
MOLECULAR AND CELLULAR BIOLOGY,
0270-7306/99/$04.0010

May 1999, p. 3869–3876 Vol. 19, No. 5

Copyright © 1999, American Society for Microbiology. All Rights Reserved.

The Human DNA Ligase III Gene Encodes Nuclear
and Mitochondrial Proteins

UMA LAKSHMIPATHY AND COLIN CAMPBELL*

Department of Pharmacology, University of Minnesota Medical School,
Minneapolis, Minnesota 55455

Received 3 November 1998/Returned for modification 8 December 1998/Accepted 8 February 1999

We provide evidence that the human DNA ligase III gene encodes a mitochondrial form of this enzyme. First,
the DNA ligase III cDNA contains an in-frame ATG located upstream from the putative translation initiation
start site. The DNA sequence between these two ATG sites encodes an amphipathic helix similar to previously
identified mitochondrial targeting peptides. Second, recombinant green fluorescent protein harboring this se-
quence at its amino terminus was efficiently targeted to the mitochondria of Cos-1 monkey kidney cells. In con-
trast, native green fluorescent protein distributed to the cytosol. Third, a series of hemagglutinin-DNA ligase
III minigene constructs were introduced into Cos-1 cells, and immunocytochemistry was used to determine sub-
cellular localization of the epitope-tagged DNA ligase III protein. These experiments revealed that inactivation
of the upstream ATG resulted in nuclear accumulation of the DNA ligase III protein, whereas inactivation of
the downstream ATG abolished nuclear localization and led to accumulation within the mitochondrial com-
partment. Fourth, mitochondrial protein extracts prepared from human cells overexpressing antisense DNA
ligase III mRNA possessed substantially less DNA ligase activity than did mitochondrial extracts prepared
from control cells. DNA end-joining activity was also substantially reduced in extracts prepared from antisense
mRNA-expressing cells. From these results, we conclude that the human DNA ligase III gene encodes both
nuclear and mitochondrial enzymes. DNA ligase plays a central role in DNA replication, recombination, and
DNA repair. Thus, identification of a mitochondrial form of this enzyme provides a tool with which to dissect
mammalian mitochondrial genome dynamics.

For some time it was thought that the mammalian mitochon-
dria lacked the capacity to repair damaged DNA (18). This
hypothesis had its origin in the observation that pyrimidine
dimers produced within the mitochondrial DNA (mtDNA) of
cultured cells were not repaired, in marked contrast to similar
lesions produced in the nuclear genomes of these same cells
(4, 15, 21). However, it is now clear that this organelle is not
entirely deficient in DNA repair activity. For example, it
appears that base excision repair of oxidized DNA occurs in
mtDNA of mammalian cells (8, 23, 34, 40). In addition, a
number of studies have revealed that mammalian cultured cells
can repair mtDNA damage caused by a number of chemical
agents, including cisplatin (15), bleomycin (33), streptozotocin
(22), and 4-nitroquinoline (36). More recently, it was shown
that mammalian mitochondrial extracts possess DNA nonho-
mologous end-joining and homologous recombination activi-
ties (14, 41). Taken together, these findings indicate that mam-
malian mitochondria likely possess a number of DNA repair
pathways. A series of recent observations suggest that muta-
tions to the mitochondrial genome may be associated with a
variety of human pathologies (5, 9, 10, 38, 49), thus highlight-
ing the need for a greater understanding of the molecular
biology of mtDNA repair.

A common feature of nearly all DNA repair pathways is the
requirement for DNA ligase activity. While a great deal is
known about mammalian nuclear DNA ligase activity (42, 43),
very little is known about mammalian mitochondrial DNA
ligase(s). Nearly two decades ago, a report describing ligase
activity in the mitochondria was published (16). More recently,

a DNA ligase activity was purified from Xenopus laevis mito-
chondrial extracts and shown to be immunologically related to
the human nuclear DNA ligase III protein (23). Thus, identi-
fication and cloning of a mitochondrial DNA ligase gene would
provide a valuable tool with which to dissect mtDNA repair
pathways.

