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ABSTRACT

We report that Haemophilus influenzae encodes a 268
amino acid ATP-dependent DNA ligase. The specificity

of Haemophilus DNA ligase was investigated using
recombinant protein produced in  Escherichia coli . The
enzyme catalyzed efficient strand joining on a singly
nicked DNA in the presence of magnesium and ATP
(Km = 0.2 pM). Other nucleoside triphosphates or
deoxynucleoside triphosphates could not substitute

for ATP. Haemophilus ligase reacted with ATP in the
absence of DNA substrate to form a covalent ligase—
adenylate intermediate. This nucleotidyl transferase
reaction required a divalent cation and was specific for
ATP. The Haemophilus enzyme is the first example of an
ATP-dependent DNA ligase encoded by a eubacterial
genome. Itis also the smallest member of the covalent
nucleotidyl transferase superfamily, which includes
the bacteriophage and eukaryotic ATP-dependent
polynucleotide ligases and the GTP-dependent RNA
capping enzymes.

INTRODUCTION

separate genes (4-6). ATP-dependent DNA ligases are also
encoded by eukaryotic DNA viruses, e.g. the poxviruses (7),
African swine fever virus (8) an@hlorella virus PBCV-1 (9).

The only ATP-dependent DNA ligases described in eubacteria are
those encoded by the T-odd and T-even bacteriophages (T4, T6,
T3 and T7).

The ATP-dependent DNA ligases belong to a superfamily of
covalent nucleotidyl transferases that includes the GTP-
dependent eukaryotic mRNA capping enzy(i€3. The ligase/
capping enzyme superfamily is defined by a set of six short motifs
(Fig. 1). The lysine within motif | (KxDGxR) is the active site of
AMP transfer by the eukaryotic and bacteriophage ligases
(11-13) and GMP transfer by thepping enzymeg14-17).
Conserved residues within motifs I, Ill, IV and V are critical for
covalent nucleotidyl transfer, as shown by mutational analyses
(18-21). Theecently reported crystal structure of T7 DNA ligase
shows that the ATP binding site is made up of conserved moatifs |,
[, llla, IV and V (13).

The Chlorella virus PBCV-1 ligase, a 298 amino acid
polypeptide, is the smallest ATP-dependent ligase described to
date (9). Cellular DNA ligases are much larger; for example,
human ligases I, lll and IV are 919, 922 and 844 amino acid
polypeptides respectively (5). The bacteriophage T7 and T3
enzymes (359 and 346 amino acid polypeptides respectively), the

DNA ligases catalyze the joining of phosphate-terminated T-even phage enzymes (487 amino acids), the vaccinia virus and
donor strands to'dwydroxyl-terminated acceptor strands viaAfrican swine fever virus ligases (552 and 419 amino acids
three sequential nucleotidyl transfer reactin®). In the first respectively) and the achaebacterial ligases (542—-600 amino
step, nucleophilic attack by the ligase on ATP or NAD results iacids) are of intermediate size (3). Sequence comparisons of
formation of a covalent intermediate in which AMP is linked tacellular and virus-encoded proteins suggest that a catalytic
thee amino group of a lysine. The nucleotide is then transferredbmain common to all ATP-dependent ligases is embellished by
to the 5-end of the donor polynucleotide to form DNadenylate, additional isozyme-specific protein segments situated at their N-
an inverted (5-(5') pyrophosphate bridge structure, AppN. Attackor C-terminus.
by the 3-OH of the acceptor strand on the DNA—adenylate joins Here we report a new ATP-dependent DNA ligase encoded by
the two polynucleotides and liberates AMP. the genome of a eubacteriubhinfluenzae The H.influenzae

