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Domain structure of vaccinia DNA ligase
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ABSTRACT structure of T7 DNA ligase shows that the ATP binding site is
made up of five of the six conserved motifg)(
The 552 amino acid vaccinia virus DNA ligase consists TheChlorellavirus DNA ligase (a 298 amino acid polypeptide)
of three structural domains defined by partial is the smallest ATP-dependent ligase described to da}e (
proteolysis: (i) an amino-terminal 175 amino acid Cellular DNA ligases are much larger; for example, human
segment that is susceptible to digestion with chymo- ligases I, lll, and IV are 919, 922, and 844 amino acid
trypsin and trypsin; (i) a protease-resistant central polypeptides, respectively)( Vaccinia virus ligase (552 amino
domain that contains the active site of nucleotidyl acids) is of intermediate siz&q).
transfer (Lys-231); (iii) a protease-resistant carboxyl Sequence comparisons suggest that a catalytic domain
domain. The two protease-resistant domains are common to all ATP-dependent ligases is embellished by
separated by a protease-sensitive interdomain bridge additional isozyme-specific protein segments situated at their
from positions 296 to 307. Adenylyltransferase and DNA amino or carboxyl termini. Although the function of these
ligation activities are preserved when the N-terminal 200 segments is not known, there is reason to believe that they are not
amino acids are deleted. However, the truncated form of essential for catalysis. This is the case for human DNA ligase |,
vaccinia ligase has a reduced catalytic rate in strand which retains activity after removal of 249 amino acids from the
joining and a lower affinity for DNA than does the N-terminus and 16 amino acids from the C-termini®). (
full-sized enzyme. The 350 amino acid catalytic core of Because further deletions of ligase | result in loss of function, it
the vaccinia ligase is similar in size and protease- is surmised that a 654 amino acid segment of ligase | represents
sensitivity to the full-length bacteriophage T7 DNA the catalytic core. In the case of the 755 amino acid
ligase. Saccharomyces cerevisideNA ligase, a 650 amino acid

C-terminal segment retains catalytic activity)( These active

domains of the cellular ligases are twice the size dEtharella
INTRODUCTION virus DNA ligase. This raises the question of whether the catalytic

core of the cellular DNA ligases is structurally more complex than
The ATP-dependent DNA ligases catalyze the joining 'of &he ‘minimal’ ligases exemplified by ti@hlorellavirus enzyme
phosphate-terminated donor strands 'thy&iroxyl-terminated and the bacteriophage T7 and T3 enzymes (359 and 346 amino
acceptor strands via three sequential nucleotidyl transfacid polypeptides, respectively).
reactions,2). In the first step, attack on thephosphate of ATP ~ We are exploring the structure and function of the eukaryotic
by ligase results in liberation of pyrophosphate and formation &NA ligases using the vaccinia virus enzyme as a model.
a covalent intermediate in which AMP is linked to ¢kemino  Vaccinia DNA ligase is strikingly similar at the amino acid
group of a lysine. The nucleotide is then transferred td #1@db  sequence level to mammalian DNA ligases Il and3J18).
of the donor polynucleotide to form DNA-adenylate, an inverteBecause vaccinia ligase and mammalian ligases Il and 1l are
(5)—(5) pyrophosphate bridge structure, AppN. Attack by the 3nore similar to each other than to ligases | and 1V, these three
OH of the acceptor strand on the DNA-adenylate joins the twenzymes can be regarded as a distinct subgroup within the
polynucleotides and liberates AMP. eukaryotic ligase family. The enzymatic properties of vaccinia

Animal cells contain multiple ATP-dependent DNA ligaseligase have been studied using recombinant enzyme produced in

isozymes encoded by at least three geBes).(ATP-dependent bacteria {3,19,20). Interestingly, the vaccinia enzyme requires
DNA ligases are also encoded by fungi and plants, by eukaryoligh concentrations of ATP for strand joining. This is also the case
DNA viruses, by the T-odd and T-even bacteriophages, and byr DNA ligase I, its cellular homologue. Mutational analysis
archaea §). The ATP-dependent DNA ligases belong to adentifies Lys-231 as the active site of adenylate transfer by
superfamily of covalent nucleotidyl transferases that includes thaccinia DNA ligase(3).

GTP-dependent eukaryotic mMRNA capping enzymgs ( In this report we employ the classical approach of limited
The ligase/capping enzyme superfamily is defined by a set pfoteolysis to probe the domain structure of vaccinia DNA ligase.
six short motifs arrayed in the same order and with similar spaciige find that the enzyme consists of three domains punctuated by

in nearly all family membergY. Conserved residues within theseprotease-sensitive interdomain bridges. DNA ligase activity is
motifs are critical for covalent nucleotidyl transfer, as shown bgreserved when the N-terminal domain is deleted. However, the
mutational analysis 8¢13). The recently reported crystal truncated form of vaccinia ligase has a reduced catalytic rate and
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a lower affinity for DNA than does the full-sized enzyme. Theesin was washed with buffers containing 5, 25, and 50 mM
350 amino acid catalytic core of the vaccinia ligase is strikinglimidazole (3). His g ligase was recovered by step-elution with
similar in size and domain organization to the minimal DNALOO mM imidazole. The Ni-agarose eluates were mixed with 4
ligases encoded bhlorella virus PBCV-1 and the T-odd vol of buffer A [50 mM Tris—HCI (pH 8.0), 1 mM EDTA, 2 mM

bacteriophages. dithiothreitol, 0.1% Triton X-100, 10% glycerol] and then applied
to 1 ml columns of phosphocellulose that had been equilibrated

MATERIALS AND METHODS with buffer A. The columns were eluted stepwise with buffer A
containing 0.25, 0.5, and 1 M NaCl. The fgikgase proteins

Proteolysis of vaccinia DNA ligase were recovered in the 0.5 M NaCl fraction. The protein

cqncentration of the enzyme fractions was determined using the

Vaccinia DNA ligase was expressed in bacteria as an N-termi orad dye reagent with bovine serum albumin as a standard.