The results of Pinz and Bogenhagen (23) raised the possi-
bility that the DNA ligase III gene could encode both mito-
chondrial and nuclear proteins. As these investigators pointed
out, the human DNA ligase III cDNA contains an in-frame
ATG upstream of the putative translation initiation ATG site
(3, 48). Inspection of the cDNA sequence flanked by these two
ATG codons (herein referred to as M1 and M2, for methio-
nines 1 and 2) revealed that it encodes a positively charged
amphipathic a helix similar to the leader sequence present on
the amino terminus of mitochondrial matrix proteins (46, 47).
Thus, if translation initiated at M1, a mitochondrial protein
could be produced, whereas translation initiated at M2 would
presumably produce the nonmitochondrial, nuclear form. Al-
ternate translation initiation has been shown to result in the
production of both mitochondrial and nonmitochondrial pro-
teins from the same gene in both yeasts (1, 35, 45) and verte-
brates (6, 39).

In this report, we demonstrate that the upstream 59 end of
the DNA ligase III cDNA functions as a mitochondrial target-
ing sequence. Translation from M1 leads to the mitochondrial
protein, while translation from M2 results in the previously
identified nuclear protein. Mitochondrial protein extracts from
cells overexpressing antisense DNA ligase III mRNA show
marked reduction in both DNA ligase and DNA end-joining
activities. Based on these results, we conclude that the human
DNA ligase III gene encodes both nuclear and mitochondrial
proteins.
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MATERIALS AND METHODS

Cloning of human DNA ligase III cDNA. Reverse transcriptase-mediated PCR
(RT-PCR) was used to amplify nucleotides 73 to 333 and 73 to 3102 of the hu-
man DNA ligase cDNA from HT1080 human fibrosarcoma-derived cells (24).
The nucleotide positions given herein are based on the DNA ligase III cDNA se-
quence from GenBank accession no. X84740 (3, 48). The primers used for PCR
amplification of nucleotides 73 to 333 of the DNA ligase III cDNA were LIG3
(59)S (AAGCTTATGTCTTTGGCTTTCAAG) and LIG3(59)AS (AAGCTTCT
CACAGGGGCCACT) (nucleotides in italics indicate HindIII linker sequence).

The full-length coding sequence of the DNA ligase III cDNA was cloned via
RT-PCR using primers LIG3(FL)HA-S (GGATCCATGTCTTTGGCTTTCAA
GATCTTCT) and LIG3(FL)HA-AS (GGATCCCTAGGCGTAGTCGGGGAC
GTCGTAGGGGTAGCAGGGAGCTACCAGTCTCC) (the stop codon is in
boldface; the underlined sequence encodes a hemagglutinin [HA] tag), as a
consequence of which the PCR product encodes a DNA ligase protein with an
HA epitope at its carboxyl terminus. All oligonucleotide sequences were synthe-
sized at the Microchemical Facility (University of Minnesota) and are depicted
in the 59-39 orientation.

Plasmid constructs. (i) DNA ligase III-GFP fusion constructs. The 59 portion
of the DNA ligase III cDNA (from nucleotides 73 to 333) was introduced into
the multiple cloning site of plasmid pEGFP-N1 (Clontech). Cloning was per-
formed such that the putative mitochondrial targeting sequence of the DNA
ligase III cDNA was in frame with the ATG codon of the GFP gene (thereby
producing plasmid pLIG3-GFP-1). Similarly, the mitochondrial targeting se-
quence of the cytochrome c oxidase gene was cloned into the same region of
pEGFP-N1. Others have shown that constructs of this nature produce GFP
fusion proteins that are targeted to the mitochondria (26). This vector (pCOX
VIII-GFP) was used as a positive control. Site-directed mutagenesis (see below)
was performed on plasmid pLIG3-GFP-1 to change the DNA ligase III cDNA-
encoded ATG (nucleotides 73 to 75) to ATC, thereby creating plasmid pLIG3-
GFP-2. Similarly, site-directed mutagenesis was used to modify the GFP gene-
encoded ATG codon from plasmid pLIG3-GFP-1 to ATC, thus creating plasmid
pLIG3-GFP-3.

(ii) HA-tagged DNA ligase III. Using RT-PCR, an HA tag was cloned in frame
with the 39 end of the human DNA ligase III cDNA. This PCR product was used
to create the expression vector pLIG3-FL. By using site-directed mutagenesis
(see below), the ATG at positions 73 to 75 of the human DNA ligase III cDNA
was mutated to ATC to create plasmid pLIG3-FL1. Similarly, the ATG at po-
sitions 334 to 336 was changed to ATC, creating plasmid pLIG3-FL2.