The NAD-dependent ligases are found exclusively in eubacterigpen reading frame encoding an ATP-dependent ligase-like
Genes encoding NAD-dependent ligases have been identifiedoirotein was encountered by searching the GenBank database for
Escherichia col(GenBank accession no. M302339gemophilus gene products related to the DNA ligaseGiflorella virus
influenzae(U32789), Thermus thermophilugM74792),Zymo-  PBCV-1. The predicted.influenzaegene product includes the six
monas mobilis(Z11910), Rhodothermus marinuJ10483), motifs shared among the cellular and DNA virus-encoded
Mycoplasma gentialiurfiy39703) andynechocysti@©90899).  ATP-dependent DNA ligases (Fig. 2). The order and spacing of
These proteins are of similar size (659—731 amino acids) atftese motifs in thil.influenzadigase-like protein is similar to that
display extensive amino acid sequence conservation. seen in other ligase family members (Fig. 1). Hiafluenzae

The ATP-dependent DNA ligases are found ubiquitously ipolypeptide, at 268 amino acids, is smaller than any known ligase
eukaryotes and archa€2,3). Animal cells ontain multiple or capping enzyme. Potentially interesting questions about the
ATP-dependent DNA ligase isozymes encoded by at least threeolution of the ligases are raised that can be addressed once the
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I 11T IIIa v v VI

Hin KLDGVR -28- FAIDGELF  -24- KLYVFDVPDAEG -47- EGVVV -14-  ILKLKTARGEE -62-  PRFATYWREKK
chv KIDGIR -29- EGSDGEIS -24- SYYWFDYVIDDP -55-  EGVMI -18-  LLKMKQFKDAE -92-  PVF-IGIRHEE

* * * *

VAC KYDGER -41- IVLDSEIV  -27- CLFVFDCLYFDG -52- EGLVL -13- WLKIKRDYLNE -120- PRF-TRIREDK
SFV KYDGER -41- FILDAELV  -28- CLFVFDCLFYND -52- EGLML -13- WLKIKKDHLKT -120-  PRC-TKIRDDK
FPV KYDGER -41- MILDGEII  -28- CIFIFDCLYFND -52- EGFVL -13- WLKIKKDYLDG -119-  PRC-SRIREDK
Sc KYDGER -42- LILDCEAV  -32- CLFAFDILCYND ~-52- EGLMV -18-  WLKLKKDYLEG -118-  PRF-LRIREDK
Sp KYDGER -42- FILDCEAV  -32- CLFAFDILYLNG -52- EGLMV -18- WLKVKKDYLSG -122-  PRF-IRIREDK
At KYDGER -42- FILDCEVV  -32- CIFAFDMLYLNG -52- EGLII -17- WLKLKKDYMDS -120-  PRL-LRVREDK
Hul KYDGQR -42- FILDTEAV  -32- CLYAFDLIYLNG -52- EGLMV -17- WLKLKKDYLDG -120-  PRF-IRVREDK
Hu3 KYDGER -41- MILDSEVL  -28- CLFVFDCIYFND -52- EGLVI -13- WLKVKKDYLNE -121-  PRC-TRIRDDK
Hu4 KLDGER -47- CILDGEMM -29- CLCVFDVLMVNN -52- EGIMV -14-  WLKIKPEYVSG -121-  PRI-EKIRDDK
Xe KYDGER -42- CILDTEAV  -32- CVYAFDMLYLNG -52- EGLMV -17-  WLKLKKDYLEG -120-  PRF-LRIRDDK
ce KYDGER -42- FIVDAEVV  -30- VVFLFDLLYFNG -52- EGLMI -17- WLKMKKDYVDG -120-  PRF-LRIRDDK
ca KMDGDR -47- VILDGEMV  -40- FFLVFDILFLNG -52- EGLVL -16- WIKVKPEYLEK ~-113-  NHC-RKIREDK
ASF KRNGVR -41- VYLDGELY -22- HFYVFDCFWSDQ -51- EGAIV -18-  LAKLKPLLDAE