Hisg-tagged fusion protein and purified from bacterial lysates by
Ni-agarose and phosphocellulose chromatography as descrit])_ed bstrat
(13). Proteolysis reaction mixtures (0) containing 40 mM Igase substrate

Tris—HCI (pH 8.0), 0.4 M NaCl, 2 mM DTT, 0.1 mM EDTA, The standard substrate used in ligase assays was a 36 bp DNA
0.1% Triton X-100, 8% glycerol, |6y of His-ligase, and trypsin  duplex containing a centrally placed nick. This DNA was formed
or chymotrypsin were incubated af22for 15 min. The samples by annealing two 18mer oligonucleotides to a complementary
were denatured in SDS and the proteolysis products were resol@@iner strand1(©). The 18mer constituting the donor strand was
by electrophoresis through a 12% polyacrylamide gel containirgy 32P-labeled and gel-purified as describ&g{9). The labeled

0.1% SDS. The gel was soaked in 100 ml of electroblotting buffeibnor was annealed to the complementary 36mer in the presence
{10 mM CAPS (3-[cyclohexylamino]-1-propanesulfonic acid),of a 3 OH-terminated acceptor strand in 0.2 M NaCl by heating
pH 11, 10% methanol} for 5 min at room temperatureat 65C for 2 min, followed by slow-cooling to room
Polypeptides were transferred to a PVDF membrane (Bio-Rad)témperature. The molar ratio of the 18mer donor to 36mer
electroblotting buffer by electrophoresis at 500 mA for 2—4 h usingpmplement to 18mer acceptor strands in the hybridization
a Hoefer Transphor apparatus (Model TE42). The membrane waixture was 1:4:4.

rinsed with deionized water, then saturated with methanol. The

membrane was stained with 0.1% Coomassie Blue in 40%NA ligation

ethanol/1% acetic acid for 1 min, followed by destaining with . . . .
50% methanol and rinsing with deionized water’& for 16 h. ~ Reaction mixtures (20) containing 50 mM Tris-HCI (pH 8.0),

The membrane was air-dried and slices containing individuﬁ_lgm'vI DTT, %g mM MgG}, 1 mM ATP (where indicated), 500
proteolytic products were excised. Automated sequencing of tH8°0! 0f S “P-labeled DNA substrate, and enzyme were

immobilized polypeptide was performed using a modified moddicubated at 2Z. Reactions were initiated by addition of
477A microsequencer (Applied Biosytems). enzyme ar]d halted by the addition af &f 0.5 M EDTA ar_1d qul
of formamide. The samples were heated &C9wr 5 min and

then electrophoresed through a 17% polyacrylamide gel
containing 7 M ureain TBE (90 mM Tris borate, 2.5 mM EDTA).
The labeled 36mer ligation product was well-resolved from the

An Ndd fragment containing the entire vaccinia ligase gene wag-labeled 18mer donor strand. The extent of ligation [36mer/
excised from the plasmid pBS-ligase(and inserted into the (18mer + 36mer)] was determined by scanning the gel using a
Ndd site of the T7-based expression plasmid pET16b (Novagehi)JIX BAS1000 phosphorimager.

to generate pET-Hjgligase. In this plasmid, a leader sequence

encoding 10 tandem histidines was fused in-frame to' tteds RESULTS

of the ligase gene. (We found that the jhlileader peptide
afforded a better affinity purification on Ni-agarose than did th
Hisg tag used previously.) N-terminal deletion variants wer&ecombinant vaccinia ligase containing an N-terminal tdip
generated by PCR-amplification using oligonucleotide primersas subjected to proteolysis with increasing amounts of trypsin.
designed to introducéNdd restriction sites and to create Initial scission of the 65 kDa His-ligase yielded two major
methionine suliButions at internal positions within the ligase products, a 29 kDa polypeptide (T29) and a polypeptide doublet
polypeptide. The PCR products were digested Math and then  of 35—-36 kDa (Figl). Sequencing of these cleavage products by
inserted into theNdd site of pET16b to yield plasmids automated Edman chemistry after transfer to a PVDF membrane
pET-His10-ligase(176-552), pET-His10-ligase(191-552), ankkvealed that T29 was a mixture of three species arising via
PET-His10-ligase(201-552). Wild type and deletedHigase trypsin cleavage at vicinal residues Lys-303, Lys-304, and
expression plasmids were transformed iBcherichia coli Lys-305. These sites are denoted by arrows above the polypeptide
BL21(DE3). Induction of ligase expression was performed asequence in Figur@. (Note that amino acid residues are
described previouslyl@). Cells from 200 ml bacterial cultures humbered according to their position in the native ligase
were harvested by centrifugation and the pellets wengolypeptide, not in the His-tagged version.) The T35 product
resuspended in 5 ml of lysis buffer [50 mM Tris—HCI (pH 8.0)arose via cleavage at an Arg residue within the His-tag (the leader
0.5 M NaCl, 10% sucrose]. The suspensions were adjustedpeptide is underlined in FigR). Thus, trypsin at limiting