(iii) DNA ligase III cDNA antisense. An antisense expression plasmid was
created by introducing a portion of the human DNA ligase III cDNA (nucleo-
tides 73 to 333) into the HindIII site of pREP4 (Invitrogen), to create plasmid
pREP4dnlAS.

Site-directed mutagenesis. Single-stranded DNA was prepared from plasmid
constructs, and point mutations were generated by the method of Kunkel et al.
(13). Putative translation initiation sequences (ATG) were altered to ATC. The
ATG-to-ATC changes were included with additional alterations to create a new
ClaI restriction endonuclease recognition sequence. New plasmid constructs
were screened by restriction digestion using ClaI and by DNA sequencing.

Transfection of mammalian cells. (i) Transient transfection by DEAE-dex-
tran. To study intracellular localization of the various GFP-DNA ligase III fusion
proteins, the expression plasmids described above were transfected into African
green monkey kidney-derived Cos-1 cells that had been grown on coverslips.
Briefly, cells were incubated in serum-free medium containing DEAE-dextran
and 10 mg of DNA at 37°C for 3 to 4 h (17). At the end of the incubation period,
cells were treated with 10% dimethyl sulfoxide in HEPES-buffered saline for 60 s
and washed with serum-free medium three times. Cells were allowed to grow for
24 to 48 h in growth medium containing 9% fetal bovine serum prior to analysis
(see below).

(ii) Stable transfection by electroporation. Human fibrosarcoma-derived
HT1080 cells were transfected with plasmids pREP4 and pREP4dnlAS via elec-
troporation (11). Stable transfectants were isolated based on their resistance to
hygromycin.

Immunocytochemistry. Transfected HT1080 cells were processed for immu-
nocytochemistry by previously described procedures (2). At 48 h posttransfec-
tion, cells were fixed with 3.7% formaldehyde in phosphate-buffered saline (PBS)
for 20 min. The cells were washed with PBS three times and incubated in 50 mM
NH4Cl in PBS for 10 min. Cells were treated with 0.1% Triton X-100 in PBS and
then washed for 30 min with 0.2% gelatin in PBS. The cells were incubated with
the primary antibody for 1 h at 37°C and stained with either rhodamine- or
fluorescein-conjugated antibody (Pierce). The cells were washed four times with
PBS and then analyzed by confocal fluorescence microscopy.

Confocal microscopy. Transfected mammalian cells on coverslips were trans-
ferred to a petri dish containing PBS and scanned with a Bio-Rad MRC-1024
confocal system. A 603 water immersion objective was used, and the samples
were excited at 488 nm with the emission fixed at 605 nm. The lipophilic cationic
probe 5,59,6,69-tetrachloro-1,19,3,39-tetraethylbenzimidazolylcarbocyanine io-
dide (JC-1) was used as a marker for mitochondrial localization (27). Cos-1 cells
on coverslips were transferred to PBS and incubated with JC-1 at a final con-
centration of 3 mM for 25 min at 37°C. The PBS solution containing the dye was
removed and replaced with fresh PBS. Cells were immediately visualized under

the confocal microscope. Digitized fluorescent images were analyzed with Adobe
Photoshop.

Preparation of mitochondrial protein extracts. Mitochondria were isolated
from transfected HT1080 cells as previously described (7). Briefly, cells were
homogenized and centrifuged three times to remove unbroken cells, cell debris,
and nuclei. Mitochondria were collected from the supernatant by centrifugation
at 20,000 3 g for 20 min. The isolated mitochondrial fraction was washed two to
three times, and protein extracts prepared by hypo-osmotic shock. Purity was
assessed by determining cytochrome c oxidase activity (37).

Adenylation reaction. Adenylation reactions were carried out on the mito-
chondrial protein extracts as described previously (44). Reactions were carried
out in a 20-ml volume containing 60 mM Tris-Cl (pH 8.0), 10 mM MgCl2, 5 mM
dithiothreitol, 50 mg of bovine serum albumin per ml, [a-32P]ATP, and 5 mg of
mitochondrial protein extract. Following a 15-min incubation at room tempera-
ture, reactions were stopped by the addition of sodium dodecyl sulfate loading
buffer followed by boiling. The ligase-adenylate complex was separated on 10%
denaturing polyacrylamide gel, fixed with 10% acetic acid, dried, and exposed to
a phosphorimager screen. The amount of the adenylated protein product was
quantified with the program IP Lab Gel.

