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Abstract A DNA ligase gene from the hyperthermophilic
bacterium Agquifex pyrophilus (Ap) was cloned and
sequenced. An open reading frame of 2,157 bp that codes
for a 82-kDa protein showed 40%-60% homology with a
series of NAD+dependent DNA ligases from different
organisms. The recombinant enzyme Ap DNA ligase
expressed in Escherichia coli was purified to homogeneity
and characterized. The activity of Ap DNA ligase gradually
increased in proportion to the concentration of monovalent
salt up to 200 mM NaCl, 150 mM KCl, 200 mM NH,CI, and
350 mM potassium glutamate. The optimum temperature
and pH of Ap DNA ligase were greater than 65°C and 8.0-
8.6, respectively, for nick-closing activity. More than 75% of
the ligation activity was retained after incubation at 95°C
for 60 min, whereas the half-lives of Thermus aquaticus and
Escherichia coli DNA ligases at 95°C were <15 min and
5 min, respectively. Thermostable Ap DNA ligase was
applied to repeat expansion detection (RED) and could be
a useful enzyme in DNA diagnostics.
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Introduction

DNA ligase is an essential enzyme for a number of impor-
tant cellular processes including repair, replication, and
recombination of DNA (Lehman 1974). It catalyzes the for-
mation of phosphodiester bonds at single-strand breaks in
double-stranded DNA. DNA ligases from bacteriophages,
Archaea, eukaryotes, and viruses use ATP as a cofactor
(Tomkinson et al. 1991; Kletzin 1992), whereas eubacterial
DNA ligases require NAD* (Shark and Conway. 1992).
Interestingly, an ATP-dependent DNA ligase encoded by
the genome of the bacterium Haemophilus influenza has
been reported (Cheng and Shuman 1997). As the entire
genome sequences of more species are determined, the dif-
ference between DNA ligases from prokaryotes and
eukaryotes becomes ambiguous. For example, both types of
DNA ligases were shown to be encoded in the genome of
Aquifex aeolicus (Deckert et al. 1998).

Molecular masses of DNA ligases range from 103 kDa
for the human DNA ligase I to 41 kDa for the bacterioph-
age T7 enzyme (Dunn and Studier 1981; Barnes et al. 1990).
In the mammalian enzyme, the large molecular weight
results from the presence of a domain in the protein that
contains the signal for localization of the protein in the cell
or the site for specific protein—protein interaction (Robins
and Lindahl 1996). In the case of NAD*-dependent DNA
ligases, however, the enzymes are about 70-90 kDa in size
irrespective of their origin.

Likewise, very little sequence similarity exists between
the ATP-dependent DNA ligases and the bacterial DNA
ligases, except for a short stretch that bears the AMP-
binding site (Thorbjarnardottir et al. 1995), in contrast to
the high level of sequence homology conserved within each
class of DNA ligases. These data imply that the two classes
of DNA ligases are not closely related phylogenetically in
spite of their functional similarity.

Ongoing research in DNA diagnostics is providing auto-
mated, rapid, and inexpensive analysis for DNA sequences
associated with genetic, malignant, and infectious diseases.
Thermostable DNA ligases are used in assays that amplify
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DNA and distinguish single-base substitution. The impor-
tant applications of this technology include the detection of
single-base mutations or specific nucleotide sequences by
ligase chain reaction (LCR) and the use of repeat expansion
detection (RED) for detection of genetic disease caused by
trinucleotide repeats (Barany 1991; Shalling et al. 1993).

The sequences of four thermophilic DNA ligases, from
Thermus thermophilus (Barany and Gelfand 1991; Lauer et
al. 1991), Rhodothermus marinus (Thorbjarnardottir et al.
1995), Thermus scotoductus (Jonsson et al. 1994), and Bacil-
lus stearothermophilus (Brannigan et al. 1999), have been
published. Recently, the crystal structure of the NAD+-
dependent DNA ligase from Thermus filiformis, a 667-
residue multidomain protein, has been determined (Lee et
al. 2000). A unique circular arrangement of its four distinct
domains, i.e.,domain 1 (adenylation), domain 2 (oligonucle-
otide/oligosaccharide binding-fold, OB-fold), domain 3
(zinc finger and HhH motif), and domain 4 (BRCA [breast
cancer]-1 C-terminus, BRCT), leads to a hole large enough
to hold a double-stranded DNA. In addition, two hyper-
thermostable DNA ligases, named Pfu ligase (Stratagene,
La Jolla, CA, USA) and Ampligase (Epicentre Technology,
Madison, WI, USA) are commercially available.

In this study, we cloned and overexpressed the Aquifex
pyrophilus DNA ligase (hereafter named Ap DNA ligase)
in E. coli. A. pyrophilus (Huber et al. 1992) is a hyperther-
mophilic marine bacterium that grows at temperatures
between 67° and 95°C, with an optimum growing tempera-
ture of 85°C. A. pyrophilus was discovered from hot marine
sediments (depth, 106 m) and represents the deepest
branching with the Bacteria. We report here the effects of
temperature on Ap DNA ligase activity and thermostability
of the recombinant enzyme.