Dam KYDGER -39- FIVEGEII  -33- NVFLFDLMYYEG -51- EGVMV -17- WIKFKRDYQSE -117-  PRF-IRWRPDK
Mja KYDGAR -38- LIVEGECV  -34- RVYLFDILYKDG -68- EGVMI -15- MYKFKPTLESL  -95-  PRV-VRFRFDK
T4 KADGAR -47- VLIDGELV  -58- KFQVWDYVPLVE -54- EGIIL -14- LYKFKEVIDVD -85-  PI-AIRLREDK
T3 KYDGVR -48- FMLDGELM -55- SVRLYAVMPIHI -60- EGLIV -14- WWKLKPECEAD -77-  PSF-EKFRGTE
7 KYDGVR -48- FMLDGELM  -49- HIKLYAILPLHI -60- EGLIV ~-14- WWKMKPENEAD -96-  PSF-VMFRGTE

Figure 1. Conserved sequence elements that define a superfamily of covalent nucleotidyl transferases are céfemmaghitudigase. Six co-linear sequence
elements, designated motifs |, lIl, llla, IV, V and VI, are conserved in polynucleotide ligases and mRNA capping enzymes (10). The amino acid sequences are all
for the DNA ligases encoded by.influenzae(Hin) Chlorella virus PBCV-1 (ChV), vaccinia virus (VAC), Shope fibroma virus (SFV), fowlpox virus (FPV),
Saccharomyces cerevisié®c),Schizosaccharomyces pon{Bg),Arabidopsis thaliangAt), human ligase | (Hul), human ligase 3 (Hu3), human ligase 4 (Hu4),
Xenopus laeviéxXe), Caenorrhabditis elegan&e), Candida albicangCa), African swine fever virus (ASHPesulfurolobus ambivaler®am),Methanococcus
jannaschii(Mja) and bacteriophages T4 and T3 and T7. The number of amino acid residues separating the motifs is indigafRedigues in the vaccinia virus

DNA ligase that were found by mutational analysis to be essential for activity (21) are indicated by asterisks.

50 of the T7-based expression plasmid pET3c to generate plasmid
pET-Hin-ligase. The entire insert of pET-Hin-ligase was
sequenced by the dideoxy chain termination method. The primary
150 structure of the polypeptide encoded by pET-Hin-ligase is shown
200 in Figure 2. pET-Hin-ligase was transformed itooli BL21.

MKFYRTLLLFFASSFAFANSDLMLLHTYNNQP T EGWVMSEK]

GKQLLTROGQRLSPPAYEIKDFP. ERNHFEEISSITKSFKG 100

THLYQFLAQVENLQGE! PNAPYERKRSSQ

HHKGKGQFENVMGALTCKNHRGEFKIGSGFNLNERENPPPIGSVITYKYR 250 ) . ) A
Expression and purification of recombinant

H.influenzaeligase

_ , _ _ , A 500 ml culture okE.coli BL21/pET-Hin-ligase was grown at
Figure 2. Amino acid sequence of a putatienfluenzaeDNA ligase. The 37°C in Luria—Bertani medium containing 0.1 mg/ml ampicillin
sequence of the 268 amino acid polypeptide encoded by expression plasmid_.. ) . .
PET-Hin-ligase is shown. Conserved motifs I, IIl, llla, IV, V and VI are Until the Aggg reached 0.8. The culture was infected with
highlighted in boxes. bacteriophage\CE6 as described (23) and inctiba was
continued at 37C for 4 h. Cells were harvested by centrifugation
. . . . . and the pellet was stored at 280 All subsequent procedures
biochemical properties of thd.influenzaeprotein have been Wgre performed at°€. Thawed bacteria were resuspended in
defined. This was accomplished by expressing the 268 amino agil lysis buffer [50 mM Tris—HCI, pH 7.5, 1 mM dithiothreitol

polypeptide irE.coli. We found that the recombinant protein is DTT), 10 mM EDTA, 10% sucrose] containing 0.15 M NaCl.
indeed an ATP-dependent DNA ligase. A biochemical charactefiyszyme and Triton X-100 were added to final concentrations
zation of theH.influenzadigase is presented. of 60pg/ml and 0.1% respectively and the sample was sonicated

for 30 s. Insoluble material was removed by centrifugation for
MATERIALS AND METHODS 30 min at 18 000 r.p.m. in a Sorvall SS34 rotor. SDS—PAGE
T7-based vector for expression dfi.influenzaeDNA ligase ~ analysis indicated that the expresiSegémophilusigase protein

