2106-2113 Nucleic Acids Research, 1997, Vol. 25, No. 11 00 1997 Oxford University Press

Functional characterization of the T4 DNA ligase: a
new insight into the mechanism of action

Rossella Rossi 1.2, Alessandra Montecucco 1, Giovanni Ciarrocchi 1 and
Giuseppe Biamonti 1

1istituto di Genetica Biochimica ed Evoluzionistica CNR and 2Dipartimento di Genetica e Microbiologia ‘A.Buzzati
Traverso’ Universita di Pavia, via Abbiategrasso 207, 27100 Pavia, Italy

Received February 13, 1997; Revised and Accepted April 4, 1997

ABSTRACT

ATP-dependent DNA ligases are essential enzymes in

An interesting and thus far not completely analysed aspect of
the mechanism of action concerns the so-called ‘reverse reaction’

both DNA replication and DNA repair processes. Here
we report a functional characterization of the T4 DNA
ligase. One N-terminal and two C-terminal deletion
mutants were expressed in  Escherichia coli as histidine-
tagged proteins. An additional mutant bore a substitu-
tion of Lys159 in the active site that abolished ATP
binding. All the proteins were tested in biochemical
assays for ATP-dependent self-adenylation, DNA

(3), namely the AMP-dependent relaxation of supercoiled DNA.
DNA relaxation occurs through a nicking/closing mechanism and
results in a progressive reduction in superhelical turns according
to a rather processive mode of action. This property suggests the
existence of an intermediate of reaction in which the enzyme is
engaged in a very stable complex with the DNA substrate (4,5).
As stated above, ATP-dependent DNA ligases are widespread
in evolution from bacteriophages to mammals. While lower

organisms encode a single essential DNA ligase, mammalian
cells contain four different activities (designated by roman
numerals I-1V) encoded by separate genes (6). DNA ligases show
considerable differences in molecular mass, ranging from 41 kDa
in T7 to >100 kDa for the mammalian enzymes. This difference
in size is mainly accounted for by protein regions with regulatory
function. DNA ligase |, the best characterized mammalian
enzyme, is organized into two well-defined domains: a C-terminal
catalytic domain and an N-terminal region with regulatory
functions but dispensable for enzyme activity (7,8). The N-terminal

binding, nick joining, blunt-end ligation and AMP-
dependent DNA relaxation. From this analysis we
conclude that binding to DNA is mediated by
sequences at both protein ends and plays a key role in
the reaction. The enzyme establishes two different
complexes with DNA: (i) a transient complex (T-complex)
involving the adenylated enzyme; (ii) a stable complex
(S-complex) requiring the deadenylated T4 DNA ligase.
The formation of an S-complex seems to be relevant
during both blunt-end ligation and DNA relaxation.

Moreover the inactive His-K 159L substitution mutant,
although unable to self-adenylate, still possesses
AMP-dependent DNA nicking activity.

domain is required both for nuclear localization and for recruit-
ment of the enzyme at replication factories during S phase (9). In
spite of their differences in size, all ATP-dependent DNA ligases
share a significant level of homology. Multiple sequence
alignment revealed the existence of highly conserved motifs in

INTRODUCTION the catalytic domai(l0). Besides the AMHAitding site, no other
DNA ligases play essential roles in DNA replication, DNA repaihomologies were found with the NAD-dependent DNA ligases of
and DNA recombination by catalysing the formation of phosphodgubacteria. In contrast, several regions of homology have been
ester bonds at single-stranded or double-stranded breaks betwdentified between ATP-dependent DNA ligases and mRNA
adjacent 3hydroxyl and 5phosphate termini. Two major groups of capping enzymes that catalyse the transfer of a GMP moiety to the
DNA ligases can be distinguished on the basis of the requirddiphosphate terminus of RNA via an enzyme—-GMP intermediate
cofactor. Enzymes from eukaryotic cells as well as from bacteri¢t1). In particular five co-linear sequence elements, designated
phages of the T series and from archaebacteria all require ATP, winletifs | and IlI-VI are conserved between these two classes of
eubacteria DNA ligases are NAdependent (1,2). enzymes. Motif | (KXDG) corresponds to the nucleotide binding
The ligation reaction involves three successive nucleotidgite, while motif VI is the previously identified ‘conserved
transfer reactions: (i) activation of the enzyme through thpeptide’ whose function is still unknown (2). The small enzymes
formation of a covalent protein—~AMP intermediate accompanieghcoded by the bacteriophages of the T series represent a sort o
by the release of PPi or NMN, depending on the cofactor; (iffore’ structure and hence have been selected for characterization
transfer of the nucleotide to a phosphorylateeinsl of the nick of the mechanism of action, with the idea that they will eventually
to produce an inverted'§5(5) pyrophosphate bridge structure; shed new light on the activity of the larger mammalian enzymes.
(iii) catalysis of the transesterification reaction resulting in joining'he crystal structure of the T7 DNA ligase has recently been
of the nick and release of free AMP (3). resolved, demonstrating that the protein comprises two domains
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with a deep cleft between them. From the structure of adver-expression and purification of the recombinant
enzyme—-AMP complex it was deduced that residues in all bptoteins
motif VI contact the nucleotide molecylE?).