0.2 mg/ml of lysozyme and 0.1% of Triton X-100. After concentration cleaved the ligase into a 35 kDa N-terminal
incubation on ice for 30 min, the lysates were sonicated, thémgment and a 29 kDa carboxyl fragment.

centrifuged for 15 min at 15 000 r.p.m. in a Sorvall SS34 rotor. T29 was resistant to digestion by higher concentrations of
The soluble supernatant fraction was adsorbed to Ni agarose; thypsin; indeed, this species persisted even after all of the input

Expression and purification of Hig g-ligase and
N-terminal ligase deletion variants

gtructure probing of vaccinia ligase by proteolysis
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Figure 3. Domain structure of vaccinia DNA ligase. The ligase polypeptide is
depicted as a straight line, with the positions of conserved motifs |, IlI, llla, 1V,

V, and VI denoted by filled boxes. Initial sites of cleavage by chymotrypsin and
Figure 1. Digestion of vaccinia DNA ligase by trypsin and chymotrypsin. trypsin are closely clustered within an interdomain bridge, depicted as a loop
Proteolysis reaction mixtures containedgsof purified His-Ligase (lane 1). between motifs Il and llla. Scission within this loop generates the amino and
The samples were digested with increasing amounts of trypsin (8, 20, 80, an@arboxyl protein fragment shown below the intact ligase. Sites of secondary
200 ng; lanes 2-5) or chymotrypsin (20, 50, 200, and 500 ng; lanes 6-9). Theleavages by proteases are indicated. The C-terminal domain is protease
reaction products were resolved by SDS-PAGE, then transferred to a PVDFresistant, whereas the N-terminal polypeptide is converted into a protease
membrane and visualized by staining with Coomassie Blue dye. The intactresistant central domain that includes motifs | and Ill.

ligase polypeptide is indicated at the left. The proteolytic fragments that were

subjected to N-terminal sequencing are denoted by filled circles. and 30 kDa (C30) (Fid). C30 is a carboxyl fragment arising via
cleavage between Phe-296 and Gly-297. These sites are denoted b
v arrows below the polypeptide sequence in Figur€leavage

S SHHHHHH S 5GL Y PRESHMT SLREFRKLCCDTYHASGYKEKSKLIRDE TTDRDDRYLITK product C35 contains the original N-terminus of His-ligase. As the
sum of the apparent molecular weights of C35 and C30 were
equivalent to that of the full length protein, we presume that they
were the products of a single proteolytic event. C44 derived from
chymotryptic cleavage between Phe-175 and Arg-176ZJ-ig.

The C30 species was largely resistant to digestion by
concentrations of chymotrypsin sufficient to cleave all the input
MFAEVKYDGERVQVHKNNNEF AFF SRNMK PVLSHKVDY LKEY T PKAFKKATSTVLDSETVL ligase (Fig.1l). Some breakdown of the C30 to a 29 kDa

Wy polypeptide was evident at higher levels of protease{Fighe

LLLPGLDDRIYNMNDKQT IKLYSTIFKQSQEDMLQODLGYGYIGDTIRTFFKENTEIRPRDK

SILTLEDVDSFLTTLSSVTKESHQIKLLTDIASVCTCNDLKCVVMLIDKDLKIKAGPRYVL

NAISPNAYDVFRKSNNLKEITIENSSKQNLDSISISVMTPINPMLAESCDSVNKAFKKFPSG

VDEHNVPLPJ:‘GSLGIHKKKEYKNSNME‘ LFVFDCLYPD_GFDMTDIPLYERRSFLKDVM\/EIP

NRIVFSELTNISNESQLTDVLDDALTRK KDINGVYEPGKRRWiJKIKRﬁ}fm

ADSADLVVLGAYYGKGAKGGIMAVFLMGCYDDESGKWKTVTKCSGHDDNTLRVLODQLTMT

sequence of the C29 species indicated that the secondary cleavag
event by chymotrypsin occurred between residues Tyr-307 and
Lys-308 (Fig.2). The N-terminal C35 species and the C44
polypeptide were degraded at higher levels of chymotrypsin; this

occurred as a novel 16 kDa product was formed. C16 originated
via cleavage between Tyr-307 and Lys-308. The size of the C16
species suggested that it extends from Lys-308 to the site of initial
chymotrypsin cleavage at Phe-175.

These results suggests a tripartite domain structure for vaccinia
Figure 2.Sites of protease accessibility within native vaccinia DNA ligase. The ligase, as illustrated in FiguBe An interdomain bridge located
amino acid sequence of the His-Ligase polypeptide is shown. The N-termindpetween motifs [l and llla separates a protease-resistant
Hisg-tag is underlined. Conserved motifs I, Ill, llla, IV, V, and VI are C-terminal domain from a proximal structural domain that is
highlighted in boxes. The sites of proteolysis by trypsin are denoted by arrow&omposed of a protease-sensitive N-terminal region and a
above the sequence; those of cleavage by chymotrypsin are indicated by arrows - . . .
below the sequence. protease-resistant central domain. The latter includes the active

site of adenylate transfer (motif I).

