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Human DNA ligase III contains an N-terminal zinc finger
domain that binds to nicks and gaps in DNA. This small domain
has been described as a DNA nick sensor, but it is not required
for DNA nick joining activity in vitro. In light of new structural
information for mammalian ligases, we measured the DNA
binding affinity and specificity of each domain of DNA ligase III.
These studies identified two separate, independent DNA-bind-
ing modules in DNA ligase III that each bind specifically to
nicked DNA over intact duplex DNA. One of these modules
comprises the zinc finger domain and DNA-binding domain,
which function together as a single DNA binding unit. The cat-
alytic core of ligase III is the second DNA nick-binding module.
Both binding modules are required for ligation of blunt ended
DNA substrates. Although the zinc finger increases the catalytic
efficiency of nick ligation, it appears to occupy the same binding
site as the DNA ligase III catalytic core. We present a jackknife
model for ligase III that posits conformational changes during
nick sensing and ligation to extend the versatility of the enzyme.

DNA ligase III is one of three mammalian DNA ligases (Lig],
Liglll, and LigIV)? that function in different DNA replication
and repair pathways. Ligl is the major replicative ligase with
limited functions in some DNA repair pathways (1-4). LigIV
joins DNA double-stranded breaks in the nonhomologous end
joining and during V(D)J recombination in the developing
immune system (5). LiglII functions in a variety of DNA repair
pathways, including single-stranded break repair, base excision
repair, and nucleotide excision repair. A recent report indicates
that LiglII also functions in a back-up pathway for nonhomolo-
gous end joining when the major NHE] pathway is compro-
mised (6 —8). LiglII is the only DNA ligase present in mamma-
lian mitochondria and probably participates in all DNA repair
and replication activities in that organelle (9—11). Inactivation
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of the LIGIII gene causes early embryonic lethality (12), high-
lighting the essential function(s) of this enzyme.

LiglII and its partner protein XRCC1 interact with aprataxin,
a phosphodiesterase that removes the 5'-adenylate group from
abortive ligation intermediates arising from unsuccessful
attempts at joining DNA strands with damaged termini (13).
Left unrepaired, these abortive ligation intermediates are cyto-
toxic and especially dangerous in irreplaceable, post-mitotic
cells such as neurons. Mutation of aprataxin causes ataxia ocu-
lomotor apraxia-1, a neurodegenerative disease (14, 15). Thus,
promiscuous substrate selection by LiglII poses a risk for the
development of some neurodegenerative diseases.

Despite their distinct biological roles, the three mammalian
ligases utilize the same reaction mechanism (Fig. 1) (16, 17) and
have similar core structures, including a highly divergent DNA-
binding domain (DBD) and a well conserved catalytic core (CC)
made up of the nucleotidyltransferase (NTase) and oligonu-
cleotide/oligosaccharide-binding domains (OBD) (18, 19).
Together, the DBD and CC enable mammalian ligases to fully
encircle a DNA substrate, stabilizing a highly distorted, par-
tially underwound structure that positions the DNA termini
within the active site (18). The DBD of Ligl was shown to be
essential for DNA nick joining activity, and it makes the great-
est contribution of any domain to DNA binding affinity (18).
DNA ligases of bacteria and viruses also appear to be capable of
wrapping around DNA (18, 20). Escherichia coli LigA and
related NAD-dependent ligases have a C-terminal helix-hair-
pin-helix domain that functions similarly to the N-terminal
DBD of Ligl (20, 21). Even Chlorella virus ligase, which is the
smallest known eukaryotic DNA ligase and lacks a DBD, has a
small latch structure that allows the enzyme to fully encircle the
DNA (22).

The CC of DNA ligases contains five conserved sequence
motifs that include the catalytic lysine and residues surround-
ing the ATP-binding pocket (18, 23-25). The mammalian
ligases contain additional domains that mediate protein-pro-
tein interactions targeting these enzymes to specific pathways
(26, 27). For example, Ligllla contains a C-terminal BRCA1
C-terminal domain that interacts with XRCC1 (27-30).
LiglIIB, an isoform of LiglIl expressed in the testis during the
latter stages of meiotic prophase, lacks the C-terminal BRCA1
C-terminal domain and does not interact with XRCC1 (30, 31).

LigllI is distinguished from other DNA ligases by the pres-
ence of a unique zinc finger domain that improves ligation effi-
ciency by an unknown mechanism (32-35). The sequence and
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FIGURE 1. DNA ligation reaction. The reaction mechanism shared by ATP-
dependent ligases has three catalytic steps. First, the ligase adenylates itself
on an active site lysine to form an enzyme-AMP intermediate. The AMP group
is then transferred to the 5'-phosphate of the nicked DNA (step 2) before a
phosphodiester bond is formed during step 3 to yield the ligated product. All
three catalytic steps require magnesium or another divalent metal. The bind-
ing assay, performed in the absence of magnesium, measures the dissocia-
tion constant of adenylated ligase binding to DNA. DNA end joining activity
measured under single turnover conditions with adenylated DNA ligase IlI
reflects the rate of steps 2 and 3, without the contribution of step 1 or disso-
ciation of the ligated DNA product.

structure of the LigllI zinc finger (ZnF) identify it as a member
of the poly(ADP-ribose) polymerase (PARP) family of zinc fin-
gers (32). The two N-terminal zinc fingers of PARP1 bind to
DNA breaks, particularly single-stranded breaks (36, 37).
PARP-like zinc fingers also recognize flexible joints within dou-
ble-stranded DNA, typically favoring gaps of any size over nicks
(38), and two enzymes with PARP-like zinc fingers have been
shown to bend DNA 73-102° upon binding (39, 40).