The recent characterization of the mammalian enzymes alo
with studies on the structure of T7 DNA ligase indicate a renew e e .
interest in this class of enzymes. Along this path we undertookgnt@ining 100ug/ml ampicillin and grown at 3T with
functional characterization of the T4 enzyme, the prototype of tédorous shaking to an Qgp of 0.7-0.9. Expression of
ATP-dependent DNA ligases (13). The data reported helr@;ombmant protein was induced with 2 mM IPTG for 5 h at

demonstrate that the enzyme contacts DNA in two differera’ C- Then cells were harvestedo by centrifugation. All subse-
complexes and provide a new insight into the mechanism BjeNt procedures were performedd ACells were resuspended
action of DNA ligase. in 10 ml lysis buffer (50 mM phosphate, pH 8.0, 300 mM NacCl)

containing 1 mM PMSF, fig/ml pepstatin, 1 mg/ml lysozyme,
0.2% NP40 and 50 mM imidazole. Resuspended cells were lysed
by sonication and immediately centrifuged for 20 min at 109000
at 4°C. The supernatant was mixed with 2 ml Probond Resin
(Invitrogen) equilibrated in lysis buffer containing 50 mM
imidazole and stirred at°€ for 60 min. Four washes were
Generation of recombinant His-tagged proteins performed with 5 vol washing buffer (50 mM phosphate, pH 8.0,
1 M NaCl, 1 mM PMSF) containing 50 mM imidazole. The
) ] His-tagged protein was eluted with X2 2 ml lysis buffer
The T4 DNA ligase gene (GenBank accession no. X0Q@3%as  containing 250 mM imidazole. The eluate was dialysed against
PCR amplified (Amplitag; Perkin Elmer) from T4 DNA with senseps mMm Tris—HCI, pH 7.5, concentrated to a volume of 200
primer BL1 (3GGATCCAs s TGATTCTTAAAATTCTGAA-  made 0.15 M with respect to NaCl and loaded on a Superdex G75
CGsy53) and antisense primer BLS'{SGATCCT1987CATA-  column (Pharmacia). The polypeptide composition of the fractions
GACCAGTTACCTCATGoe73). BanHl restriction sites are \as monitored by silver staining of SDS—PAGE gels and Western
underlined. The PCR product (1464 bp) containing the entilgiot analysis with chicken antibodies to T4 DNA ligase.
coding sequence was gel extracted (Qia-quick Kit; Qiagen) andin the case of the K80 mutant, cells were lysed and incubated
cloned into the pCRII TA vector (Invitrogen). After digestion with the Probond Resin in the presence of 20 mM imidazole
with BanHI the fragment was ligated into the dephosphorylateghstead of 50 mM. The fusion protein was eluted at 250 mM
BanHl site of the pTrcHis-A expression vector (Invitrogen).imidazole, dialysed against 50 mM phosphate, pH 7.0, and
Recombinant clones were screened for expression of the protgjfhlied to a mono-S column. The column was developed with a
after induction with 2 mM IPTG. The level of T4 DNA ligase sajt gradient of 50-600 mM phosphate, pH 7.0. Fractions
expression was monitored by Western blotting using anti-T4 DN@ontaining the His-tagged protein were pooled and dialysed
ligase antibodies. A clone (pHis-T4) was selected and completelyainst 25 mM Tris—HCI, pH 7.5. After concentration to a volume
sequenced (Sequenase Version II; Amersham). To produce #{00ul, the sample was rendered 0.15 M with respect to NaCl
three deletion mutants we used pHis-T4 as template in a seriegff loaded on a Superdex G75 column (Pharmacia) equilibrated
PCR reactions. The scheme used to obtain the different clones g the same buffer.
