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DNA ligase IV in a complex with XRCC4 is responsi-
ble for DNA end-joining in repair of DNA double-
strand breaks (DSB) and V(D)J recombination. We
found that non-histone chromosomal high mobility
group (HMG) proteins 1 and 2 enhanced the ligation
of linearized pUC119 DNA with DNA ligase IV from
rat liver nuclear extract. Intra-molecular and inter-
molecular ligations of cohesive-ended and blunt-ended
DNA were markedly stimulated by HMG1 and 2. Re-
combinant HMG2-domain A, B, and (A + B) polypep-
tides were similarly, but non-identically, effective for
the stimulation of DSB ligation reaction. Ligation of
single-strand breaks (nicks) was only slightly acti-
vated by the HMG proteins. The DNA end-binding Ku
protein singly or in combination with the catalytic
component of DNA-dependent protein kinase (DNA-
PK) as the DNA-PK holoenzyme was ineffective for the
ligation of linearized pUC119 DNA. Although the stim-
ulatory effect of HMG1 and 2 on ligation of DSB in
vitro was not specific to DNA ligase 1V, these results
suggest that HMG1 and 2 are involved in the final liga-
tion step in DNA end-joining processes of DSB repair
and V(D)J recombination. © 1998 Academic Press

Among rodent ionization-radiation repair comple-
mentation groups (IR), IR4, 5, 6, and 7 are deficient
both in repair of DNA double-strand breaks (DSB) and
in recombination of antigen-receptor gene segments,
which are complemented by corresponding human
XRCC4, 5, 6, and 7 genes (1). Recently XRCC4 gene
product has been shown to be tightly bound to DNA
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ligase 1V as its activator protein, indicating that DNA
ligase IV in conjunction with XRCC4 functions on non-
homologous DNA end-joining in the processes of DSB
repair and V(D)J recombination (2,3). This is confirmed
by the observation that the homologue of DNA ligase
IV in yeast has been demonstrated to mediate non-
homologous DNA end-joining (4,5). TheXRCC5 and
XRCCT7 genes have been proved to encode p80 subunit
of heterodimeric Ku protein (p70/p80) and the catalytic
component of DNA-dependent protein kinase (DNA-
PK), respectively, and IR6 complemented by theXRCC6
gene is devoid of Ku protein (6). Although DNA-PK
composed of the p470 catalytic component (DNA-PKcs)
and the DNA-end binding regulatory component Ku
protein is considered to function in the process of DNA
end-joining in DSB repair and V(D)J recombination,
the molecular mechanism of DNA end-joining remains
to be clarified (1). DNA-PK is a nuclear serine/threo-
nine kinase catalyzing in vitro phosphorylation of a
variety of proteins, including simian virus 40 large T
antigen, Spl, Fos, Jun, c-Myc, p53, RPA (p34), TBP,
TFIIB, and the largest subunit of RNA polymerase
1l (7-19).

We previously reported that DNA-PK activity in
highly purified preparations from Raji nuclear extracts
is stimulated by non-histone chromosomal high mobil-
ity group (HMG) proteins 1 and 2 (16), and recently
found that HMG1 and 2 function as DNA-binding regu-
latory components for DNA-PK like Ku protein in vitro
(Y. Yumoto, et al.; manuscript in submission). Ubiqui-
tous HMG1 and 2 with molecular masses of about 25
kDa are composed of two similar repeats of DNA bind-
ing domains, termed HMG-domains A and B, and an
acidic C-terminal region (20). HMG1 and 2 bind to DNA
sequence-non-specifically and bend DNA (21). Interest-
ingly HMG1 and 2 enhance RAG1 and RAG2-mediated
cleavage at a V(D)J recombination signal in vitro
(22,23).

In this paper, we show that HMG1 and 2 stimulated
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cohesive-end and blunt-end ligations with DNA ligase
IV highly purified from rat liver nuclear extracts. In
addition, DNA-PKcs and Ku protein, singly or in combi-
nation as DNA-PK, were ineffective for the dsDNA liga-
tion reaction.