Materials and methods
Cloning of the DNA ligase gene

Construction of a plasmid library and a genomic A library of
A. pyrophilus was reported previously (Lim et al. 1997).
One of the recombinant plasmids contained sequences
highly homologous to DNA ligases, which were identified
by the BLAST (Basic Local Alignment Search Tool) pro-
grams. The recombinant plasmid, which is 0.7 kDa in size,
was used to prepare the probe for cloning the DNA ligase
gene. Polymerase chain reaction (PCR) amplification was
performed to make the probe for the DNA ligase gene
using two universal primers (T7 and T3 promoter primers).
A genomic library was plated and the plaque hybridization
screening was done using the enhanced chemiluminescence
labeling- (ECL) directed system (Amersham, Piscataway,
NJ, USA) with the probe mentioned earlier. Positive
plaques were selected and confirmed by secondary screen-
ing. Phage DNA of the isolated single plaque was prepared
using the Quiagen Lambda Midi Kit (Hilden, Germany).
The full (2,157-bp) sequence coding for the DNA ligase
was determined by sequential sequencing with synthetic
primers and phage DNA containing the fragment of the

DNA ligase gene as a template using an ABI 373 DNA auto-
mated sequencer. All the oligonucleotide primers were syn-
thesized by BioSynthesis (Lewisville, TX, USA). For the
expression of arecombinant Ap DNA ligase, the DNA ligase
gene was amplified by direct PCR of the A. pyrophilus
genomic DNA with two synthetic oligonucleotides as prim-
ers. The upstream primer, LIG-F, contained an Ndel restric-
tion site, which has the translational initiation site, ATG, and
the downstream primer, LIG-R, contained a BamHI restric-
tion site (LIG-F: 5'-GCCTCACGTTCACATATGTTCAC-
CC CCGAAAGGGAAAGG-3, LIG-R: 5-GCTAGG-
CATGTCGGATCCTTAAAATAGCC TTCCCATCTTA-
ACCTC-3"). The nucleotide sequence of the PCR-amplified
Ap DNA ligase gene was confirmed to be the same as that of
the DNA ligase gene cloned from the genomic library.

The PCR product digested with Ndel and BamHI was
isolated and ligated into Ndel/BamH]I-digested pET3a vec-
tor (Novagen, Madison, WI, USA). The ligation mixture
was transformed into E. coli BL21 (DE3) containing plas-
mid pSJS1240 (a gift from Dr. R. Kim, University of Califor-
nia at Berkeley, CA, USA), which carries the tRNA genes
for arginine (AGA) and isoleucine (ATA). Plasmid
pSJS1240 was spectinomycin resistant.

Overexpression and purification of recombinant protein

The E. coli cells harboring the plasmid containing the DNA
ligase gene were grown at 37°C in Luria broth containing
100 pg/pl ampicillin and 50 pg/pl spectinomycin. The Ap
DNA ligase protein was induced by the addition of
1 mM isopropyl B-D-thiogalactopyranoside to the culture at
ODyy = 0.8, and incubation was continued overnight at
30°C. The cells were harvested by centrifugation for 10 min
at 3,000 g and were resuspended in lysis buffer A (50 mM
Tris-HCl, pH7.5, 1mM dithiothreitol [DTT], 10 mM
MgCl,, and 0.1 mM phenylmethylsulfonyl fluoride PMSF]).
The resuspended cells were lysed using a French pressure
cell (SLM Instruments, Rochester, NY, USA) at 12,000 psi.
DNase I was added to the lysate at a final concentration of
20 pg/pl. The lysate was incubated for 30 min in an ice bath
and then centrifuged for 40 min at 25,000 g. The soluble
extract was pooled and heated at 80°C for 40 min.

After centrifugation at 25,000 g for 30 min, the superna-
tant was applied to a S-Sepharose Fast Flow (40 pl; Pharma-
cia, Uppsala, Sweden) column, previously equilibrated with
buffer A without PMSE The column was washed exten-
sively and eluted with a linear gradient from 0 to 1 M NaCl
in buffer A. DNA ligase was eluted using 0.4 M NaCl. The
fraction was applied to a heparin Sepharose column (15 pl;
Pharmacia), which was preequilibrated with buffer A. The
protein was eluted with a linear gradient of 0-2 M NaCl in
buffer A. DNA ligase eluted at 1 M NaCl was diluted with
buffer A to reduce the salt concentration to 100 mM NaCl.
The proteins were applied to a HiTrap-Blue (5 pl, Pharma-
cia) column equilibrated with buffer A containing 100 mM
NaCl. The protein was eluted with a linear gradient of NaCl
in buffer A. Collected fractions were concentrated to a final
protein concentration of 10 pg/pl using an Amicon concen-
trator. Subsequently, the concentrated protein solution was



loaded on a Superdex-S200 gel filtration (Pharmacia) col-
umn equilibrated with buffer A containing 100 mM NaCl.
The DNA ligase fractions were pooled and the purity of the
protein sample was checked by electrophoresis using a
10% sodium dodecyl sulfate- (SDS) polyacrylamide gel.
Protein concentration of the enzyme was determined using
the Bio-Rad dye reagent with bovine serum albumin (BSA)
as a standard. The zinc ion concentration of the enzyme was
determined by atomic absorption spectrophotometry
(Varian SpectrAA800; Varian, Palo Alto, CA, USA).

Preparation of a nicked DNA substrate

To check the nick-closing activity of the DNA ligase, three
oligonucleotides were synthesized by BioSynthesis. The
substrate used in the ligase assay was a DNA duplex con-
taining a centrally placed nick. The sequence of the sub-
strate was as follows: LA 1:5'-GGTAAAGCAATGGGCA-
AACAGGGAAGCTATG-3', LA 2: 5-GACATAAGAG-
GTCTCGGTGATGACCCAGTAAAGCT-3", LA 3: 5'-
GGAGCTTTACTGGGTCATCACCGAGACCTCTTA
TGTCCATAGCTTCCCTGTTTGCCCATTGCTTTACC-
CTC-3".