KINKDPKKIPEWLVVNKIYIPDPVVEDPKQSQIWEISGAEFTSSKSHTANGISIRFEﬁFTR

-IBEQE}TWKESTHLNDLVNLTKS

His-ligase had been degraded (Rig.In contrast, the N-terminal Th
fragment T35 was converted at higher levels of trypsin to a doublet
migrating at 14 kDa (denoted as T14 and T15 in BigBoth  Three deletion mutants of vaccinia DNA ligase were constructed.
polypeptides of the doublet derived from trypsin cleavage betweérgase(176-552) and ligase(191-552) were deleted from the
Lys-190 and GIn-191 (Fi@). The size of these species suggestdl-terminus to the upstream margins of the central domain, as
that they extend from GIn-191 to the sites of initial trypsin cleavagiefined by sites of cleavage by chymotrypsin (at Phe-175) and
at Lys-303 to Lys-305. trypsin (at Lys-190). Ligase(201-552) was truncated up to
Treatment of His-ligase with limiting concentrations ofMet-201, which is located 30 residues upstream of the active site
chymotrypsin yielded polypeptides of 44 kDa (C44), 35 kDa (C35sidue, Lys-231 (Fid). The ligase genes were inserted into an

e N-terminal domain is dispensable for nucleotidyl transfer
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_ phosphocellulose preparations is shown in Fidgufleft panel).
55l iy e Ensynie- AP Note that the electrophoretic mobilities of the recombinant proteins
‘omposition Formation . 3 . . L
increased with serial N-terminal deletions, as expected.

~ Btk R The initial step in DNA ligation involves formation of a covalent
e 105 — enzyme-adenylatimtermediate, EpA. The formation of EpA by
66— &2 = P vaccinia ligase can be detected by label transfer foGRPJATP
-4 to the enzyme. Incubation of purified recombinant wild type ligase
- 49 — b in the presence ofif32P]ATP and a divalent cation resulted in the
— - formation of a nucleotidyl-protein adduct that migrated as a single
N . 60 kDa species during SDS-PAGE (Fid. right panel).
3= B- Ligase(176-552), ligase(191-552) and ligase(201-552) also
29— formed enzyme-adenylate complexes. We conclude that the
. N N-terminal 200 amino acids of vaccinia DNA ligase are not
1. WT 3. Ligase{191-552)

required for the first step of covalent nucleotidyl transfer.
2. Ligase(176-552) 4. Ligase{201-552)

Effects of N-terminal deletions on DNA ligation

Figure 4. Purification and adenylyltransferase activity of N-terminal deletion - . .
mutants of vaccinia DNA ligase. (Left) Aliquotsi() of the phosphocellulose VW& assayed the ability of the recombinant ligases to seal a 36mer

preparations of recombinant ligase protein were analyzed by SDS-PAGE. Synthetic duplex DNA substrate containing a single riél. (
Coomassie blue-stained gel is shown. The positions and sizes (kDa) of markd@rhe structure of the substrate is shown in Fi@utigase activity
g"teit?osnarﬁxf:g’sw(‘ aeﬁ‘]t)tggng?n?; tg% ?ne|\|)| (T"‘r’iighchlr(‘Zﬁgeé?dfgﬁﬁel\ﬂf‘;ga“o%as evinced by conversion of the38P-labeled 18mer donor
Sen?l‘\:/l DTT, 10uM [a-32P]ATP, a%d 100 ng of the iﬁdicéte(’j preparations of strand mtp an mter.na”y_.labeled 36m.er produt®).( The
recombinant ligase were incubated at@2or 10 min. Reactions were stopped  Standard ligase reaction mixtures contained 500 fmol of labeled
by adding SDS to 1%. The samples were heated &85 min, then analyzed ~ DNA substrate. The extent of strand joining by wild type ligase
by SDS-PAGE. An autoradiogram of the gel is shown. The positions and sizef the presence of 1 mM ATP increased linearly with protein up
(kDa) of pre-stained marker proteins are shown at the left. to 10 fmol (Fig5, +ATP). The reaction saturated20 fmol of
enzyme with 85% of the labeled donor strand converted to 36mer
inducible T7 RNA polymerase-based pET vector such thatia 10 min. This upper limit of ligation probably reflected
histidine-rich N-terminal leader (His-10) was fused to each ligasacomplete annealing of all three component strands to form the
polypeptide. The pET expression plasmids were introduced inticked substrate. In the linear range of enzyme-dependence in this
E.coli BL21(DE3), a strain that contains the T7 RNA polymerasexperiment, the recombinant wild type ligase joinéd fmol of
gene under the control of lacUV5 promoter. Polypeptides DNA ends per fmol of enzyme. For the purpose of estimating the
corresponding to wild type ligase, ligase(176-552)ratio of product to enzyme, the enzyme molarity was calculated
ligase(191-552), and ligase(201-552) were recovered in solullased on total protein concentration, assuming enzyme
extracts of IPTG-induced bacteria (not shown). The His-talgomogeneity. It was also assumed that all enzyme molecules in
allowed for rapid enrichment of the ligase proteins by adsorptiche preparation were catalytically active.
to Ni-agarose and elution with 100 mM imidazole. Each protein Strand joining by wild type ligase could be detected in the
was purified further by adsorption to phosphocellulose andbsence of added ATP, but only at high levels of input enzyme
step-elution with 0.5 M NaCl. SDS-PAGE analysis of thgFig.5, —ATP). ATP-independent ligation is attributable to