MATERIALS AND METHODS

Materials. [a-*?P]JATP and [y-**P]ATP were purchased from NEN
(Boston, MA, USA). Other chemicals of reagent grade were described
previously (10,15,16,19).

DNA-PKcs and Ku protein. DNA-PK was partially purified from
Raji nuclear extracts as described (15), and then subjected to glycerol
gradient (15-30%) centrifugation to separate DNA-PKcs and Ku pro-
tein from each other. DNA-PKcs and Ku protein were purified to
near-homogeneity by successive column chromatography. These pu-
rification procedures will be published in detail (Y. Yumoto et al.,
manuscript in submission).

HMG1and 2. HMGL1 and 2 proteins were purified to homogeneity
from pig thymus as described (24). Recombinant HMG2-domain A
(residues 1-76), -domain B (residues 88-164), and -domains (A + B)
(residues 1-164) proteins were purified from lysates of Escherichia
coli BL21 cells harboring the pGEM plasmids with the corresponding
cDNA sequences downstream the T7 promoter (K. Yoshioka et al.,
manuscript in preparation; see Ref. 25).

Purification of DNA ligase IV. Purification procedures were per-
formed at 0-4°C. Nuclei were purified from rat liver (70 g) as de-
scribed previously (26). To the nuclear pellet, 50 ml of Buffer A (50
mM NaPi, pH 7.5, 1 mM dithiothreitol, 0.1 mM EDTA, and 1 ug/ml
each of aprotinin, leupeptin and pepstatin A) containing 0.4 M NaCl
was added with subsequent stirring for 15 min. The suspension was
subjected to centrifugation at 100,000 g for 30 min to obtain nuclear
extract. The extract was passed through DEAE-cellulofine equili-
brated with Buffer A containing 0.4 M NacCl. The pass-through frac-
tion was dialyzed against Buffer A containing 0.05 M NacCl, and then
applied to a DEAE-cellulofine column (2.7 X 10 cm) equilibrated with
Buffer A/0.05 M NacCl. After washing the column with the above
buffer, proteins were eluted with 100 ml of a 0.05 to 1 M NacCl
linear gradient in Buffer A. The active fractions were combined and
dialyzed against Buffer A containing 0.05 M NaCl. The dialysate
was applied to a column (2.7 X 8 cm) of phosphocellulose equilibrated
with Buffer A/0.05 M NaCl, and proteins were eluted with 80 ml of
a 0.05-0.8 M NaCl gradient in Buffer A. The active fractions were
combined and dialyzed against Buffer B (50 mM Tris-HCI, pH 7.5,
0.5 mM dithiothreitol, 1 mM EDTA, 5% glycerol, and 1 pug/ml each
of aprotinin, leupeptin and pepstatin A) containing 25 mM NaCl. The
dialysate was applied to an FPLC Mono S HR5/5 column (Pharmacia
Biotech) equilibrated with the above buffer. Proteins were eluted
with 24 ml of a 25-400 mM NaCl gradient in Buffer B. DNA ligase
activity was determined by cohesive-end ligation and adenylylation
reaction (see Fig. 1). The active fractions were frozen at —80°C until
use. Protein was determined by the Bio-Rad dye-binding assay with
BSA as a standard.

Formation of DNA-ligase-[**P]JAMP. DNA ligase was adenyly-
lated in a reaction mixture (20 ul) containing 75 mM Tris-HCI (pH
7.8), 10 mM MgCl,, 2 ug BSA, 5 mM dithiothreitol, 0.1 uM PPi and
0.5 uM ATP (3 uCi [a-**P]ATP) at 30°C for 30 min (27,28). After
addition of 3 X SDS sample buffer, the products were analyzed by
electrophoresis on a 0.1% SDS/8% polyacrylamide gel with subse-
quent autoradiography. Rainbow colored protein molecular weight
markers (Amersham) were used.