DNA end-joining reaction. DNA end-joining reactions were carried out by the
method of North et al. (20). Circular pUC118 plasmid DNA was linearized with
PstI. Linearized plasmid (1 mg) was incubated with 10 mg of mitochondrial
protein extract in 70 mM Tris (pH 7.5) buffer in the presence of 10 mM MgCl2,
10 mM dithiothreitol, and 1 mM ATP in a 25-ml reaction volume. Reactions were
carried out at 14°C for 2 h. Following treatment of samples with proteinase K for
30 min at 37°C, samples were separated on a 1% agarose gel. The gel was
transferred to a nitrocellulose membrane and probed with radioactive pUC118
(specific activity of 5 3 106 cpm/mg of DNA).

RESULTS

Analysis of the DNA ligase III cDNA sequence. It has pre-
viously been proposed that the start site for protein translation
of the human DNA ligase III cDNA is at the ATG encoded by
nucleotides 334 to 336 (M2 [Fig. 1A]). However, the sequence
upstream of this site contains a second in-frame ATG codon
(nucleotides 73 to 75; M1 [Fig. 1A]). The conclusion that
protein translation initiates at M2 was based on its sequence
context, which was considered more favorable for translation
initiation (3, 48) than that associated with M1. Closer exami-

FIG. 1. The human DNA ligase III cDNA contains a putative mitochondrial
targeting sequence. (A) Deduced amino acid sequence of the human DNA ligase
III cDNA upstream sequence from the first in-frame ATG (M1) to the second
ATG (M2). M2 has previously been designated the translation initiation site for
the nuclear ligase III protein (3, 47). The underlined sequence represents the
alpha-helical region as predicted by the program pHDsec (27, 28). Plus signs
overlie positively charged residues; the amino acids in bold comprise the putative
cleavage recognition sequence, and the arrow indicates the putative cleavage site.
(B) Amino acid residues 1 through 35 (underlined in panel A) were plotted as
specified by Schiffer and Edmundson (30). Positively charged residues are indi-
cated.
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nation of the upstream sequence indicates that translation
from M1 would generate an amino-terminal peptide that is
amphipathic in nature. Secondary structure analysis of this
peptide was carried out with pHDsec, a network method (28,
29). The predicted helical region of the amino-terminal pep-
tide (Fig. 1A, underlined sequence) strongly resembles a mi-
tochondrial targeting signal (Fig. 1B) (30, 46, 47). This se-
quence was also analyzed using PSORT, an algorithm that
recognizes mitochondrial targeting signals using discriminate
analysis from values of partial amino acid composition. Pro-
cessing of proteins imported into the mitochondria occurs due
to the action of a processing peptidase that recognizes a con-
sensus sequence specified as (V/A/S)-R-X-(F/L)-(S/A), where
X denotes an arbitrary amino acid residue (31). As Fig. 1A
indicates, the DNA ligase III cDNA sequence appears to en-
code a well-conserved cleavage site (VRQFSQ) for the mito-

chondrial processing peptidase (47). Based on this analysis, we
concluded that the putative N-terminal region resulting from
translation from the M1 resembles a mitochondrial targeting
sequence.

Expression of DNA ligase III-GFP constructs in mamma-
lian cells. To test whether the peptide encoded by positions 73
to 333 of the human DNA ligase III cDNA could function as
a mitochondrial targeting sequence, the relevant portion of the
DNA ligase III cDNA upstream sequence was cloned in frame
with GFP in plasmid pEGFP-N1 (Fig. 2A). This change was
engineered such that the initiation ATG of the GFP is replaced
M2 of the human DNA ligase III. The constructs were tran-
siently transfected into Cos-1 cells, and the subcellular local-
ization of GFP fusion proteins was monitored by confocal
fluorescence microscopy 24 to 36 h after transfection.