The LiglII ZnF reportedly binds specifically to nicks, and
deletion of the ZnF reduces affinity for DNA secondary
structures, including nicks, flaps, gaps, and Holliday junc-
tions (32, 33, 35). However, the ZnF is not required for enzy-
matic activity in vitro or to complement an E. coli ligA
mutant (33). Although a recent NMR structure of the LiglIII
ZnF identified several residues with resonance peaks that
shift in the presence of DNA, the mode of nick recognition
by the zinc finger and its biological significance have not
been established (32). In LiglII, the ZnF is immediately adja-
cent to the DBD of the catalytic core. Notably, the potential
influence of the DBD was not considered during the initial
studies characterizing the LigIII ZnF.

Here we report a quantitative analysis of the DNA binding
and nick recognition functions of the constituent domains of
LiglIl. We demonstrate that LiglII has two independent DNA-
binding modules participating in two different modes of nick
recognition. The ZnF alone fails to bind tightly or specifically to
nicked DNA. Instead, the ZnF functions in a cooperative man-
ner with the DBD to promote DNA end joining by LiglII. Fur-
thermore, we show that the ZnF is essential for double-
stranded break ligation activity in vitro, consistent with the
reported role of LiglIl in a backup pathway of NHEJ (8, 41, 42).
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EXPERIMENTAL PROCEDURES

Expression and Purification of LigllIB—The pQE-32 vector
containing full-length LigIIIB (herein referred to as LiglIl; Fig.
2) with an N-terminal histidine tag has been described previ-
ously (33). Expression of full-length LiglII followed the pub-
lished protocol, with two modifications. At the time of induc-
tion, 10 uM ZnCl, was added to the LB medium, and following
induction, the cultures were incubated at 16 °C for 16 h before
bacterial cells were harvested by centrifugation.

Full-length LigIII was purified using a protocol similar to that
previously reported (33). Bacterial cell pellets were resus-
pended in 50 mm Tris, pH 7.5, 50 mm NaCl, 2% Nonidet P-40
substitute, 1 mm phenylmethanesulfonyl fluoride (PMSF), 1
mM benzamidine-HCI, 10 mm B-mercaptoethanol, and 0.1 mm
EDTA. The cells were lysed by two passages through a high
pressure cell disrupter, and the lysate was clarified by centrifu-
gation at 30,000 X g for 1 h at 4 °C. The clarified lysate was
passed through a 0.45-um filter prior to loading on a P-11 phos-
phocellulose column. The P11 column was blocked with bovine
serum albumin and then pre-equilibrated with Buffer A (50 mm
Tris-HCI, pH 7.5, 10% glycerol, 50 mm NaCl, 1 mm PMSF, 1 mm
benzamidine-HCl, 5 mm B-mercaptoethanol) prior to loading
the cell lysate. After washing with Buffer A, LiglII was eluted
with a gradient from 50 mM to 2 M NaCl. Fractions containing
LiglIII were pooled and loaded onto a 5-ml HiTrap nickel Che-
lating column (GE Healthcare) equilibrated with Buffer B (50
mMm Tris-HCI, pH 7.5, 10% glycerol, 10 mm imidazole, 1 mm
PMSEF, 1 mm benzamidine-HCl, and 100 mMm NacCl). LiglIl was
eluted stepwise with Buffer B containing 100, 300, and 500 mm
imidazole. Fractions containing LigIII were pooled, concen-
trated, and loaded onto a Sephadex S200 (GE Healthcare) gel
filtration column equilibrated with Buffer C (50 mm Tris-
HC], pH 7.5, 100 mm NaCl, 2 mm dithiothreitol (DTT), 0.1
mMm EDTA). Purified protein was concentrated to 30-40
mg/ml, flash-frozen in liquid nitrogen, and stored at —80 °C.
The protein concentrations were determined by absorbance
at 280 nm in 6 M guanidine HCl using the calculated extinc-
tion coefficients.

Cloning, Expression, and Purification of Liglll Domains—
LigIIl domains (Fig. 2) were cloned into pET-28a with an N-ter-
minal hexahistidine tag and expressed in E. coli BL21(DE3)
cells. The cells were grown in LB medium containing kanamy-
cin at 37 °C. The cultures were induced with 1 mm isopropyl
thiogalactoside and supplemented with 1 um ZnCl, if the LigIII
domain being expressed contained the zinc finger domain. The
cultures were then incubated at 37 °C for 2 h, and the cells were
harvested by centrifugation. Bacterial cell pellets were stored at
—20°C.