First, 50 pmol of the gel-purified oligonucleotide LA-2
was radiolabeled by 100 umCi [y-P]ATP (3,000 Ci/mmol;
Pharmacia-Amersham Biotech, Buckinghamshire, UK) and
50 U T4 polynucleotide kinase (Promega, Madison, WI,
USA) for 60 min at 37°C. After incubation of the enzyme
for 10 min at 70°C, the unincorporated radiolabeled ATP
was removed by centrifugation through a Quick Spin Col-
umn (Boehringer Mannheim, Germany). The labeled oligo-
nucleotide, LA-2, and the other oligonucleotide, LA-1,
were annealed to the complementary 71-mer oligonucle-
otide LA-3 in annealing buffer (50 mM Tris-HCI, pH 7.5,
200 mM NacCl) by heating at 90°C for 2 min, followed by
slowly cooling to room temperature. The molar ratio of the
LA-1, LA-2, and LA-3 fractions in the hybridization mix-
ture was 1:1.2:1.2, respectively. The melting temperature
(T,,) of the annealed oligonucleotide duplex was analyzed
by circular dichroism (CD) and differential scanning calo-
rimeter (DSC). The oligonucleotide concentration was
2 uM for CD and 0.67 uM for DSC.

DNA ligase assay

DNA ligase activity of the recombinant protein was alterna-
tively assayed with ADNA digested with HindIIl. The liga-
tion reaction was performed in a 10-pl reaction mixture
containing 20 mM Tris-HCI, pH 7.5 or 8.0, 10 mM MgCl,,
5SmM DTT, 5 mM NAD+, 0.5 pug HindIII-digested ADNA,
and 1.2 pmol of the recombinant enzyme. The reaction mix-
tures were incubated at various temperatures for 2h and
stopped by adding 5-pl stop/loading buffer (3x: 30%
sucrose, 150 mM ethylenediaminetetraacetic acid [EDTA],
0.15% SDS, and 0.03% bromophenol blue), followed by
heating at 90°C for 2 min. Each sample was subjected to
electrophoresis in a 0.8% agarose gel at 60 V and stained
with ethidium bromide.
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The assay for nick-closing activity of DNA ligase from A.
pyrophilus was performed according to previously pub-
lished methods (Doherty et al. 1996; Shuman and Ru 1995).
The annealed DNA substrate (500 fmol) was incubated in a
10-pl reaction mixture (50 mM Tris-HCI, pH 8, 10 mM
MgCl,, 10 mM DTT, 5 mM NAD+, 100 mM KCl, 0.1% Tri-
ton X-100, and 1.2 pmol DNA ligase) at 50°C for 1 h unless
otherwise stated. After incubation, the reactions were ter-
minated by adding stop buffer (95% formamide, 1x TBE,
0.05% bromophenol blue, 0.05% xylene cyanol, and 0.2%
SDS) followed by heating at 95°C for 5 min. The samples
were chilled on ice and analyzed by electrophoresis on a
10% polyacrylamide gel containing 7 M urea in TBE buffer
(90 mM Tris-borate, 2.5 mM EDTA) at constant power of
20 W. Gels were dried under vacuum, and ligation products
were visualized by autoradiography. For quantitation of the
product, the dried gel was scanned using a FUJIX BAS 2000
phosphoimager. To determine the heat resistance of Ap
DNA ligase, the protein was incubated at 95°C in 50 mM
Tris-HCl buffer, pH 7.5, 10 mM MgCl,, and 10 mM DTT. At
various intervals during heating, aliquots were taken,
chilled for 10 min, and the remaining activity of the enzyme
was subsequently measured.

Repeat expansion detection

The repeat expansion detection (RED) assay was per-
formed by the standard method with some modifications
(Lindblad et al. 1995). A reaction mixture (10 pl) consisting
of Ap DNA ligase of various concentrations from 1.2 to
6.1 pmol, 1 pl 10x buffer (50 mM Tris-HCI, pH 8.4, 10 mM
MgCl,, 1mM NAD*, 50 mM KCl, 0.1% Triton X-100),
5 pmol 3P-labeled oligonucleotide (CTG),,, and 600 ng
human genomic DNA, which bears a few hundred repeats
of the CTG sequence, was prepared. All reactions were per-
formed on a Geneamp PCR system 9600 (Perkin-Elmer
Cetus, Norwalk, CT, USA) with 500 cycles consisting of 30 s
at 76°C, followed by 94°C for 10s. The ligated product was
loaded onto 6% acrylamide gel and analyzed by electro-
phoresis at 15 W for 1.5 h. The dried gel was exposed to X-
ray film and the ligated products were analyzed by their
mobility.

Results and discussion
Sequence analysis of the Ap DNA ligase

Three positive phage recombinants were analyzed for iden-
tification of the Ap DNA ligase gene. The full DNA
sequence was determined by sequential sequencing with
synthetic primers and phage DNA containing the fragment
of the DNA ligase gene as a template (GeneBank accession
number AF 152998).