Figure 2B shows confocal images of Cos-1 cells transfected

FIG. 2. Subcellular localization of DNA ligase III-GFP fusion proteins. (A)
DNA ligase III-GFP fusion constructs. White boxes, GFP coding region; hatched
boxes, DNA ligase III cDNA nucleotides 73 to 333; shaded boxes, ATG codons;
arrowheads; cytomegalovirus promoter; thin lines, vector sequences. Construc-
tion of vectors is described in Materials and Methods. (B) Subcellular local-
ization of DNA ligase III-GFP fusion proteins. Cos-1 cells were transiently
transfected with GFP plasmid constructs pEGFP-N1 (a), pLIG3-GFP-1 (b),
pLIG3-GFP-2 (c), and pLIG3-GFP-3 (d) and observed under a Bio-Rad confo-
cal microscope 24 h following transfection.
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with these plasmid constructs. Cells transfected with plasmid
pEGFP revealed pancellular distribution of the GFP protein
(Fig. 2B, panel a). When plasmid pLIG3-GFP-1 was trans-
fected into these cells, 10 to 20% of the cells showed punctate
fluorescence, while the remaining cells exhibited fluorescence
characteristic of cytoplasmic localization (Fig. 2B, panel b). We
hypothesized that the cytosolic fluorescence seen in cells trans-
fected with pLIG3-GFP-1 could result from translation initi-
ating at the methionine codon of the GFP gene. The sequence
surrounding this site is far more favorable for translation than
that associated with the DNA ligase III M1 (3, 48). It thus
seemed reasonable to propose that in this construct translation
initiation from M1 would occur at a low level. To address this
possibility, the ATG of the GFP gene was mutated to ATC by
site-directed mutagenesis, thereby creating plasmid pLIG3-
GFP-2. Confocal imaging of cells transfected with this con-
struct (Fig. 2B, panel c) revealed a rod-shaped fluorescence
pattern typical of mitochondria (26). To confirm that mito-
chondrial localization resulted from translation initiation at
DNA ligase III M1, we constructed an additional mutant
(pLIG3-GFP-3) in which this ATG was altered to ATC while
the GFP-encoded ATG was left unaltered. Confocal imaging
of cells transfected with pLIG3-GFP-3 is shown in Fig. 2B,
panel d. The fluorescence observed in these cells was primarily
cytosolic, and the thread-like mitochondrial signal was absent.
An additional construct in which both ATG sites were altered
to ATC did not produce any detectable intracellular fluores-
cence (data not shown).

When cells expressing GFP were scanned at very low laser
strength (0.3 to 3%), a very high fluorescence yield was ob-
tained. Further, control cells which were not transfected with
the plasmid did not show green fluorescence. However, we
wished to exclude the possibility that the punctate pattern
obtained with pLIG3-GFP-2 was due to low levels of autofluo-
rescence produced by cellular components. Figure 3 shows the
fluorescence pattern of cells transfected with plasmid pLIG3-
GFP-2, incubated with anti-GFP monoclonal antibody, and
stained with rhodamine-conjugated anti-mouse antibody. Fig-
ure 3A shows cells excited at 488 nm, displaying fluorescence
from GFP; Fig. 3B shows cells excited at 568 nm, depicting the
fluorescence of rhodamine. Both rhodamine and GFP fluores-
cence exhibited a punctate pattern of expression in cells trans-
fected with the plasmid pLIG3-GFP-2. Figure 3C depicts the
merged images of GFP and rhodamine fluorescence. As one

would expect based on examination of the two separate panels,
there was essentially complete overlap of the fluorescence im-
ages, indicating that the punctate fluorescence is due to the
presence of the GFP protein and not due to low amounts of
autofluorescence of cellular components.

We wanted to confirm that the punctate fluorescence exhib-
ited by cells transfected with pLIG3-GFP-2 was indeed indic-
ative of mitochondrial localization of the fusion protein. There-
fore, as a positive control, we produced a plasmid expression
construct in which the mitochondrial targeting sequence of
cytochrome c oxidase subunit VIII was cloned in frame with
the GFP gene (pCOXVIII-GFP). Other investigators have shown
that GFP fusion constructs essentially identical to this one
localize to the mitochondrial compartment in a variety of cell
types (2, 26). We found the intracellular distribution of fluo-
rescence seen in confocal images of cells transfected with ei-
ther pCOXVIII-GFP (Fig. 4A) or pLIG3-GFP-2 (Fig. 4B) to
be quite similar. As a further control, we incubated untrans-
fected Cos-1 cells with the lipophilic cationic probe JC-1. The
membrane potential of mitochondria promotes a directional
uptake of JC-1 into the matrix, with the subsequent formation
of the J-aggregates that cause mitochondria to fluoresce red
(25). As Fig. 4C indicates, the mitochondrion-specific fluores-
cence seen in Cos-1 cells stained with JC-1 is essentially iden-
tical to the pattern seen in Fig. 4A or B. Based on these results,
we can conclude that the peptide encoded by residues 73
through 333 of the DNA ligase III cDNA is capable of func-
tioning as a mitochondrial targeting sequence.