Thawed bacterial cells were resuspended in Lysis Buffer (50
mM Tris-HCI, pH 8, 500 mm NaCl, 2% Nonidet P-40, 0.5 mm
PMSF, 5 mm B-mercaptoethanol, 1 mm benzamidine-HCI, 1
pg/ml aprotinin, 5 wg/mlleupeptin, 0.7 wg/ml pepstatin A) and
lysed by two passages through a high pressure cell disruptor.
The lysate was clarified by centrifugation at 30,000 X gfor 1 hat
4. °C and passed through a DE52 column. The clarified lysate
was loaded onto a 5-ml HiTrap nickel chelating column (GE
Healthcare) equilibrated with Buffer A (50 mm Tris-HCI, pH 8,
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FIGURE 2. Constructs and substrates used in this study. A, DNA encoding deletions of Ligll|3 were cloned into pET-28a with an N-terminal hexahistidine tag.
The N- and C-terminal amino acids are listed for each construct that span the following domains: ZnF, DBD, NTase, and OBD. B, DNA substrates used in the
fluorescence anisotropy binding experiments and end joining assays are shown. For DNA binding experiments, the template strand was 5’ fluorescein-labeled,
as denoted by the asterisk. DNA end joining was assayed using substrates radiolabeled with *?P on the 5’ terminus of the downstream strand. C, multiple
sequence alignment of human DNA ligases showing only the conserved DBD, NTase, and OBD domains. The flanking N- and C-terminal sequences of the
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full-length proteins are not shown. Identical residues are highlighted, and conserved residues are boxed (18).
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500 mm NaCl, 0.5 mm PMSF). Following a wash with Buffer A,
the LigIIl domains were eluted stepwise with Buffer A plus 100,
300, and 500 mm imidazole. Fractions containing the LiglII
domain were pooled, and the salt was diluted to 80 mm NaCl by
the addition of buffer B (50 mm Tris-HCI, pH 7.5, 0.5 mMm PMSF,
0.1 mMm EDTA, 2 mm DTT). This was loaded onto a HiTrap
S-Sepharose column (GE Healthcare) equilibrated with Buffer
B plus 100 mm NaCl and eluted with a gradient up to 1 M NaCl.
Fractions containing the LiglIl domain were pooled, concen-
trated, and loaded onto a Sephadex S200 gel filtration column
equilibrated with Buffer C (50 mm Tris-HCI, pH 7.5, 100 mm
NaCl,2mMm DTT, 0.1 mm EDTA). Purified protein was concen-
trated to 30—40 mg/ml, flash-frozen in liquid nitrogen, and
stored at —80 °C. Protein concentration was determined by
absorbance at 280 nm in 6 M guanidine HCl using the calculated
extinction coefficients.

DNA Binding Assays—The change in fluorescence polar-
ization of a DNA duplex containing a 5'-labeled strand was
measured to determine the DNA binding affinity of LiglII
and its domains. A 28-nucleotide oligomer (GTGCTGAT-
GCGTCGTCGGACTGATTCGG) with a5’ 6-carboxyfluores-
cein label was annealed at equimolar concentrations to a com-
plementary 28-mer to make an intact duplex DNA or to two
complementary strands, 13-mer (GTGCTGATGCGTC), and a
15-mer (GTCGGACTGATTCGG) to make a nicked DNA sub-
strate for ligation (Fig. 2B). Duplex DNA oligomers (25 nm)
were mixed with protein at concentrations ranging from 50 nm
to 30 um, reaction buffer (50 mm MOPS-KOH, pH 7.5, 1 mm
DTT, 50 ug/ml bovine serum albumin, 10 mm EDTA), and
NacCl at the listed concentration in a total reaction volume of
150 ul. ATP and divalent cations were omitted to prevent liga-
tion of the substrates. A 2-mm cuvette was used. The data were
collected at 22 °C with a C-60 spectrofluorometer (Photon
Technology International), using excitation and emission
wavelengths of 495 and 520 nm, respectively. Apparent K, val-
ues for the DNA (Kpya) Were calculated by fitting the data to
the equation (18): 7 = ry + (r. — 7o)*f where ris the fluores-
cence anisotropy determined experimentally and f = p*d/
([DNA] + K,) with p = [Protein]/(1 + d/K,), and d = (—[Pro-
tein]/K, + [DNA]/K, — 1 + sqrt[([Protein]/K, — [DNA]/K , +
1)? + (4 * [DNA]/K)])/(2/K ).

DNA Ligation Activity of Liglll and AZnF—The single-
stranded DNA nick ligation activities of LigIIl and AZnF were
measured in a single turnover reaction at 4 °C to retard the
reaction to a measurable rate. The nicked DNA substrate was
identical to the one used in the DNA binding experiments, but
without the 5’ 6-carboxyfluorescein label. The 15-mer was
5'-radiolabeled with polynucleotide kinase. 15-mer (0.5 um),
[y-**P]ATP (0.5 um), 1X polynucleotide kinase buffer (70 mm
Tris-HCI, pH 7.6, 10 mm MgCl,, 5 mm DTT), and 0.5 unit/ul
polynucleotide kinase were mixed in a 20-ul reaction and incu-
bated for 25 min at 37 °C. The reaction was arrested by incuba-
tion at 65 °C for 10 min and 95 °C for 5 min.