[
CATATCCGTGTCGCCCTT ATTCCGATAGTGACTACA
GTATAGGCACAGCGGGAA-TAAGGCTATCACTGATGT

400 g

WT
400

(176-552)
300 (191-552)
(201-552)

300

200

Ligation (fmol/10 min)

100 100

0 I 1 1
0 300 600 900 1200 0 100 200 300
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Figure 5. DNA ligation. The structure of the nicked duplex DNA substrate is shown with $#-Bbeled nucleotide on the donor strand indicated by a closed circle.
Ligation reaction mixtures contained 500 fmol nicked DNA, the indicated amounts of wild type or truncated ligases and either 1 mM ATP (+ATP; left) or no added A
(—ATP; right). The reactions were halted after incubation for 10 mirf @ ke yield of 36mer ligation product is plotted as a function of the molar amount of input ligase.
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ligase-adenylate in the enzyme preparation. The linear dependence A
of ATP-independent strand joining on enzyme indicated that 0.58

fmol of ends were sealed per fmol of ligase, i.e. 58% of the enzyme
molecules had AMP bound at the active site.

The activity of deletion variants ligase(176-552), k=
ligase(191-552), and ligase(201-552) in ATP-independent ~§~ 190M WT
strand joining as a function of the molar amount of input protein 3 HoM
was similar to that of wild type ligase (Fif, —ATP). We et 26nM Ligase
calculated the percent of enzyme-adenylate in the preparations as X osnm | (176:552)
follows: 42% for ligase(176-552), 42% for ligase(191-552), and l 210 M

39% for ligase(201-552). Clearly, these deleted enzymes retained
the ability to catalyze strand joining. However, when activity was , , L
assayed in the presence of ATP, the truncated enzymes were less 0 120 240 360 480 600
active on a molar basis than the wild type protein GrigATP).

Whereas specific activity in wild type ligation was stimulated

40-fold by inclusion of ATP, the truncated proteins were B
stimulated only 4- to 5-fold. This implied that the mutant proteins,
while catalytically competent under single-turnover conditions
(in the absence of ATP), were impaired relative to wild type under
multiple turnover conditions (in the presence of ATP and excess
DNA substrate). The basis for this effect was revealed by kinetic
analyses described below.

Time (sec)

Ligase (176-552)

Kinetics of ATP-independent ligation

Strand joining by pre-adenylylated ligase in the absence of ATP
is a two step reaction entailing: (i) AMP transfer to the donor o , , , , ,
strand to form DNA-adenylate and (ii) attack on DNA-adenylate 0 20 40 60 80 100
by the acceptor strand with displacement of AMP. Because
reversal of the ligation step is both slow and dependent on high
(=5 mM) concentrations of exogenous AMP (Sekiguchi and_. o . . N o
Shuman, unpublished), and because the forward reacti%gure 6. Kinetic analysis of ATP-independent ligatioA) feaction mixtures
r

. - . ntaining (per 2@l) 50 mM Tris—HCI (pH 8.0), 10 mM Mgg|5 mM DTT,
proceeds to completion at stoichiometric levels of EpA, we regargo s nv nicked DNA substrate, and either wild type (WT) ligase or

ATP-independent ligation as an essentially irreversible reactioliyase(176-552) at the concentrations indicated were incubated®@t 22
under the conditions employed in our experiments. We ana|yzéi_jlzyme concentrations are expressed as the molar concentration of ligase-
the kinetics of ATP-independent ligation by wild type ligase andadenylate included in the reaction mixtures. The reactions were initiated by the

. . . dition of enzyme. Aliquots (20) were withdrawn at the times indicated and
by each of the N-terminal deletion mutants. The concentration ﬁenched immediately. The ‘time 0’ sample was taken prior to the addition of

nicked DNA substrate in the ligation mixtures was 12.5 nM;enzyme. The extent of ligation at each time point was normalized to the
enzyme-adenylate was included at several concentrationshserved end-point value for strand joining at each ligase concentration. The
Results are shown in Figuédor the wild type enzyme and for normalized data (% of endpoint) are plotted as a function of time. A plot of the
l ase(176—552) percent of input DNA cleaved versus time established endpoint values for
9 : cleavage. The observed rate constants for ATP-independent lidatiorat
each concentration of ligase(176-552) were determined by fitting the data to the
Table 1.Kinetics of ATP-independent ligation equation (100 — % of endpoint) = 06 A double reciprocal plot of /gy
versus 1/[EpA] is shown irBj.

L/[EpA] (uM™1)

Enzyme kiig (59 Km (nM)
Wild Type 0.5 9 the x-intercept of the double-reciprocal plat-iftercept =
Ligase(176-552) 0.04 33 —1Km). TheKny, value was 33 nM (Tablg).