Expression of HA-tagged DNA ligase III in mammalian
cells. While these data indicate that this sequence is capable of
functioning as a mitochondrial targeting sequence, they do not
by themselves address the physiological relevance of this ob-
servation. We therefore created a series of expression con-
structs that would direct expression of HA-tagged DNA ligase
III minigenes. First, we used RT-PCR to amplify nucleotides
73 to 3102 of the DNA ligase III cDNA. The primer used to
clone the 39 end of this cDNA encoded an HA epitope tag.
Site-directed mutagenesis was then used to inactivate M1 or
M2. Thus, we constructed two plasmids, pLIG3-FL-1 and pLIG3-
FL-2 (Fig. 5). These plasmids were separately transfected into
Cos-1 cells, and immunocytochemistry was performed using a
fluorescein-labeled anti-HA monoclonal antibody. As Fig. 5
indicates, cells transfected with pLIG3-FL-1 display fluores-
cence localized to the nucleus, with some diffuse cytoplasmic

FIG. 3. Colocalization within the mitochondria of GFP autofluorescence and rhodamine-labeled anti-GFP antibody. Panels show immunofluorescence of Cos-1
cells transfected with plasmid pLIGIII-GFP-2. (A) GFP fluorescence; (B) cells incubated with anti-GFP monoclonal antibody and then stained with rhodamine labeled
anti-mouse immunoglobulin G antibody; (C) merged images of GFP and rhodamine fluorescence from panels A and B.
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signal observed, while cells transfected with pLIG3-FL-2 yield-
ed a rod-like fluorescence pattern, consistent with mitochon-
drial localization. These results are consistent with the hypoth-
esis that the DNA ligase III cDNA encodes two separate
proteins. They suggest that translation initiation from the M1
led to the production of a ligase enzyme containing an amino-
terminal mitochondrial targeting sequence. These data further
suggest that translation from the M2 results in the production
of a nucleus-specific ligase protein.

Effect of antisense DNA ligase III expression in mammalian
cells. We wanted to provide independent evidence support-
ing our conclusion that the DNA ligase III gene encodes two

separate proteins, one nuclear and the other mitochondrial.
We hypothesized that if the DNA ligase III cDNA indeed
encodes a mitochondrial form of this enzyme, overexpression
of antisense DNA ligase III mRNA should interfere with trans-
lation of this protein. We therefore cloned nucleotides 73 to
333 of the DNA ligase III cDNA into the expression vector
pREP4 in the antisense orientation, thereby creating plasmid
pREP4dnlAS (Fig. 6). The rationale behind choosing this por-
tion of the DNA ligase III cDNA (which encodes the mito-
chondrial targeting sequence identified above) was to inhibit
the expression of ligase III specifically without altering the lev-
els of other DNA ligases that share considerable sequence sim-

FIG. 4. Residues 73 to 333 of the DNA ligase III cDNA encode a functional mitochondrial targeting sequence. Confocal images show Cos-1 cells transfected with
plasmid pCOXVIII-GFP (A), Cos-1 cells transfected with pLIG3-GFP-2 (B), and untransfected Cos-1 cells (C) stained with 3 mM JC-1, a fluorescent dye that
specifically stains mitochondria.