essentially as for the wild-type protein. PCR primers were asprotein concentration was determined using the BioRad Brad-
follows: sense primer BL80 "®&GATCCT764TGACTG-  ford reagent with bovine serum albumin as the standard. Purified
GAAATGCAGCAATTGAGGrgg3) and antisense primer BLS groteins were diluted in 50% glycerol and stored at €20
for clone pNA8O; sense primer BL1 and antisense primer BL35
(5-GGATCCTCAA 1573 T TTTTGAGAATAATACCTTCAAG-
ACC15473) for clone pCA137; sense primer BL1 and antisens
primer BL430 (5GGATCCTCAA1g13ITTTGGTTTTCCA-  Reaction mixture (1Q) containing 50 mM Tris—HCI, pH 7.5,
TAATGCGAGTACGG, 7g63) for clone pCAS7.BanHl restric- 10 mM MgCh, 1 mM DTT, 1uCi [a-32P]ATP (400 Ci/mmol;
tion sites are underlined; the stop codon is in bold. Amersham) and 100 ng His-tagged protein was incubated at room
To produce pKsd- bearing a single amino acid substitution attemperature for 20 min. The reaction was stopped by boiling for
position 159, the ligase gene was amplified with two differerg min in 1x SDS gel loading buffef16) and analysed by 10%
pairs of oligonucleotides according to a procedure previous§DS—PAGE. The extent of protein adenylation was determined
described (15). In the first giification sense primer BL1 and by autoradiography. The autoradiographic signals were quanti-
antisense primer alL159'{61010T CCATCAGCTAGIAACT-  tated by means of an imaging densitometer (BioRad GS-670). For
GAGCAAAGGCTGG»go-3) were used to produce the L159-1 the deadenylation reaction PPi was added to a final concentration
fragment. Mutated nucleotides are underlined. In the secorfl5 mM and incubation was carried on for an additional 10 min
amplification, sense primer sL159 '-(BggglCTCAGTTAC-  before SDS-PAGE analysis.
TAGCTGATGGAGCTCGGTGp173) and antisense primer
BLS were used to produce the L159-2 fragment. L159-1 a o : ;
L159-2, which share only a 22 nt sequence (989-1010) of thrlgeNA ligation and AMP-dependent DNA relaxation assay
aL159 and sL159 oligonucleotides, were purified from agaroddick joining activity was measured in a poly(dA)-oligo(tkl)
gel, mixed and further amplified with the external BL1 and BL&ssay as previously describ@d). The substrate folunt-end
primers. The PCR product was cloned into the [PCRA ligation was obtained by annealing complementary strands, both
cloning vector and thBarrH| fragment was then cloned into the of which were 5end-labelled by T4 polynucleotide kinase (New
pTrcHis-A expression vector. England BiolLabs): (+) 'SCAAGCTTGCATGCCTGCA-3,

combinant proteins were producedBroli (DH5a). An
ernight culture was inoculated into 500 ml LB medium

MATERIALS AND METHODS

eATP binding assay
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() 5-TGCAGGCATGCAAGCTTG-3 A reaction mixture (50) A
containing 66 mM Tris—HCI, pH 7.5, 1 mM DTT, 5 mM MgClI

1 mM ATP, 15% PEG 8000, 2 pmol DNA substratex(80* o
c.p.m.) and purified protein (see figure legends) was incubated at e
25°C for 2 h. The reaction was stopped by addingul3§top Ha-ba00
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sequencing gel. The formation of multimers was visualized by His-C-a137 |
autoradiography of dried gels. DNA relaxation of supercoiled His-Kasl |
pUC19 plasmid was performed as previously described (4).

