kinetics of the overall ligation yielded to an overall

The size of the protein (31.5 kDa) and sequence homologyrate constant of 0.0085"5 For a linear sequence of
revealed that ADL is related to the ATP-dependent DNA irreversible reactions steps, the reciprocal of the catalytic rate
ligases ofH. influenzae, Campylobacter jejyrand Vibrio constant of the overall reaction is equal to the sum of the
spp. with 64, 61, and 57% sequence similarity, respectively. reciprocals of the rate constants of the partial steps of the
Both PSORT WWW and SignallP V2.0 servers predicted, reaction. Using this simplified model, we could calculate a
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ki =0.026 sec™
E.ATP <—— E~AMP+ PPi

 ky=0.029 sec™ i
E~AMP.DNA*-P <—— E.DNA%-P~AMP

_ _ k3 =0.022 sec”
E.DNA*-OH.DNA’-P~AMP ——» E+DNA-O-P-DNA + AMP

kiig = 0.008 sec™
E+ ATP + DNA*-OH + DNA*-P —— E+ DNA-O-P-DNA + AMP

Vkig = 1/ky + 1/ky + 1/k3

Ficure 6: Scheme summarizing the kinetic data on the three
individual steps and the overall ligation reaction catalyzed by ADL.

Magnet and Blanchard

Mezorhizobium lotiand Pseudomonas aeroginusahich

are between 70 and 94 kDa and consist of the basic core of
the DNA ligases plus extra terminal domains. The presence
of a Ku homologue determinant adjacent to their structural
gene 28, 29) suggests that they all exhibit a double strand
joining activity as has been shown for the tuberculosis
enzyme. The second class would include the ligasds. of
meningitidis H. influenzaeC. jejuni, andVibrio sp. that (i)
contain only the basic core of the DNA ligases with a size
between 30.7 and 32.5 kDA, (ii) contain putative periplasmic
proteins or membrane transporters in the genomic environ-
ment of the ligase gene, (iii) contain a predicted N-terminal
signal sequence, and (iv) at least for themeningitidisand

H. influenzadigases, catalyze the ligation of a singly nicked

rate constant for the adenyl transfer from the adenylated DNA duplex. It is intriguing to speculate about the in vivo

protein to the DNA of 0.029 § (Figure 6)? Given the

role of these latter ligases. Given the predicted periplasmic

standard errors associated with these values, all three step#calization of theN. meningitidisandH. influenzadigases
occur at similar rates; thus, none of them appears to beand the fact that at least some strains of all the host species
significantly rate limiting. Given the similar chemical of this class of ligases are naturally competent for transfor-
potentials of the substrates, products, and intermediates, thisnation @0), one could propose a potential role of these
is perhaps not surprising. Adenyl transfer from the adenylated bacterial ATP-dependent DNA ligases in the transformation
enzyme to a 3dideoxy singly nicked DNA duplex was very  process. The oligomerization of ADL observed onto DNA
slow. The absence of the'-Bydroxyl group could be  duplex may suggest an additional role in protecting exog-
responsible for the very slow rate of transfer either becauseenous DNA from periplasmic nucleasesly.

it plays a undetermined role in catalysis of this second step

or, more likely, because the adenylated DNA duplex-ADL  ACKNOWLEDGMENT

complex dissociates very slowly.

The ke for the overall ligation catalyzed by the ATP-
dependent DNA ligase oN. meningitidis(0.008 s?) is
similar to those determined for the T4 ATP-dependent DNA g yppORTING INFORMATION AVAILABLE
ligase (0.0025) (14) and the twcE. coliNAD*-dependent

We thank A. Argyrou and M. Brenowitz for helpful
discussions.

DNA ligases (0.02 s (11, 25), although thek. value
exhibited by theE. coli ligA can be increased 20-fold by
the addition of NH* to reach a rate of 0.46°3, similar to
those estimated for the ATP-dependent DNA ligase of
Chorellavirus (0.16 s?) (26) and lig Tk of an archaeal (0.11

Kinetic data for ADL adenylylation, isotope exchange, and
overall ligation as well as the derivation of the rate equation
for the reaction shown in Figure 6. This material is available
free of charge via the Internet at http://pubs.acs.org.
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