FIG. 5. Mitochondrial or nuclear targeting of HA epitope-tagged DNA ligase III minigene products. Mammalian expression vectors harbored HA-tagged DNA
ligase III minigenes in which either M1 (pLIG-FL-1) or M2 (pLIG-FL-2) was inactivated. Filled arrows, cytomegalovirus promoter from expression vector; white boxes,
DNA ligase III cDNA; hatched boxes, simian virus 40 polyadenylation signal; shaded boxes, ATG codons M1 and M2 (the absence of these boxes indicates that the
relevant ATG site has been inactivated). Expression constructs harboring HA-tagged DNA ligase III proteins were used to transiently transfect Cos-1 cells, and
subcellular localization was visualized by immunocytochemistry using fluorescein-labeled anti-HA monoclonal antibody (confocal images of cells transfected with
pLIG-FL-1 or pLIG-FL-2 are displayed beneath the expression constructs).
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ilarity (43). Plasmid pREP4dnlAS or the unmodified expres-
sion vector pREP4 was electroporated into human HT1080
cells, and pools of approximately 100 stable transfectants each
were isolated. Mitochondrial protein extracts were prepared
from the pooled transfectants, and the amount of DNA ligase
activity present within them was determined by measuring pro-
tein adenylation following incubation with [a-32P]ATP (44).
The same amount of protein (5 mg) was used in all assays.
Figure 6B reveals mitochondrial extracts prepared from both
control and antisense mRNA-expressing cells contain a major
adenylated protein of approximately 80 kDa. However, cells
expressing the antisense DNA ligase III mRNA (lane a) ex-
hibit substantially reduced levels of this protein. To confirm
that levels of DNA ligase activity were lower in antisense
mRNA-expressing cells than in control cells, we incubated
linearized plasmid DNA along with 10 mg of mitochondrial
extract prepared from control and antisense mRNA-expressing
cells and measured their ability to rejoin this plasmid by using
Southern blot hybridization. Figure 6C shows a representative
Southern blot pattern of PstI-linearized pUC118 treated with
mitochondrial protein extracts from pREP4-transfected HT1080
cells as a control (lane c) and cells expressing the antisense
DNA ligase III (lane a). The control lane shows formation of
closed circular and other high-molecular-weight products.

To more quantitatively assess the effect of antisense mRNA
expression of mitochondrial ligase activity, we performed a
series of adenylation and end-joining reactions using the mi-
tochondrial protein extracts described above. They reveal that
both adenylation and end-joining activities are approximately

75% lower in mitochondrial extracts prepared from antisense
mRNA-expressing cells than in similar extracts prepared from
control cells. Since the amounts of cytochrome c oxidase ac-
tivity present in both antisense mRNA- and control-transfect-
ed cells were indistinguishable (data not shown), we conclude
that expression of the DNA ligase III antisense mRNA had no
general effect on mitochondrial protein levels. We repeated
the above analyses on pools of HT1080 clones obtained from
independent transfections with pREP4 or pREP4dnlAS. In the
latter experiments, we again observed that cells transfected
with pREP4dnlAS possessed significantly lower levels of mito-
chondrial DNA ligase activity than control cells transfected
with pREP4 control vector (data not shown).

DISCUSSION

We present evidence that the human DNA ligase III gene
encodes a mitochondrial form of ligase. Sequence analysis of
the DNA ligase III cDNA reveals the presence of two ATG
codons that are in frame with the protein-coding region of this
enzyme (23). The deduced amino acid sequence encoded by
the region spanning these two ATG sites (M1 and M2 [Fig.
1A]) resembles a mitochondrial targeting peptide. It is hypoth-
esized that translation from the upstream M1 site would pro-
duce a mitochondrial protein, whereas translation from the
downstream M2 would produce a nuclear form. In this study,
we show that the putative mitochondrial targeting peptide en-
coded by the DNA ligase III cDNA can function to localize a
heterologous protein, in this case GFP, to the mitochondria of
cultured mammalian cells. Using an HA-tagged DNA ligase III
minigene, we show that mitochondrial and nuclear localization
result from translation initiating from M1 and M2, respective-
ly. Finally, we show that cells expressing antisense DNA ligase
III had dramatically reduced levels of DNA ligase activity
compared to control cells.

Our results allow us to conclude that the DNA ligase III
gene encodes a mitochondrial protein. We have further con-
cluded that this protein is targeted to this compartment by
the mitochondrial targeting sequence encoded by residues
73 through 333 of the cDNA. We do not know whether one or
two forms of mRNA are produced. In principle, one can imag-
ine that there are two separate transcriptional initiation sites
present in this gene. Alternatively, it is conceivable that a single
mRNA molecule is produced and that there are two separate
translational start sites. Based on its sequence context, M1 is
likely to be a relatively weak start site, with only an R-3 (where
R is a pyrimidine). In contrast, M2 is located within a far more
attractive environment for translation initiation (YNNATGG,
where Y is a purine). It has been proposed that mRNA species
in which the upstream-most in-frame AUG codon is unfavor-
able initiate translation at both the first and second AUGs
through a leaky scanning mechanism, thus producing two pro-
teins from a single mRNA species (12). In the case of ligase III
cDNA, translation initiation from the first M1 is likely to be
very inefficient. In contrast, one would predict far more effi-
cient translation from M2. This represents an attractive prop-
osition, since there is roughly 100-fold more DNA in the mam-
malian nucleus than in the mitochondria of these cells (32),
and this would provide an elegant mechanism to ensure proper
relative levels of ligase protein expression in the two orga-
nelles.

