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Primers for Mitochondrial DNA Replication
Generated by Endonuclease G

Jacques Co6té and Adolf Ruiz-Carrillo*

Endonuclease G (Endo G) is widely distributed among animals and cleaves DNA at
double-stranded (dG),,(dC),, and at single-stranded (dC),, tracts. Endo G is synthesized
as a propeptide with an amino-terminal presequence that targets the nuclease to mito-
chondria. Endo G can also be detected in extranucleolar chromatin. In addition to deoxy-
ribonuclease activities, Endo G also has ribonuclease (RNase) and RNase H activities and
specifically cleaves mouse mitochondrial RNA and DNA-RNA substrates containing the
origin of heavy-strand DNA replication (O,,). The cleavage sites match those found in vivo,
indicating that Endo G is capable of generating the RNA primers required by DNA poly-
merase v to initiate replication of mitochondrial DNA.

Endo G is a low-abundance endonuclease
of vertebrates (1) that has been purified
from calf thymus as a dimer of two identical
subunits of 26 to 28 kD (2). The term Endo
G was originally coined (1) to reflect the
preference of the partially purified nuclease
for the G strand of (dG),-(dC), DNA
tracts. However, the highly purified nucle-
ase nicks either strand of the homopolymer
with similar kinetics (2), producing 5’-
phosphoryl and 3'-hydroxyl ends (1). Al-
though the occurrence of (dG),-(dC),
tracts next to regions of deletions, translo-
cations, and DNA hypervariability suggest-
ed a causal relation (1), the function of
Endo G remained undetermined.

To clone the Endo G cDNA, the NH,-
terminal sequence of the purified nuclease
from calf thymus and liver (3) was deter-
mined (Fig. 1) (4, 5). A short Endo G
cDNA probe was obtained by polymerase
chain reaction (PCR) of total calf liver
cDNA with degenerate oligonucleotide
primers derived from the NH,-terminal
(AGLPAVP) and COOH-terminal (ELA-
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KYGL) Endo G sequence (6) (Fig. 1). This
DNA probe hybridized with RNA of
~1000 nucleotides in length in blots of
polyadenylated RNA from bovine and oth-
er mammalian species, including human
(HeLa cells).

An end-labeled 53-nucleotide fragment
of the Endo G cDNA hybridized with 24
clones in a partial calf liver cDNA expres-
sion library (7). All 24 clones contained
essentially the same sequence, and none was
in the proper reading frame to produce a
B-galactosidase fusion protein, suggesting
that expression of Endo G was deleterious in
Escherichia coli. From the initial cDNA en-
richment and the frequency of positive
clones, we estimate that Endo G mRNA
represents =1/60,000 of all bovine liver
mRNA. This low concentration is in accord
with the low abundance of the protein (2).

The sequence (8) of the longest cDNA
clone (pbEG4) contained an open reading
frame (ORF) predicting a protein of molec-
ular weight 32,261 (Fig. 1), larger than the
Endo G monomer (2). The NH,-terminal
sequence of the purified Endo G protein did
not correspond to that predicted by the
cDNA but rather coincided with amino
acids 49 to 75 (Fig. 1). Hybridization of
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genomic DNA with pbEG4 indicated that
Endo G is encoded by a single-copy gene.
Because there is no translation initiation
site corresponding to the mature Endo G
protein within the cDNA sequence, we
concluded that Endo G was synthesized as a
precursor protein and subsequently pro-
cessed between amino acids 48 and 49 to
yield the mature protein of 27,340 daltons.