. Single-turnover ATP-independent ligation by 19 nM wild type
L 191-552 0.04 55 ! - L

'gase( : EpA was essentially complete within 10 s (f6g). Additional
Ligase(201-552) 0.04 59

experiments showed that the extent of ligation by 10 nM wild type
EpA at 5 s was 80% of the endpoint valtle 9%; average of four
The rate of single-turnover ligation by ligase(176-552) variedxperiments); ligation by 70 nM wild type EpA at 5 s was 90%
with the concentration of input enzyme-adenylate in the range of the endpoint valuet(.1%; average of four experiments).
11-210 nM (Fig.6A). Observed rate constantk,f) were These values were used to calculate minumum valuégyfor
calculated by fitting each time-course to a single exponential. Brom a double reciprocal plot ofkdjs versus 1/[EpA], we
double reciprocal plot of Bdns versus 1/[EpA] fit well to a determined the following kinetic parameters for the wild type
straight line (FigéB). A rate constant for single-turnover ligation enzyme: kjg was 0.5 sk Ky, value was 9 nM (Table).
by EpA kig), extrapolated to infinite EpA concentration, wasComparing these values to those of ligase(176-552), we surmise
determined from the-intercept of the double-reciprocal plot that deletion of the N-terminal 175 amino acids slowed the rate
(y-intercept = 1g). The value fokg was 0.04s!(Tablel). The  of ATP-independent ligation by an order of magnitude and
Michaelis constant of the substrate for EpA was calculated froraeduced the affinity of EpA for the nicked DNA substrate.
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Figure 7. Mutational effects on ligase binding to nicked DNA. Reaction mixturgsl{20ntained 50 mM Tris—HCI (pH 8.0), 5 mM DTT, 500 fmoBé&®-labeled

nicked DNA (lane —), and 0.25, 0.5, 1, or 2.5 pmol (proceeding from left to right within each titration series) of the indicated preparation of vaccinia ligase. (Lig:
concentrations are the molar amount of ligase protein). After incubation for 10 nfi€agB2erol was added to 5%, and the samples were electrophoresed for 1.5 h
at 100 V through a native 6% polyacrylamide gel in ®.PBE (22.5 mM Tris-borate, 0.6 mM EDTA). An autoradiogram of the dried gel is shown. Labeled species
corresponding to free DNA and the ligase—-DNA complexes are indicated at the left.

Kinetic parameters in ATP-independent ligation were also
determined for ligase(191-552) and ligase(201-552) (Table
The kjg values (0.04 4) were identical to that of ligase
(176-552), whereas th&,, values were higher: 55 and 59 nM,
respectively. Thus, incremental deletion of the 25 residues from
177 to 200 did not exacerbate the catalytic defect, but did enhance
the effect on DNA binding affinity.

80
WT
60 |

40 b

DNA Bound (%)

(176-552)
20 +

Effects of N-terminal deletions on the binding of
vaccinia ligase to nicked duplex DNA 0

1 1 | 1

0 500 1000 1500 2000 2500

Ligase (fmol)

A native gel mobility shift assay was employed to examine the
blndlng of pu”fled re_cor_nblnant Il_gase to #¥e-labeled nlc_ked Figure 8.Protein-dependence of ligase—DNA complex formation. The extents
duplex DNA (19). Binding reactions were performed in the of DNA binding by wild type ligase and ligase(176-552) at each level of input
absence of magnesium so as to preclude conversion of substrad@ein were quantitated by scanning the gel with a FUJIX BAS1000
to product during the incubatiohd). Mixing the wild type ligase  Bio-Imaging analyzer. A plot of DNA binding, [bound/(bound + free)D0,

with nicked substrate resulted in the formation of a discret¥ersus inputligase is shown.

protein—-DNA complex that migrated more slowly than the free

DNA during electrophoresis through a 6% native polyacrylamide

gel (Fig. 7). The abundance of this complex increased il ISCUSSION

proportion to the amount of input ligase. In order to estimai@s have employed partial proteolysis and deletion mutagenesis to
binding affinity, the gel was scanned using a phosphorimager. Thg iy structural and functional domains of vaccinia virus DNA
dependence of protein-DNA complex formation on input ligasgyase Three significant findings emerge from the experiments
is shown in Figure8. The apparent dissociation constant,resented: (i) the native ligase consists of (at least) three structural
estimated according to Riggsal (21), waslL5 nM. (ﬁomains; (ii) the N-terminal 200 amino acids are not essential for
A more rapidly migrating protein—-DNA complex was detectegigase activity; (i) N-terminal deletions reduce affinity of the
when ligase(176-552) was incubated with the nicked DNA (Fagase for nicked DNA and decrease the rate of strand joining at a

