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Endonuclease G (EndoG) is a mitochondrial enzyme believed
to be released during apoptosis to participate in the degradation
of nuclear DNA. This paper describes a Drosophila protein,
EndoG]I, which inhibits EndoG specifically. EndoG and EndoGI
associate with subpicomolar affinity, forming a 2:1 complex in
which dimeric EndoG is bound by two tandemly repeated
homologous domains of monomeric EndoGI. Binding appears
to involve the active site of EndoG. EndoGl is present in the cell
nucleus at micromolar concentrations. Upon induction of apo-
ptosis, levels of the inhibitor appear to be reduced, and it is relo-
calized to the cytoplasm. EndoGI, encoded by the predicted
open reading frame cg4930, is expressed throughout Drosophila
development. Flies homozygous for a hypomorphic EndoGI
mutation have a strongly reduced viability, which is modulated
by genetic background and diet. We propose that EndoGI pro-
tects the cell against low levels of EndoG outside mitochondria.

Fragmentation of chromosomal DNA is a characteristic fea-
ture of apoptosis. The main enzyme responsible for apoptotic
DNA degradation is CAD (or DFF40). CAD is controlled
through its association with ICAD (or DFF45), which serves a
dual function. First, ICAD plays a chaperone-like role for CAD;
no functional CAD is produced without ICAD. Second, ICAD is
an inhibitor of CAD. During apoptosis, ICAD is cleaved by
caspases to liberate active CAD (1-3).

Although cells deficient for either CAD or ICAD have defects
in apoptotic DNA fragmentation, they can still undergo apo-
ptosis and degrade their DNA. This observation led to the puri-
fication of a second apoptotic nuclease, endonuclease G
(EndoG)* (4, 5). A role of EndoG in apoptosis was independ-
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ently discovered in a genetic screen in Caenorhabditis elegans
(6). EndoG is localized in the mitochondrial intermembrane
space, sequestered from cellular nucleic acids. Upon induction
of apoptosis, it is released from mitochondria, together with
cytochrome C and other proapoptotic proteins, and trans-
ported to the cell nucleus (4, 7, 8). The enzyme is a metal ion-
dependent homodimeric endonuclease of the BBa-Me finger
superfamily (9). EndoG-like enzymes degrade single- and dou-
ble-stranded DNA and RNA to oligonucleotides with 3'-OH
and 5’-phosphate ends (10—12). At physiological salt concen-
trations, the preferred substrate is single-stranded nucleic acid,
but the degradation of double-stranded DNA may be facilitated
by cooperation with other proteins (11, 13-15).

A role of EndoG in apoptosis is somewhat controversial.
EndoG knock-out mice have no defect in apoptotic DNA deg-
radation (16, 17), but this might be due to redundancy with
CAD and additional nucleases (1, 2, 18). RNA interference
experiments and genetic data in Saccharomyces cerevisiae sup-
port a role of EndoG in apoptosis (8, 19, 20). EndoG is also
thought to function in a non-apoptotic form of programmed
cell death (21). Evidence for a positive function of EndoG in cell
proliferation has been presented (8, 22, 23). A proposed role of
mammalian EndoG in the genomic inversion of herpesvirus
(22, 24) suggests the possibility that not all of EndoG is seques-
tered in mitochondria.

No inhibitor comparable with ICAD has been reported for
EndoG, and no such control of the nuclease would seem
essential, since it is sequestered in mitochondria. However, a
prokaryotic EndoG family member, the secreted nuclease
NucA of Anabaena, forms a 1:1 complex with an inhibitory
protein (25, 26). Since other secreted nucleases like pancre-
atic RNase (27), barnase (28), or colicin E3 (29) also associate
tightly with cytoplasmic inhibitors, export of such enzymes
may not always be sufficient for the protection of cellular
nucleic acids.