Electrophoretic mobility shift assay (EMSA) i & % @ %

The substrate for DNA binding experiments is a double-stranded BT
oligonucleotide containing a single ligatable nick. It was obtained o
by the annealing of three complementary strands in equimolar ol o
amounts. The sequence is shown in Figure 3. A typical reaction
mixture (20pl) containing 50 mM Tris—=HCI, pH 7.5, 10 mM AR
MgClp, 1 mM DTT, 2 pmol radiolabelled substrate (%.3.0*
c.p.m.) and different aounts of purified protein (see figure
legends) was incubated at room temperature for 20 min. The
reaction was stopped by addingl foading buffer (30% sucrose, Figure 1. Schematic representation of the different T4 DNA ligase mutants
12 mM Tris—HClI, pH 8.0, 0.25% BPB, 0.25% Xylene cyanol) ancﬁxpressed ilEe.coli as His-tagged proteind). The position of the conserved

LT 0 P oxes (see text) is indicated. The Higsl mutant bears a substitution of
samples were run in native 5% PAGE 'n.)‘O:EBE PUﬁQV at Lys159 in the active site (site I). ud of each purified recombinant protein was
20 mA for 2 h at 4C. The extent of band shift was visualized by loaded onto a 10% SDS—polyacrylamide gel and revealed by silver stBjning (
autoradiography of dried gels. Lane 1, His-T4; lane 2, His{£d.; lane 3, His-NA8O; lane 4, His-@57; lane

5, His-CA137.

Polyclonal antibodies to T4 DNA ligase achieved through two successive chromatographic steps, as

Chicken egg yolk antibodies (IgY) against T4 DNA ligase werdetailed in Materials and Methods, and the chromatographic
produced according to Gassmetnal. (18). Two 23week-old  behaviour of the protein was monitored by means of chicken
white laying hens were used. To induce the antibodigg T8  antibodies specifically directed to the wild-type enzyme. In brief,
DNA ligase (Boehringer) were diluted in 0.01 M potassiunthe first step of purification consisted of &Naffinity column.
phosphate buffer, pH 7.2, containing 0.1 M NaCl to a finaMost of the His-T4 was retained by the column in the presence
volume of 500ul and emulsified with an equal volume of of 50 mM imidazole and eluted, along with a limited number of
Comp|ete Freund’s adjuvant (S|gma) The Suspension (1 m|) Wg‘gher proteins, after a 250 mM imidazole wash. These contamin-
injected into the pectoral muscle. Further injections of the prote@iits were removed by gel filtration on a Superdex G75 column,
emulsified with complete adjuvant were given to the hens 11 ad§ estimated by silver staining of the purified enzyme analysed by
18 days later. Eggs were collected daily and storetiGiuatii  SDS—PAGE (Fig. 1B, lane 1). The purified protein was then
use. IgY were extracted from individual eggs as descfitgdd  stored at —20C in 50% glycerol and proved to be functionally
The yolk antibodies showed a titre of ¥.20°, as measured in Stable for at least 6 months.

a direct ELISA assay against the purified antigemg(dvell). A The His-T4 enzyme was indistinguishable from the untagged
1:10 000 dilution in Western blot analysis could recognize @nzyme in a number of biochemical reactions, such as (i) ATP
single polypeptide of the expected apparent molecular mass inRiRding, (i) nick joining, (iii) blunt-end ligation, (iv) AMP-
extract fronE.coliDH5a transformed with plasmid pHis-T4. No dependent DNA relaxian and (v) DNA binding. On this basis

bands were detectable in non-transformed @kl extracts. ~ We undertook the production of a set of His-tagged mutants
bearing deletions at either end, as schematically shown in Figure 1A.