The amino acid sequence of Ap DNA ligase was com-
pared, using the SEQSEE program (Wishart et al. 1994),
with Aquifex aeolicus and Thermus aquaticus ligases, which
have identities of 84% and 44% with that of Aquifex pyro-
philus  (Fig. 1). The Ap DNA ligase contains conserved
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motifs of NAD*-dependent DNA ligase as reported previ-
ously (Thorbjarnardottir et al. 1995). The Lys-142 was sug-
gested to be the AMP-binding residue that is a part of the
active site of nucleotidyl transfer enzymes such as DNA,
RNA, and tRNA ligases and mRNA capping enzymes (Shu-
man and Schwer 1995). Several pieces of evidence obtained
by site-directed mutagenesis support this notion (Timson
and Wigley 1999).

The sequence of the N-terminal 160 residues of Ap DNA
ligase matched well with the critical residues of E. coli ade-

Fig. 1. Amino acid sequence

K ap MET PEAR_EREL
alignment of NAD+-dependent AaMFT PER EKEL
DNA ligases was accomplished RmMETHTAPQTAEARL
with the SEQSEE program. Resi- Eo

Zm MNADIDLF

dues common to all the ligases

nylate kinase for AMP/ATP binding (Berry et al. 1994) (see
Fig. 1). The structure of E. coli adenylate kinase with bound
AMP and AMPPNP revealed unambiguously the location
of sites of AMP and ATP binding. The nucleoside mono-
phosphate (NMP) kinase fold usually had been subdivided
into the three domains: CORE, NMP bind, and Lid (Schulz
et al. 1990). In our laboratory, we constructed an Ap DNA
ligase mutant in which the N-terminal 90 residues of Ap
DNA ligase were deleted. The mutant was found to have a
significantly reduced amount of adenylation (unpublished
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are boxed. The proposed AMP- i
binding site, KXDG, is boxed in K[H[Y T P M L[S L
P P st
bold. The most conserved motif in ::gig;tu
the bacterial ligase and the zinc- RIHEVPM LIS L
finger-like residues also are boxed AHRAAM LS L
in bold. Sequences at both ter- 6 F & S0 T 8Lk T[Tk TP s
mini homologous to Escherichia G L E G E[p 1 TN[N[LKTIIKT|I P 188
coli adenylate kinase (EcADK) ERLGQ CEINVTQINVRTINP AL P 194
; AA RK G G ElevTalnLLT|i[p TP 15
and Drosophila replication factor NN E G E[D 1 TS|NVRT|I[RAlI P| 1%
C(RF_C) are underlined. The LKENQ G Ejpv T PNV RV[I[DD|I P| 18
matChe.dreSIdueSbetweenAp Ap LKAEF SRFG i kLafEli[Reevlvinkee[Flkki[Naeri eec L pr[FlA[NP RNAAAG s|I[Ra|k D[Pk & v[a] 24
DNA ligase and EcADK are indi- Aa LKAEF SRFG i kL Ale|i|rReEvlviRkDE[Flak LNk ERMEEG L PP|FlAINPRNAAAG S|I|RQ|K D|P|K E V[Al 264
RmLRIPVDPAVGPPPTRL |E[V[RGEV[YMRKRD|F NEQLQARGERP|FIA[INPRNAAAG s|v|RQ[L N[Pla vV T|A| 25
cated by the black box. A.p, " ERLINEQ ¢ A a
X . . Ta RRLKGVPERL |E/lViRGEV/]ymP 1 EAlF[LRLINEELEERGER I[F[KINPRNAAAGS|LIRQ|KD|PIR I T|A| 217
Aquifex pyrophilus; A.a, Aquifex Eo LKL HGENIPARL [E|[VjRcEV|FLPaAG|FlExI|NEDARRTGGKV|F|A[NPRNAAAGS|LIRQ|L D[P|R I T|A| 216
aeolicus; R.m, Rhodothermus Zm KT L keonwrpe 1 ile/i[ReEVymAaksDFTALNaArRQTEENKKL{FaA[NPRNAAAG S|L|RQ|L DlP|N 1 T|A] 265
marinus; T.a, Thermus aquaticus; ap K[RIR[CJEAVVYQLsSY V[E[PPERDP KTHYESLKMLDTL[G]FKTLFKDTKLCRGIDEVIEYCKEWEEK[R 307
E.c, Escherichia coli; Z.m, aa KIRIN[LIEATVYHLSY V[E[PPETEP PTHYESLKMLHTL[G/FKTLFKDTKVCKGIDEVIEYCKEWEKKR 307
o Rm L|R|P|L|s FFAYGIGP V[ElcAEV P DSQYEVLQWLGRL|GIFPVNEHARRFEH LDDVLEYCRYWTEHRI 30
Zym y ;
ymomonas mobilisk T2 K|RIG|L/RATFYALGLGLIE[EVEREGVATQFALLHWLKEK|GIFPVEHGYARAV GAEGVEAVYQDWL KK|R| 281
Ec K|R|P[LITFFCYoVGY L|EGGEL P DTHLGRLLQFKKWG|LPVSDRVT LCESAEEVLAFYHKVEEDR 27