Labeled DNA was annealed in equimolar concentrations to
the template 28-mer and the upstream 13-mer. 0.25 nm DNA
duplex was mixed with an excess of protein in reaction buffer
(50 mm HEPES, pH 7.5, 120 mm NaCl, 50 pug/ml bovine serum
albumin, 5 mm MgCl,, 5 mm DTT, 1 mm ATP) in a 55-ul reac-
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FIGURE 3. Deletion of the ZnF domain lowers the catalytic efficiency of
end joining. A and B, purified Liglll (A) or AZnF (B) was assayed for DNA end
joining activity in a single turnover assay. The rate of ligation of nicked DNA
(0.25 nm) was measured at different enzyme concentrations (1.5, 2.5, 5, 10, 30,
75, 150, 300, or 600 nm). The extent of ligation over time was monitored by
periodically removing and quenching aliquots of the reaction (15 s, 30 s, 1
min, 2 min, 4 min, 10 min, 1 h, 2 h, or 3 h) for reactions performed at 0 °C to
slow ligation to a measurable rate. C and D, observed rate constants (k) for
each protein concentration were plotted to determine the rate constant (k)
and Michaelis constant (K,,,) for Liglll (C) or AZnF (D).

tion. To evaluate the extent of ligation as a function of time, the
aliquots were removed and quenched periodically over the
course of the reaction. The reaction was quenched by the addi-
tion of EDT A-formamide and incubation at 95 °C for 5-10 min.
The 15-mer substrate was separated from the 28-mer ligated
product by denaturing PAGE. Both substrate and product
bands were quantified by a phosphorimaging device (Fuji
BAS1000).

Catalytic Core Complementation with DBD or ZnF-DBD—
Ligation activity of the CC was measured in a single turnover
reaction at 25 °C. A higher temperature was used for the CC
than for Liglll and AZnF to increase its ligation rate. The nicked
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DNA substrate and labeling reaction were identical to the one
described above. 4 nm DNA duplex was mixed with 100 nm CC
and various concentrations of DBD or ZnF-DBD in reaction
buffer (50 mm HEPES, pH 7.5, 120 mm NaCl, 50 ug/ml bovine
serum albumin, 5 mm MgCl,, 5mM DTT, 1 mm ATP) in a 46-ul
reaction. As described above, the aliquots were removed and
quenched periodically over the course of the reaction. The sep-
aration and quantitation of substrates and products are also
described above.

Ligation of Substrates with Blunt Ends or Short Overhangs—
Ligation activity on DNA substrates with blunt or sticky ends
(complementary 2-bp 5" overhangs) was measured in a multiple
turnover reaction at 30 °C. As shown in Fig. 7, the substrates
contained only one 5'-phosphate and one 3'-hydroxyl to allow
ligation in only one orientation. The top strand of the blunt
substrate had the sequence 5'-GTCGGACTGATTCGGGCT-
GGAGGACG; the bottom strand had the sequence (5'-GTC-
CTCCAGCCCGAATCAGTCCGAC. The sticky end substrate
was constructed by annealing the top strand of the blunt sub-
strate to a bottom strand with a two-nucleotide overhang on
the 3’-terminus (5'-GTCCTCCAGCCCGAATCAGTCCGA-
CAT). A diagram of the substrates with blunt ends or short
overhangs is shown in Fig. 7A. 4 nm blunt or sticky end substrate
was mixed with 100 -1000 nm LigIIl or AZnF in reaction buffer
(50 mm HEPES, pH 7.5, 50 pg/ml bovine serum albumin, 5 mm
MgCl,,5mMm DTT, 50 mm NaCl, 1 mm ATP) in a 20-ul reaction.
Quenching of the reactions and separation of substrate and
products are described above.

RESULTS

Comparison of DNA Ligation Activity of Liglll and AZnF—
Although the ZnF of LiglII is not required for enzymatic activity
in vitro (33, 34) or to complement E. coli cells lacking the
endogenous LigA protein (33), it does broaden the DNA sub-
strate specificity of LigIII (34, 35). To determine how the ZnF
contributes to the mechanism of ligation, we examined the

kinetics of DNA nick joining in vitro using a single-turnover
ligation assay. This assay reports on the kinetics of the DNA-
dependent steps of the end joining process (i.e. DNA binding,
adenylation, and nick joining) independent of enzyme adenyla-
tion or product release. As previously reported, the ZnF is not
required for ligation of a single-stranded nick (Fig. 3, A and B).
Deletion of the ZnF actually increases the k., 10-fold, from
0.0020 = 0.0001 s~ ' for LigllI to 0.020 = 0.001 s~ ' for AZnF
(Fig. 3, Cand D). However, the K, for DNA is enhanced 50-fold
for Liglll (K,, = 0.9 = 0.3 nMm) in comparison with the AZnF
protein (K,, = 50 = 10 nm). These differences are reflected in a
5-fold higher catalytic efficiency of LigllI (k_,/K,, = 2 X 10°
M~ ' s™!) compared with AZnF (k. /K,, = 4 X 10° M~ 's™").