RESULTS The mutant His-NA8O bore a deletion of the first 80 amino acids
that did not affect any of the conserved motifs. In contrast,
Previous studies have identified a class of ATP-dependent DNeletion of the last 57 C-terminal residues in Hi&8Z-removed
ligases with identical catalytic properties: (i) ability to catalyse thihe ‘conserved peptide’ (motif VI) and a further 80 amino acid
ligation of nicked, blunt-ended or sticky-ended double-strandedkletion in His-CA137 resulted also in the loss of motif V. The
DNA fragments; (ii) ATP-dependent self-adenylation activityjast mutant analysed in this study (Higs) carried a
(iii) AMP-dependent DNA relaxation activifg,5,17). All these  substitution within motif | (KXDG) in which the positively
enzymes share a set of conserved sequence motifs whose funativerged lysine was replaced by the hydrophobic leucine. A
has not yet been elucidated. The most representative of this claissilar substitution has already been reported to inactivate both
of enzymes, widespread in evolution from bacteriophages tmman DNA ligase | and vaccinia virus DNA ligase by abolishing
humans, is the relatively small T4 DNA ligase, which wagheir ATP-dependent self-adenylati¢f9,20). All these His-
therefore selected for a functional dissection. tagged polypeptides were purified to homogeneity as described
The coding region of the T4 DNA ligase gene was PCHh Materials and Methods. The mutants showed an apparent
amplified and cloned in the pTrcHis vector, which directsnolecular mass higher than the theoretical one, in agreement with
expression of His-tagged proteins Encoli. Purification to the electrophoretic behaviour of T4 DNA ligase (Fig. 1B).
homogeneity of the His-tagged T4 DNA ligase (His-T4) wa#$roteins were then subjected to a series of biochemical assays in
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h Figure 3. A 34 nt double-stranded oligonucleotide was produced by the
> —_ .“ annealing of three complementary oligonucleotides as schematically reported
- .

at the bottom of the figure. Oligonucleotide b waseri-labelled with
[y-32P]ATP (indicated by an asterisk). After incubation in the presencggf 1
His-T4 in a standard ligation assay, reaction products were denatured and
Figure 2. Self-adenylation and ligation properties of different T4 DNA ligase loaded onto an 8% sequencing gel. Ligation is revealed, after autoradiography
mutants. &) 0.1 ug of purified recombinant proteins were incubated in an of the dried gel, by the appearance of a 34mer resulting from the joining of
adenylation assay in the presencepdE[a-32P]ATP and then loaded ontoa10%  oligos a and b. Lane 1, denatured substrate; lane 2, ligation in the presence of
SDS-polyacrylamide gel. The extent of self-adenylation was revealed by1mM ATP; lane 3, ligation in the absence of ATP. The position of the adenylated
autoradiography of the dried gel. The His-T4 protein and the mutants able to carngubstrate is indicated by an arrowhead.
out self adenylation were challenged in blunt-end (B) and nick joining (C) assays
(see Materials and Methods for detaiB).His-T4 (0.1ug), His-CA57 (2ug) and ) . . . ) )
His-N-A80 (2g) proteins were incubated in a standard blunt-end ligation assayinvestigated under which conditions the His-T4 enzyme shifted a
(C) His-T4 (0.1pg), His-CA57 (2g) and His-NABO (1ug) proteins were  double-stranded 34mer containing a ligatable nick on one strand
incubated in a standard nick joining assay. Ligation products were denaturedgaa Fig. 3). It is worth underlining that the substrate, formed from
resolved on an 8% sequencing gel and the extent of the reaction was revealed ' .| d oli | id . inal ,h h lated
autoradiography. The position 8#ploligo(dThe is indicated by an arrow. tiree annealed oligonuc eO.tI QS,_ C,O”ta'”s asingie p OSp_ OrY ate
5'-end and therefore only nick joining, and not blunt-end ligation,
an occur. Since a significant fraction of His-T4 was still
Benylated at the end of the purification protocol (not shown), nick
joining took place even in the absence of ATP and hence a
o 32p-labelled 34 nt single-stranded oligonucleotide was detectable
ATP binding on an 8% sequencing gel (Fig. 3). As a result a deadenylated
All the His-tagged proteins were tested for their ability tnZyme was produced after a nick joining reaction carried out in
covalently bind ATP, the first step of the ligation reaction. Equdhe absence of cofactor. Under these conditions a major retarded
amounts of proteins (100 ng) were incubated at room temperat@h@d' whu;h increased with protein concentration, was detected by
for 20 min in the presence of jiCi [a-32P]ATP and, after EMSA (Fig. 4A). The retarded band was detected_ at a pro-
SDS-PAGE fractionation, the extent of protein adenylation wd§in:DNA molar ratio of 1:1 and no further bands with slower
determined by autoradiography (Fig. 2A). The HiA80 mutant electrophoretlc mobility were produced at higher ratios, suggesting
showed an adenylation level comparable with that of His-Ti1at @ single molecule of enzyme was bound to each double-
(50%), ruling out a major involvement of the first 80 amino acidstranded oligonucleotide. A few minor bands were also detected
in the reaction. This was not unexpected, since such a regior18t altogether accounted for a few percent of the major retarded
absent in the otherwise similar T7 DNA ligase. In contrast botpand. Because of their low relative abundance and since they were
C-terminal deletions affected the adenylation reaction, althoudl9t reproducibly observed, these bands were not the subject of
to different extents. While removal of the ‘conserved peptid urther investigation. Itis likely that these protein—-DNA complexes
(His-C-A57) still allowed some residual activityl0%), we result from non-specific contacts between the enzyme and the
failed to observe adenylation of the HisAC37 mutant (Fig. 2A). substrate. The same major retarded band was also detectable in th
As expected, the His{§d_ substitution mutant was completely Présence of AMP or when an excess of PPi, which reverses the
inactive. In those cases in which adenylation was detected,aﬁ‘e”ylat'on reaction, was added to the assay (Fig. 4B). On the other