was recovered in the pellet, not in the soluble lysate. The insoluble
Oligonucleotide primers complementary to theahd 3-ends of material was resuspended with a Dounce homogenizer in 50 ml
the putativeH.influenzadigase gene were used to amplify thelysis buffer. The centrifugation step was repeated and the pelleted
268 amino acid open reading frame. Plasmid p700 [2Aa  material was resuspended in 10 ml lysis buffer containing 0.5 M
generous gift of Dr Andrew Preston, University of lowa) wadNaCl. This suspension was centrifuged again. The recombinant
used as the template for a polymerase chain reaction (PQRaemophiludigase was partially soluble in 0.5 M NaCl. The
catalyzed by Pfu DNA polymerase (Stratagene). The sequencéd M NaCl pellet, which still contained substartdaemophilus
the B flanking primer was'sSGGGCCCCATATRAATTTTAC- ligase, was resuspended in 10 ml lysis buffer containing 1 M
CGCACTTTG,; the 3flanking primer was'sCAACCGCACT-  NaCl. AdditionalHaemophiludigase activity was recovered in
TGGATCCACATACTGATGGA. These primers were designedthe 1 M NaCl supernatant fraction after centrifugation. The 1 M
to introduceNdd and BanHI restriction sites at the’-5and  NaCl pellet was then extracted with 10 ml lysis buffer containing
3'-ends of the ligase gene. The 0.9 kbp PCR product was digesfe NaCl. The 2 M NaCl pellet was resuspended in 5 ml lysis
with Ndd andBanHl, then cloned into thddd andBanHI sites  buffer. The 0.5, 1 and 2 M NaCl supernatants were combined
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(30 ml, containing 4 mg protein) and dialyzed against 0.1 M NaCl

in buffer A (50 mM Tris=HCI, pH 8.0, 1 mM EDTA, 2.5 mM i e
DTT, 10% glycerol, 0.1% Triton X-100). This material was e A e 2 b L ik 8 ,
applied to a 1.5 ml column of phosphocellulose that had been 5

equilibrated with 0.1 M NaCl in buffer A. The column was .
washed with the same buffer and then eluted step-wise with buffer i
A containing 0.2, 0.25, 0.5 and 1.0 M NaCl. The activity of the - - s
column fractions was monitored by label transfer from ; ' '
[a-32P]ATP to proteinHaemophiludigase adenylyltransferase -1z
activity was recovered in the 0.5 M fraction (0.6 mg protein). An
aliquot of the 0.5 M phosphocellulose fraction was applied to a
4.8 ml 15-30% glycerol gradient containing 50 mM Tris—HCI,
pH 8.0, 2 mM DTT, 0.5 M NaCl and 0.1% Triton X-100. The Figure 3. Adenylyltransferase activity of recombinasaemophilusligase.
gradient was centrifuged at 50 000 r.p.m. for 24 h°@t ik a Whole cell lysates were prepared fid@E6-infected BL21 cells bearing either

: e pET vector (Control) or the pET-Hin-ligase expression plasmid (Hin
Beckman SW50 rotor. FraCtIQnS Were. collected from the. bonoﬁgase) as described in Materials and Methods. Adenylyltransferase reaction
of the tube. Marker proteins (_bovme serum a_lbumm aNGmixtures (10pl) contained 60 mM Tris—=HCI, pH 8.0, 5 mM DTT, 10 mM
cytochrome c) were sedimented in a parallel gradient. EnzynegCl,, 0.16uM [a-32P]ATP and Jul of the protein fraction indicated: soluble
fractions were stored at —8D and thawed on ice just prior to use. bacteriallysate (lane L); lysis buffer wash fraction (lane W); 0.5 M NaCl extract
Protein concentrations were determined using the BioRad d the insoluble pellet (lane 5); 1 M NaCl extract (lane 1); 2 M NaCl extract (lane

bindi ith bovi lbumi the standard ; resuspended 2 M NacCl pellet (lane P). Incubation was for 10 miAGit 22
Inding assay, wi ovine serum albumin as the standard. The reaction products were resolved by SDS—PAGE. An autoradiograph of the

dried gel is shown. The positions and sizes (in kDa) of prestained marker
. polypeptides are indicated on the right.
Enzyme-AMP complex formation