DNA ligase assay. Linearized pUC119 DNA was prepared by
treatment with Bam HI or Hinc Il with subsequent phenol-chloro-
form treatment. Ligation of linearized pUC119 DNA was performed
in a reaction mixture (10 ul) containing 75 mM Tris-HCI (pH 7.8),
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FIG. 1. Detection of DNA ligase-[**P]JAMP for DNA ligases puri-

fied from rat liver nuclear extract. To detect DNA ligase-[*?PJAMP
complex, 2 ul each of Mono S fractions (fraction numbers 41, 42, and
46-50) was incubated with [a-**P]ATP as described in Materials and
Methods. Molecular weight markers are indicated in the right. DNA
ligase 1V with molecular mass of 96 kDa was observed in Fractions
41 and 42, and DNA ligase | with an apparent molecular mass of
130 kDa and DNA ligase 111 (100 kDa) were in fractions 47-50.

10 mM MgCl,, 0.2 mM ATP, 2.5 mM dithiothreitol, 1 ug BSA, 0.5
ug linearized pUC119 DNA, and enzyme (27,28). The reaction was
performed at 30°C for 20 min unless otherwise specified, and stopped
by addition of 0.5 ul of 0.5 M EDTA (pH 8) and 0.5 ul of proteinase
K (10 mg/ml) with subsequent incubation at 37°C for 20 min. The
samples were subjected to electrophresis on a slab gel composed of
0.8% agarose, 90 mM Tris, 90 mM boric acid, 2 mM EDTA, and 0.5
pg/ml ethidium bromide. The nick-ligation reaction was performed
as described previously (27,28) in the above reaction mixture (10 ul)
containing [5'-**P]d T, hybridized with dA, or [5'-**P]rA,,.1s hybrid-
ized with dT, instead of linearized pUC119 DNA.

RESULTS

Purification of DNA ligase IV from rat liver nuclear
extract. In the final Mono S column chromatography,
DNA ligase activity was eluted as two peaks at about
0.22 and 0.28 M NacCl as described in Ref. 29. As shown
in Fig. 1, the faster eluting ligase corresponded to DNA
ligase 1V with a molecular mass of 96 kDa (29,30). This
is confirmed by the observation that DNA ligase IV was
not able to react with oligo(rA) hybridized with poly(dT)
(see Ref. 29). In the later eluting fractions two DNA
ligase bands of DNA-ligase-[*P]JAMP were observed,
which are considered to be DNA ligase | with an appar-
ent molecular mass of 130 kDa and probably DNA li-
gase Il with 100 kDa (Fig. 1) (31).

Stimulation of cohesive-end ligation by HMG1 and
2. Ingeneral, purified DNA ligases are capable of cat-
alyzing ligation reaction of single-strand breaks on
dsDNA and DSB with cohesive-ends extremely faster
than that of DSB with blunt-ends. As shown in Fig. 2,
cohesive-ended pUC119 DNA was ligated by DNA li-
gase 1V, resulting in circular DNA by intra-molecular
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FIG. 2. HMGL1 stimulates cohesive-end ligation with rat liver
DNA ligase IV. DNA ligase 1V (lanes 2-9) was incubated at 30°C for
20 min in a reaction mixture containing Bam H1-digested pUC119
DNA. Lane 1, no enzyme. Increasing amounts of HMG1 were added:
0 wg for lane 2; 0.05 ug for lane 3; 0.1 g for lane 4; 0.2 ug for lane
5; 0.5 g for lane 6; 1 ug for lane 7; 2 ug for lane 8. Lane 9 contained
additional 2 ug BSA. CM, circular monomer; LM, linear monomer;
LD, linear dimer.