The 50-fold increase in K, for DNA caused by deletion of the
LiglIl ZnF suggested that the ZnF may help stabilize the DNA
in the active site of LigIIl. We therefore measured the DNA
binding affinities of LiglIl and AZnF for nicked and intact
DNA duplexes. Fluorescence anisotropy measurements with
labeled DNA duplexes were performed in the absence of
divalent cations to prevent ligation. We confirmed that Step 2
transfer of AMP to the DNA 5'PO,, does not occur under these
conditions (data not shown). In 80 mm NaCl, LigIII binds non-
specifically to DNA, showing equal affinity for nicked and intact
DNA (Kppa = 0.23 = 0.06 uM and 0.24 = 0.05 um, respectively;
Table 1). Because 80 mMm NaCl is well below the optimal salt
concentration for ligation by LiglII (33), binding measurements
were repeated at 250 mm NaCl. Under these conditions, LiglII
binds specifically to nicked DNA (K. = 0.3 = 0.08 um) and
does not bind measurably to duplex DNA (>20 uwm; Fig. 4 and
Table 2). This is in contrast to Ligl, which is strongly inhibited
by elevated salt concentrations (18).

Deletion of the ZnF did not significantly change LigIIl DNA
binding affinity, nor did it abrogate the specificity of the enzyme
for a nicked substrate (Fig. 4 and Table 2). The AZnF binds to
nicked DNA with an affinity of 0.63 = 0.24 um and to intact
duplex with an affinity of >30 um in 250 mm NaCl. This indi-
cates that the nick binding activity of LigIII is not solely depend-

TRBLE 1 he ZnF domain. I Ligl, which lacks a ZnF
DNA binding affinities (Kyya, ptm) measured in 80 mm NaCl egt upon. the Zn . omain. .n contrast, Ligl, W. 1 . ac. $a Znt,
Ni fails to bind selectively to nicked DNAs (18), highlighting func-
icked duplex Intact duplex . .
Liglll 023+ 006 024+ 005 tional dlflferel?ce.s between these structurally related enzymes.
ZnF 22+05 14 %02 The dissociation constants measured for DNA binding by
DBD >20 >30 : : : :
7 EDBD 0.36 = 0.06 04+ 003 ngIII. and AZnF‘are hlgher than the Michaelis anstants meas-
AZnF 0.22 * 0.05 0.84 + 0.2 ured in enzymatic activity assays (Table 2). The divalent cations
cc 0.75 = 007 0.68 = 007 that are present in enzymatic activity assays but absent from
|GV S (B) < .,
< ! < < 12
F F o
5 5 s 19
: 2 S o8
(=% (=% (=%
3 3 3 06
S S <]
E w T 04
g g g
8 8 g 02 —
w w i . A—
¢ 0.6555
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[Ligi], M [4ZnF], M [Z0F], M

FIGURE 4. The zinc finger of Liglll contributes DNA binding affinity and specificity. Binding of Liglll (A), AZnF (B), and ZnF (C) to DNA was measured by
fluorescence anisotropy in buffer containing 250 mm NaCl. The DNA substrate was an intact duplex (O) or contained a single-stranded nick (e ). Nicked DNA

lacking the 3’-hydroxyl (¥) or the 5'-phosphate (A) was also assayed.
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DNA binding assays may increase the affinity for nicked DNA.
Alternatively, if adenylation of the DNA substrate is not a rate-
limiting step for the single turnover reaction (Fig. 1), then the
K, value measured in our single turnover assay could reflect
contributions from both DNA binding and adenylation.

The isolated ZnF domain binds weakly to DNA, with about
10-fold less affinity for nicked DNA than the LiglIl or AZnF
enzymes in low salt conditions (80 mm NaCl). In high salt con-
ditions (250 mm NacCl), the ZnF does not bind measurably to
DNA. Although the ZnF significantly enhances the catalytic
efficiency of LigllI, it is neither necessary nor sufficient for the

Liglll Structure-Activity

DNA binding activity and nick specificity of LiglIl. We there-
fore explored the contributions of the other LiglII domains to
these activities.

A Second DNA Nick Sensor in Liglll—The DBD of human
Ligl and Vaccinia DNA ligase accounts for most of the DNA
binding affinity of these enzymes (18, 43). In contrast, the DBD
is not required for LiglII to bind tightly to DNA, and the isolated
DBD does not bind tightly to DNA (Fig. 5D and Tables 1 and 2).
Inlow salt concentrations, the isolated DBD has an affinity of 21
uM for nicked DNA and 33 um for intact DNA (Table 1),
whereas the DBD shows no detectable binding in the high salt
conditions used for most of our activity assays (Fig. 5F and