Reaction mixtures (1(l) containing 60 mM Tris—HCI, pH 8.0,

0.5 mM DTT, 10 mM Mg, 0.16uM [a-32P]ATP and enzyme RESULTS

were incubated for 10 min at A2, then halted by adding SDS . . _ . L .
to 1% final concentration. The samples were electrophoresEgfPression of theH.influenzaeligase-like protein in bacteria

through a 12% polyacrylamide gel containing 0.1% SDS. Labgine H influenzaeopen reading frame URF1 encoding a ligase-
transfer to the 31 kD&laemophilusligase polypeptide was |ike protein was amplified by PCR and cloned into a T7 RNA
visualized by autoradiographic exposure of the dried gel and Wa§lymerase-based bacterial expression vector. The pET-Hin-
quantitated by scanning the gel with a Fujix BAS1000 Biofigase plasmid was introduced ificoli BL21. Expression of the
Imaging Analyzer. target gene was induced by infection with bacterioph&fes.

This phage contains the gene encoding T7 RNA polymerase. A
prominent 31 kDa polypeptide was detectable by SDS—-PAGE in
whole cell extracts of infected bacteria (not shown). This
The standard substrate used in ligase assays was a 36 bp DRlypeptide was not present when bacteria containing the pET
dup|ex Containing a Centra"y p|aced n(@d_) This DNA was vector _alone were infected withCEG6. After _centrlfugal
formed by annealing two 18mer oligonucleotides to a complé&eparation of the crude lysate, the 31 kDa protein was recovered
mentary 36mer strand. The 18mer constituting the donor stralitl the insoluble pellet fraction. This protein was partially
was 3-32P-labeled and gel purified as described (24). The label&®lubilized by _sequentlal extraction of the pellet fraction with
donor was annealed to the complementary 36mer in the preseReéfers containing 0.5, 1 and 2 M NaCl.

of a 3-OH-terminated acceptor strand in 0.2 M NaCl by heating

at 70C for 10 min, followed by slow cooling to room RecombinantH.influenzaeprotein forms a covalent

temperature. The molar ratio of the 18mer donor to 36m&nzyme-adenylate complex

complement to 18mer acceptor strands in the hybridizati
mixture was 1:4:4.

Ligase substrate

Sthe initial step in DNA ligation involves formation of a covalent
enzyme—adenylate intermediate, EpA. The formation of EpA by
ATP-dependent DNA ligases can be detected with high
DNA ligation sensitivity and specificity by label transfer from32P]ATP to

the enzyme. In order to assay adenylyltransferase activity of the
Reaction mixtures (20l) containing 50 mM Tris—HCI, pH 8.0, expressedH.influenzaeprotein, we incubated the soluble lysate
5mM DTT, 10 mM MgC}, 1 mM ATP, 0.2 pmol '532P-labeled  and the salt-extracted material from the insoluble fraction of
DNA substrate and enzyme were incubated aC2Reactions ACE6-infected BL21/pET-Hin-ligase cells in the presence of
were initiated by addition of enzyme and halted by the additioju-32P]JATP and a divalent cation. The salt extracts formed an
of 1 pul 0.5 M EDTA and 5ul formamide. The samples were SDS-stable nucleotide—protein adduct that migrated as a 31 kDa
heated at 98C for 5 min and then electrophoresed through a 15%pecies during SDS—PAGE (Fig. 3, Hin Ligase). No labeling of
polyacrylamide gel containing 7 M urea in TBE (90 mMrthis protein was detected when the enzyme fraction was incubated
Tris-borate, 2 mM EDTA). The labeled 36mer ligation productvith [a-32P]GTP (not shown). Labeling of the 31 kDa polypep-
was well resolved from thé-Eabeled 18mer donor strand. Thetide was not detected using salt extracts prepared from
extent of ligation [36mer/(18mer + 36mer)] was determined b)XCE6-infected bacteria that lacked thlemophilusligase
scanning the gel using a Fujix BAS1000 phosphorimager.  plasmid (Fig. 3, Control).
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GTATAGGCACAGCCGGAA-TAAGGC TATCACTGATGT
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Figure 5. DNA ligation. The structure of the nicked duplex substrate is shown
with the position of the'Habeled nucleotide indicated by the asterisk. The