zm R[R|S[LIRFLAHGWG E/ATSL PADTQYGMMKMIESYG/LSVSNLLARADD I1GQMLDFYQKIEAE[R 35
apoTyprpyei[oomVIv[KlvNoRrRRL Y EKL[G]Y TsHHPRWA|I[A]Y[kFlk PRRAV[TlaLvDVVFa[veRTG|a I T[PV|e kK 3m
AaDsYPYE I|DoMvivklvNDRRLUWK V L|G|Y T s HH|PRWA|I|A|Y|k Flk PRRAV|TIKLVDVVFQVGRTG|TITIPV|c kK 37
RmDELDYE I{Da|vv||k|i oHRPWa AL LIG|A 1T s NAlPRWA|VIA|Y|KFlPAREAI|TIRLLDIMVSVGRTG|VVKPVAV 384
TaRALPFEADGVIVIVIKILDELALWREL|G|Y TARAIPRIF|A[I|A|Y|K FlPAEEKETIRLLDVVFQVGRTGRVTIPV[G I 36
Ec PTLGFDI|DG|v|v[iI[klvNsLAQaEQL|G|FVARAlPRWA|V|AlF|k FlPAQEQM|TIFVRDVEFQVGRTGIAI TP VAR 32
zmapLDFDI|oo|vlvv|lklt oL owaa rRF|s|FsaRrRAPRIFIAlL{A|HK FlPAEKAQ[TTLLDIEIQVGRTGIVLT[PVAK 30
ap[LEPviavae[e|lvT[vs|svs[ilF[Ne oF 1 REKkDI[R]I[c O]Y[V]L vERAG|D[VIP]Yy IADVLKEKRSGEERE | VF[PlE 4%
aalLervleLals|vT|vs|svs|iFneor i ReEKkDI[R|I|c DWvlvVvERAGID[VIPYVVEVLKEKRTGEEKPV EF[PK 4%
rRm{L € P v|e valo|v T|vslaaT||u/neEoyvRrRsRDI|R[I|c DL{v]v VI RAG|D[VIP@QVVRPVVEARTGNERPW RMPE 48
taltepv|FLElclselvs/rvT|L/HNESY I EELDI[R|I|c Djw|v|L vHKlaGlGlV I PIEVLRVLKERRTGEERP I RWPE 410
Eelt e P v vals|vi|vsinat{i|unaoe erLc L|R[I]|c Dlk|v|]v I RRIAG|D[VIPQVVNVVLSERPEDTREV VF|PIT 48
zm|L E P v|T vals|vv|vs|s aT{H[n]s DE 1 ERLG V[R|P|c DIR[V|L va RlAG[D[V I Plat VENLT PDVDRP IWHF @
ap R[CJPIs[Clo setvkirpoevarrfcli nie [c]p[alas v rRv k[Hwa s[Rle[A]m 0 1 R[6]L[c]oATVKLLFNRGLVRDY 50
aa vlclplslclo setvkipeevairlclinis |c|plalasvi R klHwA s|r|D[A[M D I RlG|LIGIDAT I KLLFNRGLAKDV 50
rm Rlc|pls|cle saLvrRLPGcEADY Y|cl[vasD |c|p|lala FvRLLE[HFAG|RID|AIM D I ElG|M[c|sQVARQLAESGLVRPL 572
ta T|clplelcle nrRUL K  EckvHRr|c]p NP L [c|pla|lk RFEA I RHFAS|RIKIAIM D 1 Qle|L|G[EKL I ERLLEKGLVKDV 42
ec Hiclplvlcle soveErvEGEAVAR|clTee L i]|clc|ala Rk E s L k[H|FV s|rRIR|AIM DV D|GIM[GIDK I 1 DQLVEKEYVHTP 471
zm rlclplvlclosvarreecEvawr[cTeo L ifclrlala rveaL cluFvs[RIT(aAlF E 1 DlgjLlejk s i ESFFADKLIETP 4
ap ofolL v ¥[C KLLDLLRLPGFGERSALNULRATEESKNRP I D[RV[L]ve[LG]i RY[Ve]s TT[aAlk kK 1 sEI I NS 56
Aa G|D|L Y Y|L KLTDILKLPGFGEKSAMNLLKA!EESKNRPLDRVLYGLG|RYVGQTTAKKIAEi}NS 563
Rm s|D[L Y RIL KLEDLLKLEGFAETRAR|NLLRAIEASKQRPLS|R[L|LIFG|LG|I RHVG|KTTIA[ELLVQRFAS 575
T.a A|D[L Y R[L RKEDLVGLERMGEKSAQ|NLLRQIEESKKRGL E|R[L{L|YA|LG|L PG|VG|EVLIAIRNLAARFGN 5%
Ec A[D|L F K|L TAGKLTGLERMGPKSAQINVVNALEKAKETTFA[RIFILIYA[LG/I RE[VGIEAT|A|JAGLAAYFGT 54
zm AlDj1 FRILFOKRQLL I EREGWGELSVDNLISAIDKRRKVPFDRFILFAlLG|I RHVG|aVT[AIRDLAKSYQT 52
Ap IWELKDI P1ER IMRLEGV[G]Y KVAKS I KEFFSVPENLK 60
Aa VWDLKDI PLEK LMRLEGI|GIYKVARSI KEFFNIPQNLE 600
Rm IDELAAA TIDE LAALEGV|GIP ITAESIANWFRVEDNRR 612
TaMDRLLEA SLEE LLEVEEVGIELTARAILETLKDPAFRD 572
Ec LEALEAA SIEE LQKVPDVGI VVASHVHNFFAEESNRN 571
ZmWDNFKAAIDEAAHLRT ILQPSSEESEEKYQKRVDKELISFFHIPNMGGKI IRSLLDFFAETHNSD 67
ApVLEK‘LEKAGWNLEKKKTEKIADV L kalk T eVelTalt/ile c cslRlE k ac E 1 vEsLlcle kFs NslviT s RITI 62
A2 VLKK/LIEKAGVINLAKKVKEKVADV CK[G[K T FIVIF|TG|TILIDCCSRIEKAGE I VEMLIGG KFSNSVTSKT| 62
Rm LI EE/LIKELGIVINTQRLPEEAPAAE SPVRGIKTFV[LITGAILIPHLTIRIKEAEEL I KRAGIGRVASISVISRNT 66
Ta LVRR|LIKEAG|V|EMEAK EKGGEA L koL T Flv[i]TelE[L|s R PR‘EEVKALLRRLGAKVTDSV'SRKT\ 631
Ec VISE[LILAEG[VHWPAPIVINAEEIDS FAGKTViV\LITGSLSQMS%RDDAKARLVELGAKVAGSVSKKT! 636
ZmVVSDLILQE (VQIEPLYFELAS spLsg_Kr»[!JFTGS}QKxTMDEAKRQAENLGAKVAssv‘SKKJj 688
£ pGIRT/KILEKAKKYGVKT I TIElEEF INMIKDYVDIEKLKEEKKKEV KMGRLF 719
D PIGIA TIKILS KAKKYGVKT I TIEEEFVNMIKDYVDLEKIKKEDKKEKPKIGRLF 720
N PlG|S ;KHVDRgA‘RQLG|PMLD|E!DGLLRLLGMK 713
ENPlG[S !KiLEKiA:RALGVPTLTiEiEELVRLLEARTG KKAEELV 676
A AGls lKgLAK'AQELGlEVID’E:AEMLRLLGS 671
AAG|S (KILSKIAIKELDI S| IDEDRWHRIVENG GQESIKI 731