order to assess the effect of the introduced modifications on t
catalytic properties of the enzyme.

could be reversed by 5 mM PPi (not shown). hand, band shift was affected by increasing condamtszof ATP
and completely abolished at ATP concentrations higher than the
DNA binding Km (Fig. 4C). The same effect was observed in the presence of

0aS-ATP (Fig. 4B). An informative result was obtained when dATP
In order to characterize the DNA binding properties of T4 DNAvas used. We have previously repo(i2tl) that T4 DNA ligase
ligase, all the tagged proteins were challenged in EMSAs. We fitlsinds dATP and that the resulting complex, more stable than that
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labelled at both 'sends, was the substrate in the blunt-end

in the self-adenylation reaction (not shown). The remaining two
mutants were able to carry out nick joining, although to a lower
extent than expected from their reduced ability to perform the
" - '-’-,lo self-adenylation step. A 10-fold molar excess of HiA80-
w produced a level of oligo(dfg multimerization lower than that

A B
J— i azEge ligation. Again, ligation was revealed by the appearance of
123 s 56 T3 multimers on an 8% sequencing gel. Both HiAX37 and
24 ' ML A His-K15d. mutants had neither nick joining nor blunt-end
“.“ e ee o~ ligation activity, consistent with the fact that they were inactive

i k
produced by 100 ng His-T4 (Fig. 2C). In the case of HIS6T-
only few multimers were obtained with a 20-fold molar excess
(Fig. 2C), suggesting an even more dramatic effect. It is worth
- P-——— noting that the ligation assay appeared to amplify the differences

c
ATP
: L ¢ 2 already detected by the self-adenylation assay, just as other

. ) .“ s properties (overall protein structure or affinity for the substrate)
. ' contributed to the final joining activity.

Interestingly, both His-@57 and His-NA80 were completely

- inactive in the blunt-end ligation assay (Fig. 2B). Their inability
to carry out blunt-end ligation could correlate with their inability
N N h " to form a stable complex with the substrate.

AMP-dependent DNA relaxation activity

Figure 4. Characterization of the DNA binding properties of the His-T4 Similarly to mammalian DNA ligase |, T4 DNA ligase can relax
enzyme. The same double-stranded oligonucleotide shown in Figure 3 wasupercoiled DNA in an AMP-dependent reaction that could be
used inband shift assays as described in Materials and MekpBlan@i shift__ referred to as the ‘reverse reactih8). From the kinetics of the

in the absence o and in the presence of increasing concentrations : . - .
His-T4 (e). Lanes 1-6, 0.01, 0.05, 0.1, 0.5, 1 apg &f protein respectively. feaction and from the absence of nicked DNA in the final
The position of the retarded band is indicated by an arrow, while free oligo ifroducts it was inferred that DNA ligase acts processively
indicated by an arrowhead)(1 g of protein was tested in EMSA in the  through a nicking/closing mechanism similar to that proposed for

presence of different cofactors (as indicated at the top of the figure) at DNA topoisomerases (5). In contrast to both type | and || DNA

concentration of 1 mM.Q) EMSA carried out with Jug of protein in the poisomerases DNA "gases appear to be unable to covalently
absence (lane 1) or presence of decreasing amounts of cofactor (lanes 2—7, . .