DNA ligation reaction mixtures contained 50 mM Tris—HCI, pH 8.0, 5 mM

) I . . I DTT, 10 mM MgC}, 1 mM ATP, 200 fmol nicked duplex DNA and Qubof
Figure 4. Glycerol gradient sedimentation. The phosphocellulose Ilgase_ the indicated ggragient fractions. Incubation was fF:)r 10 min nghe

preparation was sedimented in a 15-30% glycerol gradient as described LZ)

Fraction Number

Materials and Methods. Aliquots of the glycerol gradient fractions were assaye ehicriz?s p’&?]dgﬁttgn\;\giz(r)zrrae;oé\f/?ﬁebgeldignsahtg\rl:lr:]g polyacrylamide gel electro
for enzyme—adenylate formation (filled circles) and DNA strand joining ' ’

activities (open circles). Adenylyltransferase reaction mixtures contained
0.16uM [a-32P]ATP and 1yl of the indicated fractions. Incubation was for

10 min at 22C. Adenylyltransferase activity was gauged by the signal intensity

of the radiolabeled 31 kDa ligase polypeptide (PSL; photostimulatable

luminescence). DNA ligation reactions are described in Figure 5. Marker
proteins [bovine serum albumin (BSA) and cytochrome c (cyt C)] were

centrifuged in a parallel gradient; their sedimentation peaks are indicated by
arrowheads.

160 r

Nick

40 b

Ligation (fmol/10min)
ES
T

The adenylyltransferase remained soluble after dialysis of the
NaCl extract against buffer containing 0.1 M NaCl. The enzyme .
was applied to phosphocellulose and was recovered by step 0o 0> 05 o075 1
elution with 0.5 M NaCl. When the phosphocellulose preparation Ligase (ul)
fraction was centrifuged through a 15-30% glycerol gradient in
0.5 M NaCl, a single peak of adenylyltransferase activity was
detected (Fig. 4). We estimated a sedimentation coefficient of 3 gure 6. DNA substrate specificity. Reaction mixtures (@0containing 50
relative to marker proteins sedimented in a parallel gradient. Th{g¥ Tris HCl PH8.0,5 mM DT, 10 mid MaGIL mM ATP, 200 fimal nicked

d that theinfl d v f . A substrate or 1 nt gap DNA substrate and the indicated amounts of
suggested that th&influenzaedenylyltransterase Is a MONOMEr aemophilugigase (il of glycerol gradient fraction) were incubated for 10 min

of the 31 kDa polypeptide. at 22°C. The extent of ligation (fmol ends joined) is plotted as a function of
input ligase.

1-nt Gap

DNA ligation

We assayed the ability of the recombirtdimfluenzagrotein to satisfied by 10 mM Mn, but not by 10 mM Co, Ca, Cu or Zn

- e - (Fig. 7B).
ﬁﬁil ?zafs)mﬁirgsaﬁneth:&?; uvfl)ﬁsx eDv’\ilr;Ac:gbts)g aégnc\? ;t:}grllngfatilg é':el'he rate of ligation was dependent on the concentration of ATP

5'-32p-labeled 18mer donor strand into an internally Iabele@ﬁlucted |nf the reactloln (F'g.' 8A).|K|m offOHZ UM ATPhwas
36mer product (Fig. 5). The DNA ligase activity profile across thea'cd ated from a dOl.Jb e-reciprocal plot of the data. Other INTPs
glycerol gradient paralleled that of enzyme—adenylate formatictj :00MM concentration could not substitute for ATP. dATP was
(Figs 4 and 5). These results demonstrate that.ihluenzae also incapable of supporting strand joining (Fig. 8B).