results). This result suggested that the N-terminal 90 resi-
dues, located forward of the AMP-binding site, may also
contribute to the adenylation of Ap DNA ligase.

Severalmotifs of NAD*-dependent DNA ligase, including
NPRNAAAGS and CPXC-(aa;, j;)-C-(aa,s)-CXA, were
conserved as reported previously (Thorbjarnardottir et al.
1995). Jonsson et al. (1994) reported that the motif
NPRNAAAGSdidnotalign withany other protein sequence
to allow deduction of its function. However, the motif CPXC-
(aap4)-C-(aa,s)-CXA aligned with the eukaryotic zinc
finger motif. The presence of zinc ions in the Ap DNA ligase
was analyzed because of the presence of the motif CPXC-
(aap4)-C-(aa,s)-CXA, a putative zinc finger. When purified
ApDNA ligase was analyzed by atomic absorption spectrom-
etry, zinc ions at a molar ratio of 0.38 were detected.

The C-terminal region of DNA ligase is responsible for
the binding to DNA containing a nick (Timson and Wigley
1999). The isoeletric point (pl) of Ap DNA ligase was
inferred to be 8.5 on the basis of the amino acid sequence.
The pl value is higher than those of ligases from other spe-
cies. For Thermus aquaticus and E. coli, the pl values of the
ligases are 6.2 and 5.2, respectively. This difference is partly
due to the C-terminus (558-719) of Ap DNA ligase, which
has a pI of 9.8, much higher than that of the other species
[4.6 in E. coli (5§32-671) and 6.9 in T. aquaticus (533-676)].
The high pl value of Ap DNA ligase may suggest a high
binding affinity to DNA.

The C-terminal region of the Ap ligase has similarity to
the domain of the eukaryotic replication factor C (RF-C)
(Burbelo et al. 1993; Lu et al. 1993). Burbelo et al. cloned
the gene encoding a DN A-binding protein (A1, activator 1,
also called replication factor C) by Southwestern screening
of a murine cDNA library and found that the middle por-
tion of the 1,131-amino-acid protein has a region homolo-
gous to bacterial DNA ligases (Burbelo et al. 1993). The
discovery that the region required for Al binding to DNA
has amino acid sequence similarity to a DNA ligase domain
suggests that this region may be utilized by both proteins in
recognizing DNA.

Overexpression and purification of the Ap DNA ligase

The identified gene, which codes for DNA ligase, was
cloned into the pET3a vector for overexpression of the tar-
get protein. The pET3a vector containing the Ap DNA
ligase gene was introduced into E. coli BL21(DE3),
BL21(DE3)-[pLysS], and BL21(DE3)-[pSJS1240]. Efficient
production of the ligase protein was achieved only in E. coli
BL21(DE3)-[pSJS1240]. This result can be explained as fol-
lows: AGA and ATA are rarely used codons in E. coli. Only
4% of all arginines, which can be encoded by a total of six
codons (AGA, AGG, CGA, CGT, CGG, and CGC), are
encoded by the codon AGA in E. coli, whereas the codon
ATA accounts for 7% of the three codons (ATA, ATC,
ATT) for isoleucine. In contrast to E. coli, A. pyrophilus uti-
lizes the codons AGA and ATA at a frequency of 28% and
69%, respectively (Choi et al. 1997). The use of the E. coli
BL21(DE3)-[pSJS1240] strain would have contributed to
the successful overexpression of the recombinant protein.
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Fig. 2. Identification of recombinant Ap DNA ligase. Purification of
Ap DNA ligase of aliquots at each step of purification were subjected
to electrophoresis on a 12.5% polyacrylamide gel. Lane 1, crude
extract of uninduced cells; lane 2, crude extract of induced cells; lane 3,
soluble fraction after centrifugation; lane 4, soluble fraction after heat
treatment; lanes 5-8, fractions containing DNA ligase from S-
sepharose, heparin-sepharose, HiTrap-Blue, and Superdex-S200 chro-
matography, respectively. The amount of total protein in each sample
from lane 2 to lane 8 was adjusted to 10 pg. The sizes of the standard
(kDa) are given on the left. Lane M, marker. The gel was stained with
Coomassie blue dye

The overproduced ligase was purified through sequential
treatment with S-sepharose, heparin sepharose, HiTrap-
Blue, and Superdex-S200 columns. Fractions were taken
from each purification step and subjected to electrophoresis
on a 12.5% SDS-polyacrylamide gel (Fig. 2). A protein with
an apparent molecular mass of 82 kDa was purified to near
homogeneity.