25,12.5,5, 2.5 and 1.2/ respectively).D) EMSA with 1pig His-T4 (lane 1) ihd DNA (3,5), inplying that the two classes of enzymes
or His-Kysd_ (lane 2). catalyse DNA relaxation through different mechanisms. In order

to better characterize this activity we analysed all the mutants in
& DNA relaxation assay. As shown in Figure 5A (lanes 8-11),

formed with ATP, is inactive in the ligation reaction. Also, th .
deoxyadenylated enzyme was unable to shift the oligonucleotigg"e of the deleted mutants had AMP-dependent DNA relaxation
Ctivity. This was unexpected where the N-terminal mutant was

(Fig. 4B). Overall, these results indicate that the stability of th@ 4. si it sh dd bl If-adenviati d nick
enzyme—DNA complex depends on adenylation state. When eittf@ncerned, since it showed detectable seli-adenylation and nic
ing activity. Even more surprisingly, the Higgg. substitu-

no cofactor was added or the concentration of ATP was lower th%?] mutant. Although unable to covalently bnd ATP. and join

theKn, (1.4x 1079) (13), thus slowing thed@nylation reaction, the X X
deadenylated enzyme seemed to stall on DNA as a stable com é%‘ f][agm_entﬁ,, showed AMfAﬁge?‘qent endonuclecl):)l?mc afCtIIIV_
(S complex). In contrast, only a very transient complex (T-com 1t 0 28 BT BT T i ed DA (Fig,
plex) should form in the presence of adenylated enzymgA)' Differing from the wild-type protein (Fig. 5A, lane 2), the

Consistent with this conclusion, the Higgd. substitution : ; . .
mutant, which was unable to carry out self-adenylation, respondgifK15d- mutant did not show any DNA topoisomerase-like

efficiently to EMSA on either a nicked (Fig. 4D, lane 2) or aactivity. Instead, after either prolonged incubation (not shown) or

i it I the presence of high levels of protein (Fig. 5A, lane 6), linear
double-stranded (not shown) DNA, indicating that the mutate NA was also detected. The nicked DNA obtained as a final

lysine residue is not involved in DNA recognition. For the sake duct d substrate f -t DNA I
completeness, all the deletion mutants were challenged in EM$AOCUCt was a good substrate for wiid-type Igase,

in the absence of ATP. None of them was able to shift the substrigicating that ligatable ends were produced (Fig. 5B). In
(not shown). contrast, the same DNA appeared to be a poor substrate for T4

polynucleotide kinase after extensive exposure to calf intestinal
phosphatase, suggesting tHag¢hds were covalently bound to an
AMP molecule (not shown).

All the mutants were challenged in both nick joining and

blunt-end ligation assays. As a substrate in the nick joining|jscussiON

reaction we usetfP-labelled oligo(dT)s annealed to poly(dA).

The ligation products were loaded onto an 8% sequencing gel dndhis paper we report a functional characterization of T4 DNA
the efficiency of the reaction was qualitatively estimated by thiggase carried out by means of His-tagged versions of the
extent of oligo(dT)s multimerization. A double-stranded 18mer, wild-type and of four mutated enzymes (Table 1). Three of the

Ligation properties
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A analysis we used a band shift assay in which a double-stranded
oligonucleotide containing a ligatable nick on one strand was
used as substrate. As soon as the enzyme is added to the reactior
even in the absence of cofactor, the nick is sealed and a
non-ligatable substrate with no phosphorylatedngls is pro-
duced. In the presence of cofactors, such as AGSETP, no
band shift is detectable; on the other hand, DNA binding must
have occurred, since the nick is efficiently closed. These data
suggest that in the presence of active cofactors the protein—-DNA
complex is very transient (T-complex). In contrast, a stable
complex (S-complex) is formed when the enzyme is deaden-
ylated: (i) when neither proper cofactor nor analogues unable to
support enzyme adenylation are present; (ii) when Lys159 in the
AMP binding site is mutated; (iii) when an excess of PPi, which
reverses the adenylation reaction, is added to an ATP-containing
mixture; (iv) when the ATP concentration is belowkpevalue
and enzyme turnover is greatly reduced. On the basis of these
observations we propose a three step model to explain the mode
Figure 5. DNA relaxation activity of the different His-tagged proteins. ¢ 5 ~tion of DNA ligase. (i) In the presence of ATP the adenylated
(A) 0.2ug pUC19 vector were used in DNA relaxation assays in the presence .
(+) or absence () of 1 mM AMP. Lane 1, substrate; lanes 2 and @g0.1 €nzyme scans a DNA molecule through successive T-complexes
His-T4; lanes 4 and 5, O His-Ky5d.; lanes 6 and 7, fig His-Kisd.; lanes in search of a phosphorylateehd. (i) Upon transfer of the