Comparison with known protein se-
quences indicated that Endo G is homolo-
gous to Nucl, a 329-amino acid endonu-
clease from Saccharomyces cerevisiae mito-
chondria (9). Amino acids 68 to 294 of
Endo G are 42% identical (67% similar,
adding conservative substitutions) to amino
acids 61 to 295 of the yeast protein (Fig. 1).
In contrast, the processed presequences
have not been conserved, although both
share the peptide GLGA in the middle of
the presequence. Amino acids 140 to 202 of
both nucleases also show homology to the
central region (amino acids 106 to 171) of a
266 amino acid-long secreted endonuclease
from Serratia marcesens (10) (42% identity
and 51% similarity with Endo G, and 45%
identity and 54% similarity with Nucl, Fig.
1), which also has the GLGA sequence
near its NH,-terminus.

Despite the homology between Endo G
and Nucl, their enzymatic activities are
different. Digestion of linear p554-3' DNA
with Nucl did not produce the 0.4- and
2.9-kb fragments diagnostic of Endo G
cleavage at the (dG),;-(dC),, tract (I, 2)
(Fig. 2). The cleavage pattern produced by
Nucl is similar to that produced by Neuro-
spora crassa endo-exonuclease (11) (Fig. 2),
a cellular nuclease that shares immunolog-
ical epitopes with Nucl but not with Endo
G (12). Therefore, the ability to preferen-
tially recognize (dG), - (dC),, tracts is a dis-
tinct property of the vertebrate nuclease.

Antibodies raised against the synthetic
peptide AGLPAVPGAPAG (NH,-termi-
nus of mature Endo G) (13) recognized a
single protein band corresponding in size to
the mature Endo G monomer (2) in immu-
noblots of crude extracts from calf liver and
of purified Endo G preparations. Under the
same conditions, the in vitro translation
products of the complete and truncated
(lacking the 48 amino acid-long prese-
quence) reading frames (I14) were distin-
guishable in size (12). Endo G immune sera
but not preimmune sera precipitated Endo
G activity, subsequently assayed by the
endonucleolytic cleavage of linear p554-3’
DNA (Fig. 2). Therefore, we concluded
that the presequence was removed shortly
after synthesis, resulting in active Endo G.

To determine whether the Endo G
cDNA directed expression of the nuclease
in vivo and to examine the role of the
presequence, we constructed expression
vectors containing the complete Endo G
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cDNA (pSVT7EG) or a truncated cDNA
in which the presequence was deleted
(pPSVTTtEG) (14). These plasmids, and
their antisense constructs, were then co-
transfected with pSV,CAT into monkey
COS-7 cells (15), and cell extracts were
assayed for Endo G activity. Only cells
transfected with the plasmid containing the
complete cDNA in the sense orientation
showed increased Endo G activity (Fig. 2).

Fig. 1. (A) Sequence of A
the Endo G protein de-
duced from the cDNA
clone pbEG4 (5, 8).
Amino acids in bold
correspond to the NH,-
terminal sequence of
purified Endo G. Hori-
zontal arrows indicate
the regions covered by
the primers used in

Immunoblot analysis indicated the presence
of mature Endo G in extracts of cells trans-
fected with pSVT7EG, but no precursor
protein could be detected (12). In contrast,
cells transfected with pSVTTtEG showed
no increase in Endo G activity (Fig. 2) even
though the protein was detected by immu-
noblot analysis and by immunocytochemis-
try (Fig. 3). Endo G translated in vitro from
the truncated cDNA was also inactive. We

MQLLRAGLTLALGAGLGAAAEstRQRADARATPGLLsRLPVLPVAM?AM;GAM& 60
ccpch.ﬂ.pcvaomsé:\sYVLCYDpémGAwaséLRpE:cLRGDéNRsscnpﬂsb 120
DSVHAYHRATNADYRGSGFDRGHLAAAANHRWSQKAMDDTFYLSNVAPQVPHLNQNAWNN 180
LEKYSRSLTRTYONVYVCTGPLFLPRTEADGKSYVKYQVIGKNHVAVPTHFFKVLILEAA 240

GGOTELRSYVMPNAPVDEAI PLEHFLVPIESIERASGLLFVPNILARAGSLKAITAGSK 299

step PCR. The vertical
arrow shows the
boundary between the
precursor and mature
Endo G. (B) Compari-
son of the amino acid

Endo G m 115
Nucl EFI NP’ 110
Serma LA
Endo G SVHAY!