Effect of pH and temperature on enzyme activity

An optimum pH of nick-closing activity for Ap DNA ligase
was in the range pH 8.0-8.6 in Tris-HCl and pH 7.7-8.8 for
cohesive end ligation activity, at 65°C (Fig. 3a). More than
90% of the catalytic activity of DNA ligase was retained
within this pH range.

Ligation of HindIll-cleaved ADNA fragments by Ap
DNA ligase was examined at various temperatures. The Ap
DNA ligase activity increased up to 65°C (Fig. 3b). The con-
catemeric ADNA which is too large to exit the well, was
trapped when the reaction mixture was incubated at 65°C.
The detergents SDS, NP-40, and Triton X-100, plus Protein-
ase K, were added to the product mixture but could not dis-
sociate the concatemeric ADNA.

To investigate the temperature dependency of Ap DNA
ligase activity and thermostability, ?P-labeled oligo-duplex
substrate (71 mer) was used for the reaction. The T, of oli-
gonucleotide duplex as Ap DNA ligase substrate was 95°C,
which was analyzed with DSC and CD. The optimum tem-
perature of Ap DNA ligase was about 65°C (Fig. 3c). The
optimum temperature of DNA ligase was reported to
depend on the length and sequence of the substrate DNA
(Takahashi et al. 1984). The activity of the Ap DNA ligase
was compared with those of E. coli DNA ligase (Ec ligase;
New England Biolabs, Beverly, MA, USA) and 7. aquaticus
DNA ligase (7aq ligase; New England Biolabs) using the
same substrate and conditions (Fig. 3c). The ligation activi-
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Fig. 3a—c. Relative activity of Ap DNA ligase at various pH levels and
temperatures. a pH dependency. Ligations of cohesive end (closed cir-
cles) or nick-closing activity (open triangles) were determined at vari-
ous pH levels as described in Materials and methods. All reaction
buffers were 50 mM Tris-HCl, adjusted as indicated for pH. b Tempera-
ture dependence on cohesive end ligation. HindIll-digested ADNA
was incubated with Ap DNA ligase (1 pg) at the indicated tempera-
tures, and the reaction was analyzed by electrophoresis on a 1% agar-
ose gel. ¢ Temperature dependence of the DNA ligases E. coli DNA
ligase (triangles), Thermus thermophilus DNA ligase (squares), and Ap
DNA ligase (circles) on nick-closing activity. The annealed DNA sub-
strate (500 fmol) was incubated in a 10-pl reaction mixture (1.2 pmol
Ap DNA ligase, 50 mM Tris-HCl, pH 8, 10 mM MgCl,, 10 mM DTT,
5 mM NAD™, 100 mM KCl, and 0.1% Triton X-100) for 1 h at the indi-
cated temperatures. The ligation products were analyzed by a FujiX
2000 BAS Phosphoimage analyzer after electrophoresis on a 10% poly-
acrylamide gel. The ratio was compared with the highest activity of
each ligase in the supplied buffer

ties of Ec ligase and Taq ligase reached maximum levels at
28° and 48°C, respectively. In contrast, the activity of Ap
DNA ligase reached maximum at 65°C and decreased
above 65°C.

Because Agquifex pyrophilus grows between 67° and
95°C, the ligation reaction was performed at high tempera-
ture, up to 100°C, using nicked plasmids, pBluescript
(2.9kb), and pMet vector (8 kb). However, the nicked
plasmids were hydrolyzed in the buffer condition during
the minimum ligation reaction time of 1 h at 80°C in the
presence of 100 mM NaCl or potassium glutamate (data
not shown). The Ap DNA ligase reactions were performed
with potassium glutamate concentrations from 150 mM to
1 M at 80°C for 2 h. Some Ap DNA ligation products were
shown, but most of the template was hydrolyzed (data not
shown).

Monovalent and divalent ion dependence of
enzyme activity

When each of the monovalent salts NaCl, KCIl, and NH,Cl
was added to the reaction mixture, the activity of Ap DNA
ligase gradually increased in proportion to the concentra-
tion of salt, up to 600 mM NaCl, KCIl, NH,Cl, and potassium
glutamate (Fig. 4a). This property was different from that of
the T. thermophilus ligase (Tt ligase). In the case of Tt ligase,
the maximum catalytic activity of the enzyme was observed
with low concentrations of the monovalent cations K+ and
NH,* (€10 mM), whereas ligation activity was inhibited by
the presence of the Na* cation (Tong et al. 1999). However,
K+, NH,*, and Na+ stimulated the activity of Ap DNA ligase,
whereas the ligation activity was decreased at a concentra-
tion above 150 mM KCIl. Because the Cl anion could inhibit
the activity of Ap DNA ligase, salts were substituted by
potassium glutamate. As expected, the enzyme activity was
increased up to 350 mM potassium glutamate (Fig. 4a).