During our studies of enzymes involved in mRNA dead-
enylation, we rediscovered EndoG through its ability to
degrade poly(A). More interestingly, we found an endoge-
nous protein inhibitor of EndoG in Drosophila. This inhibi-
tor, which we termed EndoGlI, is located in the cell nucleus.
We present evidence suggesting that it protects the cell from

CAD, caspase-activated DNase; ICAD, inhibitor of caspase-activated
DNase.
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chromosomal damage inflicted by EndoG in nonapoptotic
cells.

EXPERIMENTAL PROCEDURES

Plasmids—EndoGI, EndoG, and 14-3-3 { were amplified
from cDNA clones 16111, 21H12, and 66H2 (obtained from
BACPAC; available on the World Wide Web), respectively.
14-3-3 e was amplified from S2 cell cDNA. Appropriate restric-
tion sites were introduced with the primers. 14-3-3 e and { were
ligated into the BamHI/Kpnl sites, and EndoGI and its variants
were ligated into the Clal/EcoRI sites of the pRSET C vector
(Invitrogen) in frame with an N-terminal His tag. For EndoGI
deletion variants, artificial start or stop codons were introduced
by PCR, and the products were cloned into pRSET C. For
expression of nontagged EndoGI, the sequence encoding the
His tag was removed from the pRSET C expression clone with
Ndel and EcoRI. The EndoG coding sequence lacking the
N-terminal 53 amino acids (EndoG AN53) was PCR-amplified
with primers introducing an artificial start codon before codon
54 and appropriate restriction sites. The product was ligated
into the Ncol/Kpnl sites of pETM-11 (30) in frame with the
N-terminal His tag. For the EndoG AN53 DAGA mutant, site-
directed mutagenesis was performed on full-length cDNA, an
artificial start codon replacing amino acids 1-53 was then
introduced by PCR, and the product was ligated into the
BamHI/EcoRI sites of pRSET C in frame with the N-terminal
His tag. For the bicistronic co-expression construct, EndoGI
was amplified and ligated into the Ncol/EcoRI sites of pET21d
(Novagen). EndoG AN55 was amplified with a 5’ primer intro-
ducing an EcoRI site, a ribosome binding site, and a start codon
(5'-GTG AAT TCA ATA ATT TTG TTT AAC TTT AAG
AAG GAG ATATACATATGT TGA TTC CCG CCC AAG-
3')and a suitable 3’ primer and ligated into the EcoRI/NotI sites
of the pET21d-endoGI expression construct in frame with a
C-terminal His tag.

For the full-length EndoG DAGA mutant, site-directed
mutagenesis was performed on a full-length cDNA clone. The
coding sequence was then amplified with a 3" primer replacing
the natural stop codon with a FLAG tag, followed by a stop
codon and a suitable restriction site, and ligated into the Kpnl
and EcoRI sites of a pMT/V5-His C vector (Invitrogen). This
vector allows expression in Drosophila S2 cells under the con-
trol of a Cu®"-regulated promoter. GFP-EndoGlI fusions were
made in the pAc5.1 vector (Invitrogen) containing the coding
sequence for enhanced GFP (a gift from E. Izaurralde,
Max-Planck-Institute, Tiibingen, Germany). EndoGI coding
sequences were amplified with primers introducing two EcoRI
sites and removing the start codon. Products were ligated into
the EcoRI-opened pAc5.1 enhanced GFP plasmid in frame with
GEFP. The fusion protein can be expressed in S2 cells under the
control of a constitutive actin promoter. The intronless grim
coding sequence was amplified from chromosomal DNA of
Drosophila melanogaster w''*® with primers introducing
restriction sites and a C-terminal FLAG tag and cloned into the
Kpnl and Xhol sites of pMT/V5-His C. All constructs were
verified by sequencing.