8and 9, 21g His-CAS7; lanes 10 and 11,18 His-N/A80. B) The reaction  adenylate group to the phosphorylatéerid, a deadenylated
product obtained with His46d_ in the presence of AMP (lane 2) was purified

and an aliquot was ligated in the presence of T4 DNA ligase (lane 3). Gels wergr|Zyme is prpduced that stalls on DNA until a_ SUita,bhma

run in Ix TAE electrophoresis buffer containingud/ml ethidium bromide. ~ 0€COmMes available to complete the reaction. During this phase the
Lane 1, supercoiled pUC19. n, nicked; sc, supercoiled; r, relaxed. nucleotide binding pocket is probably still occupied by the AMP
molecule, although no longer covalently bound to thegK

) _ ) ) residue. (iii) The ligation reaction is completed when AMP is
mutants bore either N- (His-A80) or C-terminal (His-@57  released and the enzyme is recycled by a new ATP molecule.
known to be covalently bound to AMP during the first step of thgjynt-end ligation. As schematically depicted in Figure 6, an

reaction(22), was suliguted by a leucine. Several interestings_comp|ex between DNA and the enzyme would form upon
conclusions emerge from this analysis. First, T4 DNA ligasg ey jation of a'gend. This complex, the real intermediate of the
seems to differ from the T7 enzyme, recently characterized at

. A7 ; ction, would survive long enough to allow contact with
structural level (12), with regard to the DNAling properties. ., iner” pNA - fragment angl hencg completion of ligation.
Isr;]];e\l;:] \tl\éh'slﬁi?t iGdkOIi%|Ce::§rrg]r:g::jd;$glr?uggoz$ Abg?ﬁ ?ﬁ ewa%ccording to this model, blunt-end ligation would proceed
N- and C-terminal portions of the T4 enzyme are required ?rough two successive second order reactions ([free enzyme]

AMP + - % = + = + = ¢ =
8 91011

detect a stable protein—~DNA complex by EMSA. The failure o ree DNAJ - [S-complex] X [fre_e DNA.]_' [free enzy”?e]x
the T4 ligase mutants to form a stable complex with DNA appeatidated DNA]), rather than a single third order reaction ([free
to correlate with their inability to perform blunt-end ligation.8nZyme] X [free DNA] x [free DNA]- [free enzyme]x
However, since two of these deletion mutants (H&8G-and  [ligated DNA]). On the basis of this we predict that low levels of
His-C-A57) still possess nick joining activity, we conclude thaf"TP would increase the rate of blunt-end ligation. In agreement
these deletions do not affect the catalytic domain. Altogethekith our model, the efficiency of blunt-end ligation is significantly
these results suggest that the mode of binding of the enzymdrereased at an ATP concentration of RM (R.Rossi and
DNA plays a central role in the joining reaction. A.Montecucco, unpublished observation). According to this
In addition we have investigated whether enzyme adenylationodel the inability of the deletion mutants to carry out blunt-end
could influence the stability of the ligase—DNA complex. For thi§igation would result from their inability to enter an S-complex.

Table 1.Results of the functional characterization of the His-tagged versions of wild-type T4 DNA ligase and of four mutated enzymes

Protein ATP binding Nick joining Blunt-end ligation AMP-dependent  DNA binding
activity

His-T4 +++ +++ +++ DNA relaxation +++

His-N-A80 ++ ++ - - -

His-C-A57 + + - - -

His-C-A137 - - - -

His-K159- - - - DNA nicking +++
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AMP

ATP P —T—

Jr Blunt end

SeCOMPLEX TeCOMPLEX

. T*COMPLEX

Figure 6. A three step model of the T4 DNA ligase activity. Step I: the adenylated enzyme scans the DNA molecule through successive T-complexes in searc
suitable 5-phosphorylated ends. Step II: as soon aphdsphorylated end is found, the adenylate group is transferred from the enzyme to DNA and the deadenylate
enzyme stalls on itin an S-complex. Step Ill: wher@H8end is available, completion of the reaction is quick and in the presence of ATP the enzyme is readenylatec
to start a new cycle.
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