ligation and linear oligomeric products by inter-molec-
ular ligation. HMG1 stimulated both the inter-molecu-
lar and intra-molecular ligations in a dose-dependent
manner (Fig. 2). Although blunt-end ligation was
hardly detectable with DNA ligase IV as seen in other
species of mammalian DNA ligase, a weak activity and
the stimulatory effect of HMG1 were observed in a pro-
longed incubation (Fig. 3). HMG2 similarly enhanced
cohesive-end ligation with DNA ligase 1V (Fig. 4b).
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FIG. 3. Stimulatory effect of HMGL1 on blunt-end ligation with
DNA ligase IV. DNA ligase IV (lanes 2 and 3) was incubated at 30°C
for 90 min in a reaction mixture (20 ul) containing Hinc 11-digested
pUC119 DNA in the absence (lane 2) and presence of 2 ug HMG1
(lane 3). Lane 1, no enzyme. CM, circular monomer; LM, linear mono-
mer; LD, linear dimer.
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FIG. 4. Effect of recombinant HMG2 polypeptides containing
HMG-domain A, B, and (A + B). (a) DNA ligase IV (lanes 2-5) was
incubated at 30°C for 20 min in a reaction mixture (20 pl) containing
Bam H1-digested pUC119 DNA. Lane 1, no enzyme. Lanes 3-5 con-
tained 2 ug HMG2, 1 ug HMG2-domain A, and 1 ug HMG2-domain
B, respectively. (b) DNA ligase IV (lanes 2-12) was incubated at
30°C for 20 min in a reaction mixture containing Bam H1-digested
pUC119 DNA. Lane 1, no enzyme. Increasing amounts of HMG2
were added: 0 pg for lane 2; 0.125 ug for lane 3; 0.25 pg for lane 4;
0.5 pg for lane 5; 1 pg for lane 6; 2 ug for lane 7. Increasing amounts
of HMG2-domains (A + B) were added: 0.125 pg for lane 8; 0.25 ug
for lane 9; 0.5 ug for lane 10; 1 ug for lane 11; 2 ug for lane 12. CM,
circular monomer; LM, linear monomer; LD, linear dimer.

Effect of recombinant HMG-domains A and B on liga-
tion reaction. HMG1 and 2 are composed of HMG-
domains A and B, and the acidic C-terminal region
(20). In order to verify which domains are required for
stimulation of DNA ligation reaction, we examined re-
combinant polypeptides containing HMG2-domain A,
B, and (A + B). Compared with full-length HMG2, the
stimulatory effect of HMG2-domain A and B polypep-
tides on DNA ligation reaction was weak (Fig. 4a), but
(A + B) polypeptide was effective at lower amounts
(Fig. 4b). The effectiveness for the stimulation of DNA
end-ligation seems to be parallel to the affinity for
dsDNA, because dissociation constants for linear
dsDNA of full-length HMG2 and HMG2-domains (A +
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FIG. 5. Effect of Ku and DNA-PKcs on cohesive-end ligation.
DNA ligase IV (lane 2-7) was incubated at 30°C for 20 min in a
reaction mixture (20 wl) containing Bam H1-digested pUC119 DNA.
Lane 1, no enzyme. Lanes 3-7 contained 2 pug HMG1, 0.24 pg Ku
protein , 0.08 g DNA-PKcs, Ku + DNA-PKcs and HMG + Ku +
DNA-PKcs, respectively. CM, circular monomer; LM, linear mono-
mer; LD, linear dimer.

B) polypeptide were estimated to be 3.0 and 1.1 X 10°°
M, respectively (25).

Influence of HMG proteins on nick sealing reaction.
To examine whether HMG1 and 2 influence on ligation
reaction of single-strand breaks on DNA, [5'-*?P]d T,
hybridized with dA, was used as a substrate. Addition
of HMG1 and 2 slightly activated the nick ligation reac-
tion (1.1 to 1.3-fold). These results indicate that HMG1
and 2 markedly stimulate ligation reaction of DSB, but
do not significantly ligation reaction of single-strand
breaks.