Protein Purification—All column materials were from GE
Healthcare except where noted. Preparation of S2 cell extract
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and DEAE chromatography have been described (31). Fractions
containing EndoGI were pooled and applied to a MacroprepS
column. EndoGI was present in the flow-through. Ammonium
sulfate was added to 40% saturation, and, after centrifugation,
the supernatant was applied to a phenyl-Superose column. The
EndoGI-containing fractions were further purified by hydroxy-
apatite (Biogel-HTP; Bio-Rad) and MonoQ chromatography.
The pattern of protein bands was not changed by subsequent
gel filtration on Superdex 200. DEAE column fractions contain-
ing EndoG were also pooled and applied to a MacroprepS col-
umn. Enzyme eluted from the column was further purified by
hydroxyapatite chromatography, ammonium sulfate precipita-
tion (20% saturation), and Superdex 200 gel filtration. Further
details of the procedures are available upon request.

For expression of EndoGlI, Escherichia coli BL21 Codon+
was transformed with the expression plasmid, grown at 37 °Cin
LB medium, and induced in midlog phase (A4y, = 0.6) by the
addition of 1 mm isopropyl 1-thio-B-p-galactopyranoside, and
the temperature was reduced to 25 °C. After 3 h, cells were
harvested; washed with PBS; resuspended in ice-cold EndoGI
buffer (50 mm Tris-HCI, pH 7.5, 10% (v/v) glycerol, 0.02% (v/v)
Nonidet P-40) containing 300 mm KCI, 1 mm phenylmethylsul-
fonyl fluoride, 2 ug/ml pepstatin, 2 ug/ml leupeptin; and bro-
ken on ice by sonication. After centrifugation at 30,000 X gand
4 °C for 30 min, the supernatant was frozen in liquid nitrogen
and stored at —80 °C. Fractionation was carried out at 4—8 °C.
Extracts were applied to a Ni*"-nitrilotriacetic acid-agarose
column (Qiagen). After washing with EndoGI buffer containing
300 mMm KCl and then with EndoGI buffer containing 10 mm
imidazole, protein was eluted with EndoGI buffer containing
100, 200, and 500 mMm imidazole. Eluted proteins were diluted
with EndoGlI buffer, applied to a MonoQ column, and eluted
with a 20-column volume gradient from 50 to 500 mm KCl in
EndoGI buffer. Fractions containing the overexpressed pro-
teins were pooled and concentrated by centrifugation
through Amicon ultracentrifugal filter (Millipore). 2 ml of
this concentrated protein was applied to a 120-ml Superdex
200 preparation grade column equilibrated in 50 mm potas-
sium phosphate (pH 7.4), 100 mm KCl, 10% (v/v) glycerol.
EndoGI variants and the 14-3-3 proteins were expressed
according to the same procedure and purified by the same
sequence of columns.

For expression of EndoG, E. coli BL21 Codon+ was trans-
formed simultaneously with the EndoG plasmid and the
EndoGI plasmid lacking a his tag, and double selection with
ampicillin and kanamycin was carried out. Cell growth (in the
continuous presence of both antibiotics) and induction, lysis,
and Ni*" -nitrilotriacetic acid chromatography were as de-
scribed above. EndoG-containing fractions were pooled and
dialyzed against 50 mm Tris (pH 7.5), 20% (v/v) glycerol, 20 mm
KCl, 0.5 mm DTT, 0.02% (v/v) Nonidet P-40, and an ammo-
nium sulfate precipitation at 10% saturation was performed on
ice for 1 h. After centrifugation, the supernatant was applied to
a 1-ml phenyl-Superose column. The column was eluted by a
descending ammonium sulfate gradient, and the peak fractions
were pooled; dialyzed against 20 mm imidazole (pH 7.4), 50 mm
KCl, 10% (v/v) glycerol, 0.5 mMm DTT, 1 mm MgCl,; and applied
to a 1-ml hydroxyapatite column. EndoG was eluted with a
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10-ml gradient to 0.2 M potassium phosphate (pH 7.4) in the
same buffer lacking MgCl,. Titrations of purified EndoG with
EndoGI under stoichiometric conditions suggested that about
30% of the protein was active. Partial activity of the enzyme was
not due to residual EndoGI; none was detectable by Western
blotting.