TABLE 2 Table 2).
DNA binding affinities (Ko, pm) measured in 250 mm NaCl In contrast to the DBD, the CC of Liglll binds nearly as
Nicked duplex Intact duplex tightly to nicked DNA as the full-length enzyme (Kpy, =
Lielll 0307 008 o 0.46 + 0.15 uM versus 0.30 + 0.08 um; Table 2) and with slightly
DBD >30 >30 higher affinity than the AZnF enzyme (K, = 0.63 = 0.24
i;i’FDBD 026?, - (1)~§4 igg uM). The CC exhibits greater than 40-fold specificity for nicked
cC 0.46 = 0.15 =20 DNA versus an intact duplex (Table 2) and therefore constitutes
an independent DNA nick-binding
(A) oum 1uM 25uM 20 uM 40pM  [[DBD] module of LiglIl. In contrast, the CC
o — - : — :_.- = ;L’T&, of Ligl lacks measurable DNA bind-
ol ing activity (18).
Csssss pemssass | SSESSs | esiss |sssss . |ismer Stimulation of CC Ligation Activity
by Addition of the DBD in Trans—
(®) oM Tam 2.5 20uM 40uM | [ZnF-DBD] Although the DBD of LiglII is dis-
==c=q == e e | Time
- - 28mer pensable for DNA nick binding
T activity, it strongly augments the
mEmsss geSss  Sass.. (essSas | ssssa|ismer enzymatic activity of the CC. The
© ©) DNA nick ligation of the CC was
g 25 g barely detectable, even when
g 20- g b assayed at 25 °C (Fig. 5, A and B; 0
3 - g uM). At this elevated temperature,
§ g0 the rate of DNA nick ligation by the
'é Ly 98 04 CC was about 700-fold slower than
EZ 54 g that of intact LigIll measured at
S of § 0203 0°C. The addition of the DBD in
5_" % » * . o.mee trans stimulates DNA nick joining
o S 40 40 50 0 5 10 15 20 by the CC (Fig. 5A), perhaps by
[CC], uM helping to correctly position DNA

(E)

within the active site of the CC.

F:s < 10 Nonetheless, the DBD makes little
S S ol apparent contribution to the overall
) g affinity of Liglll for DNA (Fig. 5, D
g % 0.6 and F).
S Sl The ZnF and DBD of Liglll Func-
£ | tion Cooperatively—Whereas the
8 § 02 conserved DBDs of Ligl and LiglII
i i o %4 ~ & . L2 e
0_%% stimulate the DNA ligation activity
5 e P 15 50 5 i3 7 PR 20 of their cognate CC domain in trans
[ZnF-DBD], yM [DBD], uM (Ref 18 and Flg 5), the ngIH DBD

FIGURE 5. DNA end joining activity is stimulated by the DNA-binding domain of Liglll. Aand B, to measure
the stimulation of CC ligation activity by DBD and ZnF-DBD, purified CC (100 nm) was mixed with nicked,
radiolabeled DNA (4 nm) and increasing concentrations (1, 2.5, 5, 7.5, 10, 20, 30, 40, 60, and 80 um) of the DBD
(A) or ZnF-DBD (B). The extent of ligation at various times (30 min, 1, 2, 3, 6, or 9 h) was determined by
periodically removing and quenching aliquots of the reaction and measuring the extent of conversion of a
15-mer substrate to 28-mer ligated product. G, ligation activity of the CCis stimulated when the DBD is added
in trans (open circles) but inhibited when the ZnF-DBD is added in trans (closed circles). D-F, DNA binding by the
CC (D), ZnF-DBD (E), and DBD (F) was measured using fluorescence anisotropy. The affinity for nicked DNA (e ),
intact DNA (O), nicked DNA lacking a 3"hydroxyl (¥), and nicked DNA lacking a 5" phosphate (A) was measured.
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lacks robust DNA binding activity
(Table 1) in contrast to the DBD of
Ligl (18). The ZnF of LigIII has been
predicted to function as a DNA nick
sensor (32, 33), yet the ZnF shows
weak DNA binding activity (Table
1). Nonetheless, the ZnF contrib-
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FIGURE 6. The ZnF domain added in trans inhibits DNA ligation by AZnF
Liglll. A, increasing concentrations of the ZnF were added to reactions con-
taining AZnF (20 nm) and a nicked DNA substrate (4 nm). Ligation of the 15-
and 13-mer strands of the substrate generates a 28-mer product that was
detected during the time course of the reaction (5 5,30, 1 min, 5 min, 10 min,
and 50 min). B, the observed rate constants (k) for ligation were deter-
mined in the presence of the different ZnF concentrations shown. Increasing
concentrations of ZnF inhibit end joining activity by the AZnF enzyme.

1000 3000

utes significantly to the catalytic efficiency of LigllI (Fig. 3). To
reconcile these observations, we considered the possibility that
the ZnF functions in concert with the adjoining DBD of LiglII

To test this hypothesis, the DNA binding affinity of the tan-
dem ZnF-DBD construct was directly measured. Surprisingly,
the tandem combination of ZnF and DBD binds DNA with
much higher affinity than either domain alone (Fig. 5), rivaling
the affinity of full-length LiglII (Table 2). The cooperative DNA
binding behavior of the ZnF and DBD implies that these
domains together constitute a functional unit for DNA nick
sensing. In 250 mm NaCl, the ZnF-DBD fragment bound with
high specificity to nicked DNA, exhibiting more than 10-fold
higher affinity for nicked DNA (Kpya = 2.5 * 1.8 uMm; Fig. 5E
and Table 2) over intact duplex DNA (K4 > 30 uM). Thus,
the ZnF-DBD comprises a second, independent DNA nick-
binding module of LiglII

We then tested whether the ZnF-DBD can stimulate DNA
ligation by the CC when added in trans. The ZnF-DBD actually
inhibits the weak enzymatic activity of the CC (Fig. 5, Band C),
suggesting that this fragment competes for binding to the
nicked DNA substrate. The addition of the ZnF domain also
inhibits the nick ligation activity of the AZnF enzyme (Fig. 6).
Thus, the two independent DNA nick-binding modules of
Liglll, the ZnF-DBD and the CC, appear to have at least par-
tially overlapping DNA-binding sites.