Nucl VIPEK KL
Serma I s

Endo G V.
Nucl M

sequences of Endo G,
yeast Nucl1, and S
marcesens  secreted
nuclease. Only the
most conserved re-
gions are shown. Dots
in the sequences repre-

Endo G VDEAI {F
Nucl ISNET 3

Endo G [RSYMKYQVIGKNH . VAVPTHFFRVLILEN,. . . . || R 255
Nucl PPS l IV 258

FVPNILARAGS 294
LLQKV. . PPSK 295

sent interruptions for maximal alignment. Conservative substitutions are in bold and identities are

boxed.

Fig. 2. Enzymatic activities of Endo G. (A) Endo
G activity precipitated by peptide antibodies.
Step (xX) Endo G was reacted with IgG from
preimmune and immune sera, and the nuclease
activity was determined from equal portions of
the immunosupernatant or immunoprecipitate by
digestion of Hind lll-linearized p554-3'. Lanes 1
and 2, precipitate from preimmune and immune
sera; lanes 3 and 4, supernatant from preim-
mune and immune sera. (B) The cDNA of pbEG4
directs expression of Endo G in vivo. Expression
vectors pSVT7EG or pSVT7tEG were cotrans-
fected with pSV,CAT into COS-7 cells. Endo G
activity was determined in fractions of whole
extracts normalized to have equal CAT activity.
Lane 1, no transfection; lanes 2 and 3, transfec-
tion with pSVT7EG in the sense and antisense
orientations; lanes 4 and 5, transfection with
pSVT7tEG in the sense and antisense orienta-
tions. Reactions were carried out for 60 min at
25°C. (C) Specificity of Endo G, Nuc1, and N.
crassa endonucleases. Hind lll-linearized p554-
3’ DNA was digested at 25°C with 2.5 U of step
(xi) Endo G for 0, 5, 15, 30, and 60 min (lanes 1
through 5); 0.3 pg of a mitochondrial extract
from wild-type S. cerevisiae for 5, 15, and 30 min
(lanes 6 through 8); 0.38 pg of a mitochondrial
extract from S. cerevisiae Nuc1 null mutant (37)
for 5, 15, and 30 min (lanes 9 through 11; no

2.9 kb

>
2(G/C),;
0.4 kb

Cc
1.2 3.4 662789 10 11 12:43 14

endonuclease activity could be detected); and 0.75 x 10~3 U of N. crassa endo-exonuclease for
1,5, and 10 min (lanes 12 through 14). In (B) and (C) the 0.4-kb fragment is not shown for illustration

purposes.

SCIENCE ¢ VOL. 261 ¢ 6 AUGUST 1993



suggest, therefore, that the presequence is
necessary for the correct folding of Endo G
(16).

We have found Endo G activity in
nuclei (I) and mitochondria (2, 12) from
several vertebrates, and a nuclease activity
related to Endo G has independently been
found in bovine heart and rat liver mito-
chondria (17, 18). We used immunocyto-
chemistry to analyze the cellular location of
Endo G. COS-7 cells transfected with
pSVTTEG were reacted with affinity-puri-
fied antibodies to bovine Endo G and a
monoclonal antibody (MAB1273) that rec-
ognizes a mitochondrial antigen (19). The
granular cytoplasmic fluorescence of the
two antibodies coincided (Fig. 3) in all
cases. When cells were transfected with
pSVTTLEG, the fluorescence was located in
the nucleus and not in mitochondria. Cells
transfected with the antisense constructs
showed no Endo G staining. Thus, in vivo,
most Endo G is located in mitochondria,
and the presequence is required for its
targeting to the organelle. The mitochon-
drial localization of Endo G and its se-
quence homology with the Serratia endonu-
clease supports the hypothesis that eukary-
otic mitochondria originated from prokary-
otic endosymbionts (20).