Divalent ions are necessary for a ligation reaction. Most
DNA-binding enzymes, including ATP- and NAD*-depen-
dent DNA ligase, prefer the presence of Mg?* ions. To deter-
mine the dependency of ligation activity on the divalent ion
concentration, we prepared metal-free apoprotein by dia-
lyzing Ap DNA ligase against the denaturation and reconsti-
tution conditions as previously described (Lim et al. 1997).
After dialysis for demetallization, Ap DNA ligase still con-
tained 10% molar ratio of Mg?* ions and retained about 15%
of ligation activity. Thus, after substraction of residual activ-
ity, the data shown in Fig. 4b were obtained. Divalent metals
in the reaction mixture were substituted for MgCl, to iden-
tify divalent cation specificity (Fig. 4b). When 5 mM Mn?*
and Ca? were substituted for MgCl,, 50% and 40% relative
activity were observed, respectively (Fig. 4b). Tt ligase was
reported to use Mn?* and Ca?* as a cofactor for ligation activ-
ity (Tong et al. 1999), and ATP-dependent DNA ligase from
Chlorella virus PBCV-1 uses Mn?* and Co?** (Ho et al. 1997).
When Cu? was used as a metal cofactor for Ap DNA ligase,
a small amount of ligation activity was observed. The crystal
structure of NAD+*-dependent Thermus filiformis DNA
ligase suggested that the AMP-binding pocket may include
some of the highly conserved residues to participate in mag-
nesium ion binding (Lee et al. 2000).
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Fig. 4a,b. Effect of salt concentration and divalent cation specificity in
the ligation reaction. a The Ap DNA ligase was assayed at various salt
concentrations with oligonucleotide substrate under the conditions
described in Materials and methods. Ammonium chloride (circles),
sodium chloride (triangles), potassium chloride (squares), and potas-
sium glutamate (hexagons) were added to each reaction buffer. b The
assay of ligation was performed with demetallized enzyme, which has
about 10% of the maximum activity. The indicated divalent metals
were substituted for MgCl, in this reaction mixture. All metals were
added as the chloride salt, and their concentrations in the reaction mix-
ture were adjusted to 5 mM. The negative (-) symbol denotes the com-
ponent in the reaction mixture that was removed

Thermostability of Ap DNA ligase

To measure protein thermostability, Ap DNA ligase (0.1 pg/
pl in 50 mM Tris-HCI, pH 8.0, 10 mM DTT, 10 mM MgCl,)
was incubated at 95°C. Aliquots were taken at regular inter-
vals and immediately chilled on ice to quench the activity.
The residual activity of each aliquot was analyzed using a
standard nick-closing assay method. The estimated half-
lives of T. aquaticus and E. coli ligases were <15 min and
<5 min, respectively, under the conditions mentioned here.
In the case of Ap DNA ligase, more than 75% of the ligation
activity remained after heating at 95°C for 60 min (Fig. 5).
According to previously published results, the half-lives of
ligases from Thermus thermophilus HB8, Thermus scoto-
ductus, and Rhodomarinus marinus were 26, 26, and 7 min,
respectively, at 91°C (Thorbjarnardottir et al. 1995; Jonsson
et al. 1994; Takahashi et al. 1984). The half-life of Bacillus
stearothermophilus was 20 min at 65°C (Brannigan et al.
1999).
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Fig. 5. Thermal inactivation of E. coli DNA ligase (triangles), Thermus
thermophilus DNA ligase (squares), and Ap DNA ligase (circles). Each
enzyme (25 pg/pl in 50 mM Tris-HCI, pH 8.0, 10 mM DTT, 10 mM
MgCl,) was incubated at 95°C, and an aliquot taken at regular intervals
was immediately chilled on ice to quench the activity. The residual
activity of each aliquot was determined according to the standard assay
method (nick-closing assay) in the reaction buffers optimized for each
enzyme
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Fig. 6. Repeat expansion detection. An autoradiogram of the integers
on the left of the figure depicts the expanded products, which are multi-
ples of the designated 30-bp oligonucleotide. The amount of Ap DNA
ligase added to the ligation reaction was as follows: 1.2 pmol (lane 1),
2.4 pmol (lane 2),3.6 pmol (lane 3),4.8 pmol (lane 4),6.1 pmol (lane 5).
The reaction and detection methods are described in Materials and
methods

RED provides a method to determine if repeat expan-
sions are associated with human genetic diseases. Long tri-
nucleotide repeats are able to serve as templates to catalyze
ligation of oligonucleotides into larger multimers, providing
information on the size of the largest trinucleotide repeats
in the genome. To apply RED and LCR to DNA ligase, the
enzyme should be resistant to heat because the reaction is
performed at high temperatures. The Ap DNA ligase was
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found to be thermostable, and it retains substantial catalytic
activity after exposure to 95°C. Thus far, two thermostable
DNA ligases, Pyrococcus furiosus DNA ligase (Mathur et
al. 1996) and Ampligase, have been purified and applied to
the diagnostic method. The thermostable Ap DNA ligase
was subjected to RED (Fig. 6), and we observed 150 bp of
(CTG), repeats from the human genomic DNA. The opti-
mum concentration of Ap DNA ligase was 4.8 pmol in RED
analysis.

Several recent studies performed using RED have
described a significant association between longer CAG/
ATG repeats and both bipolar affective disorder (Lindblad
et al. 1995) and schizophrenia (Morris et al. 1995). Thermo-
stable NAD*-dependent Ap DNA ligase has many advan-
tages for the use of RED and LCR.
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