DNA Structure-Activity Relationship and Nick Sensing—A
previous study indicated that the ZnF diversifies the substrate
specificity of LiglII (35). This led us to hypothesize that the CC
and ZnF-DBD DNA-binding modules may bind in different
ways or to different parts of the nicked DNA. In an attempt to
parse the roles of the different domains in nick binding and
catalysis, we tested whether the 3'-hydroxyl or 5’'-phosphate of
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TABLE 3

Effect of nick structure on DNA binding: DNA binding affinities (Kpya,
pm) measured in 250 mm NaCl

Ligatable nick ddC No 5’ PO,
LiglIl 0.30 £ 0.08 0.11 = 0.02 2.8 £0.27
ZnF-DBD 25+ 18 9.8 +23 51*31
AZnF 0.63 = 0.24 0.87 = 0.15 >30
CcC 0.46 £ 0.15 2.4 +0.7 >30

a nicked DNA substrate are selectively recognized by the CC
and the ZnF-DBD fragments of Liglll. In other ligases, the
5'-phosphate group strongly contributes to nick sensing activ-
ity (44), whereas removal of the 3’-hydroxyl has less effect (45).
This is also the case for Liglll because removal of the 3'-hy-
droxyl had no effect on nick sensing by LiglIl, whereas removal
of the 5'-phosphate reduced binding affinity by an order of
magnitude (Table 3). The ZnF-DBD fragment is relatively tol-
erant of modifications at the nick termini; its affinity was
reduced 4-fold by removal of the 3'-hydroxyl and 2-fold by
removal of the 5’'-phosphate (Table 3). In contrast, the CC is
more dramatically affected by the fine structure of the nick,
losing 10-fold binding affinity upon removal of the 3’-hydroxyl
and showing no DNA binding activity for a DNA nick lacking a
5'-phosphate. We confirmed that AMP is not transferred to the
5'-phosphate end of the DNA in these conditions (not shown).

With the DBD present, the nick sensing activity of the AZnF
protein is more tolerant of removal of the 3'hydroxyl, indicat-
ing that the DBD contributes to the intrinsic nick sensing activ-
ity of the CC in addition to being a component of the ZnF-DBD
DNA-binding module. Thus, intact LiglII has two nick sensing
activities: the relatively nonspecific nick binding activity of the
ZnF-DBD and the CC preference for a ligatable nick with both
a 3’ hydroxyl and a 5" phosphate.

Two Binding Modules of Liglll Stimulate Intermolecular
Ligation—The presence of two independent DNA-binding
modules in LigIIl may confer an advantage in the intermolecu-
lar ligation of two DNA molecules. Indeed, LiglIl efficiently
catalyzes the ligation of two DNAs with blunt or short comple-
mentary ends, whereas the AZnF protein is notably deficient in
this activity under assay conditions that support robust nick
ligation activity by AZnF (Fig. 7). In fact, LiglIl is significantly
more effective at blunt end ligation than T4 DNA ligase, an
enzyme routinely used for the shotgun cloning of blunt-ended
inserts into recombinant vectors (not shown). Thus, the ZnF of
the ZnF-DBD DNA-binding module plays a major role in inter-
molecular ligation, whereas it is relatively dispensable for sin-
gle-stranded nick joining in vitro.

DISCUSSION

The presence of an N-terminal ZnF distinguishes LiglII
from the other mammalian DNA ligases. Initial character-
izations of the LigIII ZnF failed to take into account the DBD,
which had not yet been identified and was variably present or
absent from LiglII deletions used to assess nick recognition by
the ZnF (33, 35). Here, with the benefit of the crystal structure
of the homologous Ligl protein, we have prepared a more pre-
cise collection of LiglII deletion constructs (Fig. 2) and shown
that the ZnF and DBD together form a DNA-binding module
that interacts specifically with nicked DNA (Fig. 4) and is rela-
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tively insensitive to the fine structure of the nick termini (Table
3). The CC of LigllI also binds selectively to nicked DNA but
exhibits a marked preference for ligatable nicks with 3’OH and
5'PO, termini (Tables 2 and 3). The CC supports a low level of

(A)

5'0H 3'0H 5'POs* 3'ddC
Blunt
3ddC 25mer 5'P04* 3'0H 25mer 5'0H
5'OH JOH _1a 3POs* 3ddC
Overhang = AT - e
3'ddC 25mer 5PO4*  3'OH 27mer 5'0H
(B) © 2bp
Blunt end Overhang
Liglll AZnF Ligll AZnF
Time (min) C 20 40 20 40 Time (min) C 20 40 20 40
- 50mer P 52mer
£ S ®® 25mer = = @Gy 25mer

FIGURE 7. Blunt end joining by Liglll requires two independent DNA-
binding modules. A, DNA substrates with blunt ends or complementary TA
3’-overhangs were designed such that they could be ligated in only one ori-
entation. Band C, DNA end joining of blunt-ended substrates (B) or DNAs with
short, complementary overhangs (C) was measured for Liglll and AZnF as
described under “Experimental Procedures.” Control reactions lacked
enzyme (lanes C).