Endo G in cells transfected with
pSVTTtEG was confined to the extranucleo-
lar chromatin of the nucleus (Fig. 3). A
portion of Endo G seems normally to be
localized in nuclei. Hepatocytes of calf liver

Fig. 3. Subcellular localiza-
tion of Endo G. COS-7 cells
were transfected  with
pSVT7EG (A and B) or
pSVT7tEG (C) and reacted
with rabbit antibodies to
Endo G and mouse
MAB1273 antibodies to
mitochondria and then
stained with the suitable
secondary antibodies. (A)
Staining for antibody to mi-
tochondria; (B) staining for
antibody to Endo G [same
field as in (A)]; (C) staining
for Endo G antibodies. Be-
cause the bovine Endo G
antibody does not cross-
react with simian Endo G,
only fluorescence of the
transfected cells can be
detected. (D) Staining of a
section of calf liver reacted
with Endo G antibody and
FITC-conjugated second-
ary antibody.

.

sections (19) (Fig. 3) displayed intense gran-
ular cytoplasmic fluorescence, as expected
from their high content of mitochondria, and
also fluorescence in the nuclei. Nuclear fluo-
rescence did not appear to be spurious because
the nucleoli were always visible as dark spots.
No fluorescence was seen when the antibody
was preincubated with an excess of the immu-
nizing peptide. As is the case with Endo G,
removal of the presequence from another
protein shared by nuclei and mitochondria,
the N?,N2-dimethylguanosine—specific tRNA
methyltransferase (m’Gtase) of yeast, results
in the inactivity of the nuclear form and
absence from the mitochondria (21).

The mitochondrial targeting signal of
Endo G has no obvious homology to that of
other nuclear-encoded mitochondrial pro-
teins, as is often found to be the case with
such proteins, and it does not have an overt
amphiphilic character (16). No nuclear
targeting signal was found, although that is
not unusual (22).

A likely target for Endo G activity in
animal mitochondrial DNA (mtDNA) would
be the region upstream of the tRNAPhe,
and the conserved sequence box—II (CSB-
II) in the displacement-loop (D-loop) re-
gion, both of which contain (dG),-(dC),
tracts (of length 6 to 19 in bovine
mtDNA) (23, 24). Endo G efficiently
cleaves these lengths of tracts (I, 2), and
the G-specific nuclease from bovine heart
mitochondria preferentially recognizes
those sequences in vitro (17). Endo G
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may thus be involved in maintenance of
mtDNA copy number or initiation of re-
combination. However, Endo G could also
have other functions if it had activities
other than deoxyribonuclease.

We examined whether Endo G had
RNase activity by digesting RNA synthe-
sized from pBT29 (25) that contains
(dG),4°(dC),o. Endo G cleaved the C tran-
script virtually at every C with little attack
at other positions (Fig. 4) or the G tran-
script. The lack of recognition of the G
runs in vitro may not reflect an intrinsic
property of the nuclease but rather the
secondary structure of RNA, because the G
tract can form hairpin fold-back structures
(26). This possibility was supported by the
resistance of the central G residues of the G
strand to ribonuclease (RNase) T1 diges-
tion at 50°C in the presence of 8 M urea
(Fig. 4). Pretreatment of Endo G with
micrococcal nuclease had no effect on its
RNase activity or specificity. The RNase
activity of Endo G could be involved in
processing of polycistronic transcripts by
cleaving the C tract immediately upstream
of the tRNAPre, However, as is the case of
its single-stranded DNase activity (2), Endo
G may specifically recognize other RNA
sequences.