There are a number of examples in which two different
forms of a protein are encoded by the same gene in both yeast
and animals. The Mod5 mRNA of Saccharomyces cerevisiae,
which encodes a tRNA modification enzyme, has two in-frame
AUGs. Protein translation from the first AUG yields a product

FIG. 6. Expression of DNA ligase III antisense mRNA reduces mitochon-
drial adenylation activity. (A) DNA ligase III antisense mRNA constructs.
pREP4 plasmid (c; Invitrogen) has a Rous sarcoma virus promoter (filled arrow)
and a simian virus 40 polyadenylation site (hatched box). Nucleotides 73 to 330
of the human DNA ligase III cDNA (open arrow) were cloned in the reverse
orientation into pREP4 to create pREP4dnlAS (a). (B) Mitochondrial adenyla-
tion activity. Equal amounts of mitochondrial protein extracts (5 mg) prepared
from pREP4-transfected cells (lane c) or cells transfected with pREP4dnlAS
(lane a) were incubated with [a-32P]ATP, resolved by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, and exposed to a phosphorimager screen.
(C) Mitochondrial DNA end-joining activity. DNA end-joining reactions were
carried out on 5 mg of mitochondrial extracts prepared from human cells trans-
fected with pREP4 (lane c) or pREP4dnlAS (lane a) as described in Materials
and Methods. L, linear substrate DNA; CC, covalently closed circular plasmid
DNA; vertical line, high-molecular-weight end-joined DNA products.
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that is imported into the mitochondria, while the protein prod-
uct translated from the second AUG is localized in the cyto-
plasm (35). In the case of eukaryotic cells, the UNG gene,
encoding uracil DNA glycosylase, yields two alternate forms of
transcripts. One of these mRNAs encodes a protein containing
a nuclear localization signal, while the second mRNA encodes
a protein possessing a mitochondrial targeting signal (47). A
single copy of the decarboxylase gene present in the goose
genome encodes a mitochondrial protein found in extremely
low levels in the liver and a cytosolic form present in higher
amounts in uropygial glands (6). The mitochondrial and cyto-
solic forms of rat liver fumarase protein have identical amino
acid sequences, suggesting that the two isozymes are encoded
by a single gene and that their precursors may be encoded by
a single species of mRNA (39).

We detected a dramatic reduction in DNA ligase protein
activity in mitochondrial protein extracts prepared from cells
that expressed antisense DNA ligase III mRNA. At present,
given the limitations of antisense-based technology, it is not
possible to conclude whether the absence of complete inhibi-
tion of ligase expression in the mitochondria indicates the
presence of an additional mitochondrial ligase or instead is due
to inefficiency of antisense-based gene inactivation. The major
adenylated protein product that we detected in mitochondrial
extracts treated with [a-32P]ATP migrated with an apparent
molecular mass of approximately 80 kDa. This size is similar to
that of DNA ligase II, which is thought to be derived from
DNA ligase III as a result of proteolysis (3, 43, 48). If the
80-kDa mitochondrial adenylation product were derived from
a larger precursor, this could explain the small amount of
higher-molecular-weight product seen in Fig. 6B, lane a. Ad-
ditional experimentation will be required to determine wheth-
er other minor forms of DNA ligases are present in the mito-
chondria.

In vitro reconstitution experiments indicate that DNA ligase
III is likely to be involved in mitochondrial base excision repair
(23). It has further been suggested that this enzyme plays a role
in recombinational repair (3), suggesting that this molecule
could play a role in the homologous recombination activity
detected in mammalian mitochondrial extracts (41). Finally,
the involvement of DNA ligase III in mitochondrial DNA end
joining (this study) suggests a potential role for this protein in
the repair of DNA double-strand breaks in this organelle.
These observations suggest that the DNA ligase III protein
plays a major role in mitochondrial DNA repair in mammals.
Thus, identification of mitochondrial ligase offers a useful tool
to dissect the various repair processes that occur within this
organelle.
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