protein is indeed a DNA ligase. Further characterization of the -

ligase was performed using the glycerol gradient preparatidtNA substrate specificity

(peak fraction 17). _ _ _The structure of the ligation substrate was altered such that the
_ The extent of ligation of the nicked duplex during a 10 miry_hydroxyl-terminated acceptor strand was separated from the
incubation at 22C in the presence of 1 mM ATP increaseds_phosphate donor terminus by a 1 nt(@z). The strandjning

77% of the labeled donor strand converted to 36mer in 10 Mihe activity of a nicked duplex DNA (Fig. 6). The implication is

This upper limit of ligation probably reflected incompleteyhat the 3OH must be positioned fairly precisely relative to the
annealing of all three component strands to form the nickesl

v all , -phosphate donor terminus for ligation to occur.
substrate. Ligation by 0.28 enzyme in the presence of 1 mM
ATP and 10 mM MgGlwas linear with time up to 10 min (not
shown). Ligation depended on a divalent cation in excess of t
input 1 mM ATP; activity was enhanced as Mg was increasethe H.influenzaeligase reacted specifically witlu-82P]JATP.
from 2 to 20 mM (Fig. 7A). The divalent cation requirement wa3he amount of enzyme—AMP complex formed during a 10 min

galysis of enzyme—-AMP formation
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Figure 7.Magnesium concentration dependence and divalent cation specificity Figure 9. Divalent cation dependence and specificity of enzyme-AMP

of strand joining. &) Magnesium dependence. Reaction mixtures (20 formation. Reaction mixtures (1) containing 60 mM Tris—HCI, pH 8.0,
containing 50 mM Tris—HCI, pH 8.0, 5 mM DTT, 1 mM ATP, 200 fmol nicked 0.16uM [a-32P)ATP, 0.25ul ligase and the divalent cation as indicated were
DNA, 0.25pl ligase and MgGlas indicated were incubated for 10 min &2 incubated for 10 min at 2€. Mg, Mn, Ca and Co were added as the chloride
The extent of ligation (fmol) is plotted as a function of magnesium salt, Cuand Zn as the sulfate salt. The yield of labeled 31 kDa enzyme—adeny-
concentration. §) Divalent cation specificity. Reaction mixtures (Rf) late complex (PSL) is plotted as a function of divalent cation concentration.
containing 50 mM Tris—HCI, pH 8.0, 1 mM ATP, 200 fmol nicked DNA, Q25

ligase and 10 mM of the indicated divalent cation were incubated for 10 min

at 22°C. Divalent cation was omiyted from a control reaction (-). Mg, Mn, Ca Manganese was a more effective cofactor than magnesium at
and Co were added as the chloride salt, Cu and Zn as the sulfate salt. . L.
0.5—-1 mM. Zinc supported EpA formation in a narrow concentra-
tion range from 1 to 2 mM, but activity decreased sharply at
A B 5-10 mM. Calcium was a poor effector at all concentrations
60 - 60 tested between 1 and 10 mM; the yield of EpA at 10 mM calcium
was [110% of the optimal value formed with magnesium or

E 45k 451 manganese. Copper was inactive at all concentrations examined
ES (Fig. 9).