DNA-end binding Ku protein does not stimulate DNA
double-strand break ligation. Ku protein is known to
be a typical DNA end-binding protein, which is the
regulatory component of DNA-dependent protein Kki-
nase involved in DNA end-joining process in DSB re-
pair and V(D)J recombination (1). It is attractive to
know whether Ku protein singly or in combination with
DNA-PKcs as the holoenzyme affects the final ligation
step in DNA end-joining process. Ku protein singly and
in combination with DNA-PKcs and HMG1 did not en-
hance cohesive-end ligation, but it was rather inhibi-
tory (Fig. 5). For blunt-end ligation, Ku protein, DNA-
PKcs, and the mixture of the both were also ineffective
(data not shown).

DISCUSSION

Our present results demonstrate that both intra-mo-
lecular and inter-molecular ligations of the linearized
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pUC119 DNA (3.16 kbp) with DNA ligase IV were en-
hanced by HMG1 and 2. The intra-molecular ligation
resulting in the circular monomer was stimulated max-
imally 5 to 6-fold by addition of HMGL1 (Fig. 1) and 2
(Fig. 4). For the inter-molecular ligation of linearized
pUC119 DNA, linear oligomers were observed on aga-
rose gels, and interestingly longer products were ob-
tained in the presence of HMG proteins (see Figs. 2-4).
Although it was hard to determine precisely activation
ratio by HMG1 and 2 in inter-molecular ligation, we
roughly estimated about 3-fold stimulation of inter-mo-
lecular ligation by HMG1 and 2. HMG1 has been re-
ported to be capable of inducing DNA bend as revealed
by the formation of circular oligomers of short dsDNA
fragments (87-123 bp) with T4 DNA ligase (21). In the
absence of HMG1, linear oligomers were exclusively
formed by T4 ligase, implying that HMG1 stimulates
intra-molecular ligation of short dsDNA.

Since similar stimulation of the ligation reaction by
HMG1 and 2 was observed with other DNA ligases
tested, such as human DNA ligase | and T, DNA ligase,
HMG1 and 2 seem to interact directly with DNA sub-
strates but not DNA ligase itself. It remains to be clari-
fied what kind of DNA conformation favorable for end
ligation is induced by HMG 1 and 2. HMG1 and 2 binds
dsDNA, especially supercoiled and cruciform DNA, and
shows low affinity for linear dsDNA (Kd = about 107°
M) (25). Physiologically HMGL1 and 2 proteins seems
to be involved at least in transcription and cell prolifer-
ation, respectively (32,33).

Mutant cells devoid of either XRCC4 as the activator
for DNA ligase 1V, Ku protein, or DNA-PKcs are defi-
cient in DNA end-joining for DSB repair and V(D)J
recombination (1-5). DNA ligase IV is not necessarily
preferable for ligation of blunt-ended DNA, but rather
DNA ligase | can catalyze blunt-end ligation (2,5,31).
This suggests that alignment factor(s) will be required
for ligation reaction of linearized dsDNA, especially for
blunt-end ligation, with DNA ligase IV. Despite of the
lack of ligase-species specificity, HMG1 and 2 are con-
sidered to be the candidates in vivo for blunt-end liga-
tion with DNA ligase IV.

Our data indicate that DNA end-binding Ku protein
singly or in combination with DNA-PKcs had no sig-
nificant effect on the ligation of linearized pUC119
DNA. Ku protein tightly, preferentially binds to dsSDNA
ends with a Kd of about 107° M~* (34), and can translo-
cate on DNA strand without ATP (35). In addition, Ku
protein as the regulatory component of DNA-PK is es-
sential for DNA end-joining process in DSB repair and
V(D)J recombination. Most recently Ramsden and Gel-
lert (36) reported that Ku protein extremely enhance
inter-molecular ligation of 60-bp DNA fragments by
mammalian DNA ligases under appropriate reaction
conditions. This means a direct role of Ku protein in
the absence of collaboration with DNA-PKcs in DSB
joining. Discrepancy between their and our observa-
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tions may be due to drastic difference in length of DNA
substrate employed.
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