(8)

DBD

FIGURE 8. Jackknife model of DNA recognition by Liglll. In the proposed jackknife model, unliganded DNA
ligase Ill is in an extended conformation that enables loading onto DNA (A), similar to the homologous DNA
ligase from Sulfolobus solfataricus (49). B, upon binding to DNA, the ZnF-DBD initially engages an interruption
in the DNA backbone, functioning as a nick sensor. At this step, unligatable DNA ends may be further processed
by repair enzymes before the ligation reaction can be completed. Cand D, the NTase domain of Liglll may also
bind to DNA (C) before the enzyme transitions to a catalytically active conformation with the catalytic core
(NTase and OBD) engaging the nick (D). With the DBD, NTase and OBD fully encircling the DNA substrate, the
ZnF is effectively excluded from binding to the nick. When joining double-stranded breaks, two independent
DNA-binding modules of Liglll (the ZnF-DBD and the CC) might allow the enzyme to bind the two DNAs

simultaneously (E).

APRIL 18, 2008 +VOLUME 283-NUMBER 16

Liglll Structure-Activity

nick joining activity that is greatly accelerated by the ZnF-DBD
module in full-length LiglII (Fig. 5), indicating functional inter-
play between the two DNA-binding modules within LigIII dur-
ing catalysis.

Unlike the DBD alone, the ZnF-DBD added in trans does not
stimulate the ligation activity of the CC and instead acts as an
inhibitor of the CC. Our data suggest that the ZnF-DBD and CC
function as separate DNA-binding modules that bind to over-
lapping sites on a nicked DNA. By analogy to the continuous
ring structure of Ligl that envelopes a DNA nick (18), we pre-
dict that the additional ZnF of LigIII would be unable to access
the nick when the enzyme is catalyzing step 3 of the ligation
reaction (Fig. 1). Chemical footprinting data indicate that LiglII
has a 15-20-nucleotide footprint on DNA, which is similar to
the DNA footprint of Ligl (18, 33, 46). These data suggest that
the ZnF does not expand the footprint of LiglIl and perhaps is
unlikely to bind to the flanking DNA while the CC ligates the
nick.

To explain the stimulation of DNA end joining by the ZnF
(Figs. 3 and 7), we propose that the ZnF and CC of LiglII engage
the ends of a nicked DNA substrate in a sequential manner, like
the blades of a jackknife that can open and close (Fig. 8). Our
jackknife model posits that the two DNA-binding modules of
LiglII engage the ends of the DNA substrate at different times
during the end joining reaction. The ZnF-DBD binds to the
nick first then subsequently must
disengage from the nick to allow
access by the CC for catalysis. The
DBD also enhances the nick binding
and catalytic activities of the CC.
The DBD may act as a pivot, linking
nick recognition with the transition
to the catalytically active conforma-
tion in which the ligase encircles the
DNA nick.

Although the ZnF-DBD and CC
DNA-binding modules bind to
ligatable DNA nicks with similar
affinity, the ZnF-DBD is more toler-
ant of modifications at the nick ter-
mini. During the repair of DNA
damage, LigllI is recruited to DNA
single-stranded breaks through its
interaction with ADP-ribosylated
PARP1 (46). One implication of the
jackknife model is that the initial
nick binding activity of the ZnF-
DBD could either displace ADP-ri-
bosylated PARP1 from the strand
break or enable LigllII to recognize
the strand break despite the pres-
ence of the negatively charged ADP-
ribose polymers generated by
PARP1. The ability of the ZnF-DBD
to recognize nicks with different
structures is well suited to the initial
recognition step because the major-
ity of single-stranded breaks gener-
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ated by ionizing radiation and reactive oxygen species will not
be substrates for ligation. The initial engagement of the strand
break by the ZnF-DBD presumably leaves the ends of the DNA
accessible to other repair enzymes such as polynucleotide
kinase. Once a ligatable nick has been generated by the end
processing, the CC will bind to the nick in a catalytically active
conformation.

LiglII also has robust intermolecular ligation activity, joining
together duplex DNAs with either cohesive or blunt ends. Strik-
ingly, the blunt end DNA joining activity is absolutely depend-
ent upon the ZnF domain (Fig. 7). The other mammalian DNA
ligases, Ligl and LiglIV, fail to show this activity in the absence of
accessory proteins (Refs. 47 and 48 and data not shown). We
attribute the pronounced blunt end joining activity of LigIII to
two independent DNA-binding modules, the ZnF-DBD and the
CC, which may simultaneously engage two DNAs for intermo-
lecular ligation (Fig. 8).

In summary, ZnF and DBD combine to form a novel intrinsic
DNA nick-sensing module that facilitates LiglII functions in a
variety of pathways, including nuclear DNA repair, meiotic
recombination, and mitochondrial DNA replication and repair
(48). There is functional interplay between the ZnF-DBD and
CC-binding modules during nick ligation. Moreover, the ZnF-
DBD module expands the catalytic repertoire of Liglll to
include intermolecular ligation, an activity that presumably
underlies the participation of Liglll in a back-up pathway of
nonhomologous end joining that functions when the major
NHE] pathway is compromised (8, 42).
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