7). The altered mobility was in keeping with the smaller size af;, p subsequent to enzyme-adenylate formation.
the deleted protein. This mutant ligase formed lower amounts 01se

ligase-DNA complex than did the wild type enzyme a : ; ;

comparable levels of input protein, and there was a smear%ﬁ‘OteOIy“C domain mapping

radiolabeled material trailing behind the free DNA (FlgThe  Vaccinia ligase consists of three structural domains. These are: (i)
protein-dependence of DNA binding by ligase(176-552) ian amino-terminal domain that is susceptible to digestion with
shown in Figure8. By comparing the extents of binding atchymotrypsin and trypsin; (i) a protease-resistant central
equivalent concentration of ligase, we estimated that th#omain, and (iii) a protease-resistant carboxyl domain. The two
N-terminal deletion resulted in[8.0-fold decrement in binding protease-resistant domains are separated by a protease-sensitiv
affinity relative to wild type ligase. Formation of a discreteinterdomain bridge. The bridge extends from Phe-296 to Tyr-307
protein-DNA complex was even lower with deletion mutantgsites accessible to chymotrypsin), and includes a cluster of
ligase(191-552) and ligase(201-552) (Fid. Thus, the trypsin-sensitive lysines at positions 303, 304, and 305. The
mutational effects on substrate affinity determined from kinetimterdomain bridge of the vaccinia ligase is located between
analysis of single-turnover ligation were confirmed by directonserved sequence motifs Ill and llla of the ligase/capping
assay of DNA binding via electrophoretic mobility shift. enzyme superfamily. Mutational and structural studies of family
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members indicate that motifs Ill and llla form part of thesignificant (i.e. not rate-determining) in the context of the
nucleotide binding pocked(13,14). single-turnover ligation reaction.
The domains defined by proteolysis of the vaccinia ligase areDeletion of the N-terminal domain had a definite impact on the
similar to those demarcated for the T7 enzy®®, @xcept that affinity of the vaccinia ligase for nicked duplex DNA. Kinetic
the vaccinia protein contains the N-terminal domain that is abseantalysis indicates that the wild typg Kf nicked DNA for enzyme
from the T7 protein. Limited digestion of T7 ligase withis 9 nM. The N-terminal deletions increased the \@lue by a
endoproteinase Arg-C yielded an N-terminal 16 kDa fragmerfiéctor of 4—6. The kinetic experiments were supported by native
and a 26 kDa carboxyl fragment. As with the vaccinia enzymegl-shift assays of the binding of ligase to nicked DNA. Detection
the sites of protease accessibility in the T7 ligase were locatefla discrete ligase-DNA complex in the mobility shift assay
between motifs Il and Illa2Q). In the crystal structure of T7 requires that the protein remain bound stably to the DNA ligand
DNA ligase, this polypeptide segment is a disordered loop thdtiring the electrophoresis procedure. Formation of lower levels of
extends from the surface of an otherwise tightly folded proteidiscrete shifted complexes by the truncated ligases, and the
(14). This would account for the observed protease susceptibilifyresence of a diffuse smear of DNA trailing behind the unbound
The observation that the same segment of the vaccinia DNiand, presumably reflects both a lower binding affinity for nicked
ligase is protease-sensitive suggests that it is also exposed oM in solution (as revealed initially by the kinetic experiments)
surface. Thus, both the T7 and the vaccinia ligases have tand reduced stability of the mutant protein-DNA complex during
protease-resistant domains, one containing motifs | and Il atige electrophoresis. The latter may account for the observation that
another including matifs llla, IV, V, and VI. the mutational effects on DNA binding in the gel-shift assay were
The size of the protease-sensitive polypeptide segmesiightly greater than those determined kinetically.
separating motifs Il and llla varies considerably within the In summary, we have defined at low resolution a domain
covalent nucleotidyl transferase superfamilyL®). Among the structure for vaccinia ligase and shown that a 352 amino acid
DNA ligases, the bacteriophage enzymes have the longefrivative, ligase(201-552), is active in enzyme-adenylate
interval (58, 55, and 49 amino acids for the T4, T3, and Tfbrmation and strand ligation. The size of the vaccinia catalytic
enzymes, respectively), whereas vaccinia ligaseCimhorella ~ domain is comparable to that of the full-length 359 amino acid T7
virus ligase have the shortest interval (27 and 24 amino aci@s)zyme; indeed the vaccinia and T7 enzymes have similar
respectively). In the capping enzymes, motifs Ill and llla ardomain boundaries. Vaccinia ligase(201-552) contains only 30
separated by only 3—12 amino acids. amino acids upstream of the active site lysine residue in motif 1.
TheChlorellavirus and T7 DNA ligases contain 26 and 33 amino
acids upstream of their respective active sitéd ©).

Deletion mutations Although the N-terminal domain of vaccinia ligase is not
essential, we suspect that it does play a role in ligase function.

The N-terminal domain of vaccinia ligase was less stable HiS IS based on the observations that catalytic rate and DNA
proteolysis than were the central and carboxyl domains. THNILY are impacted by loss of the N-terminus, plus the fact that

protein segment, extending to the site of trypsin cleavage W @mino acid sequence of the entire N-terminal domain of
position 190, has no counterpart in the smaller DNA ligase€ccinia ligase is conserved in mammalian DNA ligase Il and in
encoded by the T-odd bacteriophages and bgliharella virus ”.‘amm.a"a” DNA I[ggse I%S.)' The p.ro>_<|mal region of
PBCV-1. Our analysis of the effects of N-terminal deletions ofiimilarity to the vaccinia N-terminal domain is recessed from the
vaccinia ligase activity indicated that the N-terminal domain i§M'N° term![ngs In I%f\se ”It and ligase { be;:?#s_e these (iellul_ar_
not essential for adenylyl transfer or strand joining, insofar as t %es gozngg'n slza e.gro en segmlen sha h €ir amino termini
deleted proteins retained catalytic function. Yet, removal of the-/> @n amino acids respectively) that have no counterpart