The D-loop region of vertebrate
mtDNA contains the promoters for tran-
scription of the light strand (LSP) and
heavy strand (HSP) (27). Downstream
from the LSP are three conserved sequence
blocks (CSB-III, CSB-II, and CSB-I) and
the origin of leading-strand replication
(Oy)- Leading-strand replication appears to
be primed by RNA transcripts from LSP,
and the transition from RNA to DNA
encompasses sequences CSB-I, CSB-II, and
CSB-IlII. To examine whether Endo G
could be implicated in this process, we
assayed its RNase activity on in vitro
L-strand transcripts of the Oy region of the
mouse mtDNA (pMR718B) (28). We used
the mouse substrate, which has an organi-
zation of the D-loop region similar to that
of the bovine mtDNA, because it is the
only system in which RNA has been found
covalently linked to the 5’ ends of nascent
heavy-strand DNA (H-DNA), and the in
vivo RNA 3’ ends have been aligned with
DNA 5’ termini (29). The use of the heter-
ologous enzyme is justified because rodent
and bovine Endo G have the same size and
specificity and are homologous at the nucleic
acid level (I, 12). Endo G cleaved the
mouse substrate at three main regions, two
of which (B and C) correspond to RNA 3’
ends produced in vivo (Fig- 4) (29).

The presence of ribonucleotides at the
5’ ends of nascent H-DNA argues that a
putative RNase H activity could be respon-
sible for generation of the 3'-hydroxyl RNA
ends required by DNA polymerase vy to
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initiate replication. Endo G has also an
RNase H activity that produced a series of
specific cleavages on the RNA moiety of
DNA-RNA hybrids of the Oy region (30).
Site 4 mapped at the middle of CSB-II (Fig.
4), precisely where the transition from ri-
bonucleotide to deoxyribonucleotide of the
5" ends of nascent H-DNA was found to
take place, downstream of the RNase site B
(Fig. 4) where a perfect alignment of in
vivo RNA 3’ ends and DNA 5’ ends was
observed (29). In addition, sites 3 and 5
mapped at CSB-III and between CSB-II
and CSB-I where 3’ ends of RNA have
been mapped in human (31) and mouse
mtDNA (29), respectively. The transition
site at CSB-I (29) was also cleaved by Endo
G, although at lower frequency than the
other sites, and could only be seen at a
higher extent of digestion (12).

The relative sensitivity of each site does

Fig. 4. Endo G has
RNase and RNase H
activities. (A) RNA con-
taining an (rC),g tract
(lanes 1 through 8) and
an (rG),g tract (lanes 9
through 14) was la-
beled at the 3’ end and
digested at 25°C with 1
U of step (xi) Endo G for
0 min (lanes 1 and 9), 5
min (lanes 2 and 10),
15 min (lanes 3 and
11), and 30 min (lanes
4 and 12). Lanes 5 and
13, incubation with
Endo G buffer alone;
lanes 6 and 7, preincu-
bation of Endo G for 15
min at 37°C with, re-
spectively, 2.5 mM
CaCl, and 25 mM
CaCl, + 1 U of micro-
coccal nuclease, be-
fore digestion in the

(rCag

!1]:

presence of 5 mM Lok S

not strictly parallel the relative abundance
of the in vivo ends. This could be due to
differential stability or rate of processing of
the products, which may depend on chang-
ing physiological stimuli. For example, the
type of 5' termini of 7S D-loop heavy-
strand DNA (DH-DNA) from bovine mi-
tochondria differs as a function of cell
growth (32). Although the absence of ribo-
nucleotides at the 5’ termini of bovine
H-DNA (32) suggests that the molecules
were processed, the main 5’ termini in
proliferating cells mapped at CSB-II, and
between CSB-II and CSB-I, in the same
regions recognized by Endo G in the mouse
mtDNA. Representation of primers in rep-
licons could also be modulated by several
mechanisms, such as an intrinsically differ-
ent elongation rate of RNA polymerase
through the Oy region. Thus, different
regions of the RNA-DNA hybrid and the
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was incubated with 3.5 U of Endo G (lane 1), with the nuclease buffer (lane 2) for 10 min, or with
RNase T1 (lane 3). A DNA-RNA hybrid of the same region, labeled at the RNA 3’ end, was incubated
for 20 min at 25°C with 3.5 U of Endo G (lane 4) or with the nuclease buffer (lane 5). The site of
transcription initiation of the L-strand promoter (LSP) is indicated. (C) Mapping of the Endo G
cleavage sites of the L-strand transcript (open arrowheads) and RNA-DNA hybrids (solid arrow-
heads). The positions of CSB-I, CSB-II, and CSB-IIl and the distribution of in vivo RNA 3’ ends (3'R)
and nascent H-DNA 5’ ends (5'R and 5'D) are indicated. The initiation site of the L-strand transcript
(+1) corresponds to nucleotide 16,183 of the mouse mtDNA sequence (38).
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nascent RNA transcript would be exposed
to the action of Endo G for different times.