é 30 | 30 |

£ DISCUSSION

st 15 -

A H.influenzaggene encoding a putative ATP-dependent DNA
ligase was identified on the basis of sequence similarity to

O 0 w10 o | Om o Gr e aame members of the ligase/capping enzyme superfamily. We show
ATP (nM) NTP that the 268 amino acid gene product is an ATP-dependent DNA

ligase. This was achieved by expressindtifluenzagrotein

) ) ) o in bacteria and characterizing its enzymatic propetiasmo-
Figure 8. ATP concentration dependence and nucleotide specificity of strand

joining. (A) ATP dependence. Reaction mixtures ®0containing 50 mM philus mfluenzae_llga_lse, .Ilke other pOIynUCI.eOtlde Il.gases’
Tris—HCI, pH 8.0, 5 mM DTT, 10 mM Mg&]200 fmol nicked DNA, 0.2l catalyzes strand joining via an enzyme—AMP intermediate. The

ligase and ATP as indicated were incubated for 5 min*a.2Phe extent of  H.influenzaeenzyme displays strict specificity for ATP as the
ligation (fmol) is plotted as a function of ATP concentrati@). Nucleotide nucleotide cofactor. dATP is inactivédaemophilusligase
Zprﬁi/ilﬁgtTy-T Figanit,i?r&ﬂmic;tuzrgg f(rff)% r?igﬂgnti)“'\?:’% g‘ﬁ’}"ﬁ@;‘;ﬁ(‘i f&'{'}ﬁ-ov resembles the T4, vaccinia vir@hlorellavirus and eukaryotic
NTP or dN’TP as indigatéd were incubated for 5 min ‘acgzmucleotide was cellular enzymes in its discrimination of t.he NTP .SUgar moiety
omitted from a control reaction (-). (9,21,24,25). The observég, of HaemophiluDNA ligase for
ATP (0.2uM) is comparable with values reported for mammalian
DNA ligase | (0.5-1pM) (2). The reportedK,, values of
incubation at 22C in the presence of 0.18/ [a-32P]ATP and  Chlorellavirus ligase (75M), vaccinia virus ligase (98M) and
10 mM MgCb was proportional to the amount of added enzymenammalian ligase Il (4QM) are significantly highef9,24,26).
with 0.063—-2ul of the glycerol gradient preparation (data notThe high efficiency of.influenzaeDNA ligase in strand joining
shown). The extent of EpA formation by Oj@%nzyme did not across a nick in duplex DNA contrasts sharply with the low
vary as a function ofof-32P]JATP concentration from 25 to efficiency of ligation across a 1 nt gap. Vaccinia lig&dorella
2000 nM (data not shown). The concentration of availableirus ligase and yeast CDC9 ligase display similar properties
adenylation sites in the glycerol gradient enzyme preparation wgs24,27).
64 nM. This value is a minimal estimate of the concentration of The H.influenzadigase is the smallest DNA ligase described
active ligase molecules, as it does not take into account any ligéseadate. Insofar all.influenzadligase is also smaller than any
molecules that are already in the AMP-bound state. Using tHimown mRNA capping enzym@38,28), it may corigute the
value, we calculated from the data in Figure 6 that 10 fmol DNAatalytic core of the nucleotidyl transferase superfahiédgmo-
substrate were ligated per fmol input ligase (as EpA units).  philus influenzadigase includes the six conserved motifs that
EpA formation depended on a divalent cation cofactor. Thidefine the family (10), butontains no additional amino acids at
requirement was satisfied by either 5 mM magnesium or 5 mihe C-terminus downstream of motif VI. It contains only 40
manganese and to a lesser extent by 5 mM cobalt (Fig. @mnino acids N-terminal of the presumptive active site, Lys41.
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Note that the active site of the second smallest ligase, the 2@Bices of horizontal gene transfer from the eukaryotic host to the
amino acidChlorella virus enzyme, is at residue Lys27. Thebacterium. This was suggested by the finding that-hivdluen-
compaction of théd.influenzadigase relative to th€hlorella  zae proteins are homologous to eukaryotic amino acid trans-
virus protein is achieved by shortening the spacing between maaifrters, but unrelated to any bacterial transporters (30). This
V and motif VI. This intervening segment is 62 amino acids imaises the possibility that tigA gene may have been acquired
H.influenzadigase versus 92 residues @hlorellavirus ligase. by Haemophilusrom a eukaryote or a eukaryotic virus.

The biochemical function of conserved motif VI is not clear at
present. It is surmised from the crystal structure of the T7 DN
ligase that motif VI is not a component of the ATP binding sit EFERENCES
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