N-terminus did have consequences with respect to catalytic rifetn® vaccinia virus proteirb). This N-terminal domain of

and DNA substrate affinity. mammallan DNA ligase | contains two _elements |nV(_)Ived in
Deletion of the N-terminal 176200 amino acids resulted in BrOtein targeting: a nuclear localization signal and a signal that

10-fold decrement in the rate constant for single-turnover ligatidfireCts ligase to sites of DNA replication within the nucleg (

by enzyme-adenylate. This could arise from mutational effec ccinia virus, which r_eplic_ates in t_he cytoplasm, would have no
need for such a domain. It is tempting to speculate that the shared

either on AMP transfer from EpA to nicked DNA to formﬁ\l terminal domain of the mammalian and vaccinia ligases might
DNA-adenylate (step 2 of the overall ligation reaction) or on” - """ L . S A
y (Step g ) addition to facilitating catalysis and DNA binding as described

enzyme-mediated attack of the acceptor strand R ad L : . 0 - .
DNA-adenylate to form a phosphodiester bond (step 3 of t rein, also participate in protein—protein interactions with other
mponents of the DNA repair or replication machinery. In this

complete reaction). Previous studies had indicated th&P - L : :
DNA-adenylate formation (step 2) is the rate-limiting step duringESPECt it is noteworthy that vaccinia DNA ligase localizes to the
DNA ligation catalyzed by the wild type vaccinia ligase. ytoplasmic sites of DNA replication in virus-infected cell§(

DNA-adenylate is detectable only under reaction conditions thile deletion mutants described in this report may prove useful in
strongly suppress the strand closure stép). (Because elineating the requirement for targeting of vaccinia ligag&a
DNA-adenylate did not accumulate during the course of

single-turnover ligation by the deletion mutants of vaccinia ligase

(Sekiguchi and Shuman, unpublished), we surmise that tiREFERENCES

observed effects of N-terminal truncationskgy were caused _

primarily by a slowing of step 2. We cannot exclude the% tmrgﬁlnT' Ehélggﬁglsengds%gﬁthev Biocherfl 251281
possibility that the N-terminal deletions affected the rate of ste@ games, D. E.. Johnston, L. H., Kodama, K., Tomkinson. A. E., Lasko, D.
3; however, potential rate effects on step 3 are apparently not p., and Lindahl, T. (199@roc. Natl. Acad. Sci. US8V, 6679-6683.



734 Nucleic Acids Research, 1997, Vol. 25, No. 4

12

13
14

Wei, Y., Robins, P., Carter, K., Caldecott, K., Pappin, D., Yu, G., Wang, R15
Shell, B., Nash, R., Schar, P., Barnes, D., Haseltine, W., and Lindahl, T. 16
(1995)Mol. Cell. Biol.15, 3206-3216.

Chen, J., Tomkinson, A. E., Ramos, Mackey, Z. B., Danehower, S., 17
Walter, C. A., Schultz, R. A., Besterman, J. M., and Husain, |. (2885)

Cell. Biol. 15, 5412-5422. 18
Kletzin, A. (1992)Nucleic Acids Re20, 5389-5396.

Shuman, S., and Schwer, B. (198®). Microbiol. 17, 405-410.

Cong, P., and Shuman, S. (1993Biol. Chem268 7256—7260. 19
Cong. P., and Shuman, S. (19®8B)l. Cell. Biol.15, 6222—-6231. 20
Schwer, B., and Shuman, S. (199#4)c. Natl. Acad. Sci. US®, 21
4328-4332. 22
Shuman, S, Liu, Y., and Schwer, B. (199d)c. Natl. Acad. Sci. US#,
12046-12050. 23
Kodama, K., Barnes, D. E., and Lindahl(I®91)Nucleic Acids Red9,

6093-6099. 24
Shuman, S., and Ru. X. (199%plogy 211, 73-83.

Subramanya, H. S., Doherty, A. J., Ashford, S. R., and Wigley, D. B.
(1996)Cell 85, 607—-615.

Ho, C. K., Van Etten, J. L., and Shuman, S. (199¥)ol. 71, (in press).
Smith, G. L., Chan, Y. S., and Kerr, S. M. (198@}leic Acids. Red7,
9051-9062.

Tomkinson, A. E., Tappe, N. J., and Friedberg, E. C. (Bi#&2hemistry

31, 11762-11771.

Husain, 1., Tomkinson, A. E., Burkhart, W. A., Moyer, M. B., Ramos, W.,
Mackey, Z. B., Besterman, J. M., and Chen, J. (199Bjol. Chem270,
9683-9690.

Shuman, S. (199Bjochemistry34, 16138—-16147.

Odell, M., Kerr, S. M., and Smith G. L. (1996jology 221, 120-129.
Riggs, A. D., Suzuki, H., and Bourgeois, S. (1970)lol. Biol.48, 67-83.
Doherty, A. J., Ashford, S. R., and Wigley, D. B. (1996¢leic Acids.

Res 24, 2281-2287.

Montecucco, A., Savini, E., Weighardt, F., Rossi, R., Ciarrocchi, G., Villa,
A., and Biamonti, G. (1995MBO J 14, 5379-5386.

Kerr, S. M., Johnston, L. H., Odell, M., Duncan, S. A., Law, K. M., and
Smith, G. L. (1991EMBO J.10, 4343-4350.