Although the function of Endo G in
vivo remains to be shown, we suggest that it
is responsible for the generation of RNA
primers required by DNA polymerase vy for
initiation of mtDNA replication. A similar
mechanism appears to be used by plasmid
ColEl1 (33), where the primers for DNA
polymerase are produced near the replica-
tion origin by RNase H cleavage of hybrids
formed by primary transcripts with template
DNA. The role that we propose for Endo G
was previously suggested for RNase MRP
(an RNA-containing RNase) (28). Howev-
er, recent evidence has cast serious doubts
about the presence of such an activity in
mitochondria (34).

The D-loop region of animal mtDNA is
the most divergent portion of the mito-
chondrial genome. However, the CSBs
have been conserved in vertebrates (35).
Hence, it appears that CSB-II, which is
G-+C-rich, and the preference of Endo G for
G-C tracts have been mutually conserved
during vertebrate evolution.
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Selective and ATP-Dependent Translocation of
Peptides by the MHC-Encoded Transporter

Jacques J. Neefjes, Frank Momburg, Gunter J. Himmerling*

Major histocompatibility complex (MHC) class | molecules present peptides derived from
nuclear and cytosolic proteins to CD8* T cells. These peptides are translocated into the
lumen of the endoplasmic reticulum (ER) to associate with class | molecules. Two MHC-
encoded putative transporter proteins, TAP1 and TAP2, are required for efficient assembly
of class | molecules and presentation of endogenous peptides. Expression of TAP1 and
TAP2 in a mutant cell line resulted in the delivery of an 11-amino acid oligomer model
peptide to the ER. Peptide translocation depended on the sequence of the peptide, was
adenosine triphosphate (ATP)—-dependent, required ATP hydrolysis, and was inhibited in

a concentration-dependent manner.

Cytotoxic T lymphocytes recognize pep-
tides presented by MHC class I molecules.
It is likely that two steps precede the bind-
ing by class I molecules of peptides originat-
ing from cytosolic or nuclear antigens.
First, proteins undergo a limited degrada-
tion in which the multicatalytic or protea-
some complex may be involved (I). Sec-
ond, the resulting peptides are translocated
from the cytosol into the lumen of the ER.
Analysis of mutant cell lines with defective
class I assembly and antigen presentation
led to the identification of two related
genes, located in the MHC class II region of
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humans and rodents, that encode the trans-
porters associated with antigen processing,
TAP1 and TAP2. These proteins form
heterodimers (2, 3) and are expressed in the
ER membrane (4). By structural homology
they belong to a family of transporter pro-
teins that have multiple membrane-span-
ning sequences and contain an ATP-bind-
ing consensus sequence (5). Other mem-
bers are the mammalian P-glycoproteins
(multidrug resistance pumps), the cystic
fibrosis transmembrane conductance regula-
tor (CFTR), bacterial hemolysin transport-
ers (HLyB), and the yeast protein Ste6.
Two lines of evidence suggested that the
TAPI1-TAP2 heterodimer translocates pep-
tides to the ER: The reconstitution of class
I assembly (2, 3, 6-9) in mutant cells
transfected with TAP genes and the obser-
vation that expression of different alleles of

769