For purification of EndoG AN53 DAGA, expression, cell lysis
and centrifugation were done according to the same protocol.
The pellet containing the majority of the desired protein was
dissolved in urea buffer (8 M urea, 10 mm Tris-HCI, pH 8.0, 100
mM NaH,PO,) and incubated at room temperature for 2 h.
After centrifugation at 20,000 X g for 15 min, the supernatant
was applied to a Ni*"-nitrilotriacetic acid-agarose column
(Qiagen). The column was washed with urea buffer, and protein
was eluted with urea buffer brought to pH 4.0 with HCI. Eluted
proteins were diluted with urea buffer to below 0.5 mg/ml and
renatured by dialysis in a cold room against 20 mm Tris-HCl,
pH 8.0, 50 mm KCl, 10% (v/v) glycerol, 0.02% (v/v) Nonidet
P-40, 1 mm DTT, 0.7 M L-arginine overnight and then against
the same buffer containing 0.4 M L-arginine for 12 h and finally
against the same buffer lacking arginine overnight. The solu-
tion was clarified by centrifugation, and the supernatant was
concentrated and applied to a 120-ml Superdex 200 column.

Co-expression of EndoG AN55 N187K and EndoGI from the
bicistronic construct was done in BL21 (DE3) CodonPlus RIL
(Stratagene). Cells were grown in LB medium to midlog phase
(Agoo = 0.6) at 37 °C and cooled to 20 °C, and expression was
induced with 0.5 mM isopropyl 1-thio-B-p-galactopyranoside
overnight. Cells were harvested, suspended in 50 mm Tris-HCl,
pH 8.0, 250 mm NaCl, 2 mm MgSO,, 10 mm B-mercaptoetha-
nol, and lysed by sonication. The lysate was cleared by centrif-
ugation and loaded onto a 1-ml HisTrap HP column equili-
brated with the same buffer. Proteins were eluted with a
10-column volume gradient to 250 mM imidazole in the same
buffer; diluted into 50 mm Tris-HCI, pH 8.0, 2 mm MgSO,, 2
mM dithioerythritol; and loaded onto a MonoQ column.
Whereas EndoGI bound to the column, EndoG was found
exclusively in the flow-through and subsequently loaded onto a
1-ml HiTrap heparin column equilibrated with 50 mm Tris-
HCl, pH 7.3, 2 mM dithioerythritol. Bound EndoG was eluted
with a 20-ml gradient to 1 M NaCl in the same buffer and finally
purified on Superdex 75 equilibrated with 50 mm HEPES, pH
7.5, 100 mm NaCl, 2 mm MgSO,, 2 mm dithioerythritol.

Protein concentrations were determined photometrically,
with extinction coefficients calculated from the amino acid
composition. Because EndoG AN53 was available at low con-
centration and not homogeneous, its concentration was esti-
mated by densitometry of a Coomassie-stained SDS-polyacryl-
amide gel and comparison with a bovine serum albumin
standard. The concentration of active EndoG was determined
by a stoichiometric titration with EndoGI and was 30% of the
chemical concentration. This may reflect a fraction of inactive
protein, inaccuracy of the concentration measurement, or
both. In the figure legends, both the chemical concentration
and the concentration of active dimer are indicated.

Activity Assays—Homogeneously labeled poly(A) was made
by extension of an oligo(A) primer by poly(A) polymerase with
[a->*P]ATP (32). L3pre-based RNAs were synthesized with
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[a-*?P]JUTP as described (33). Size-fractionated poly(A) was
5’'-labeled with [y->’P]JATP and T4 polynucleotide kinase
under standard conditions. For 3’ labeling, 9 pmol (3'-ends) of
size-fractionated poly(A) was incubated with 50 uCi of
[a-*2P]ATP (3000 Ci/mmol) and 2 pmol of bovine poly(A) po-
lymerase as described (31).

Poly(A)-degrading activity was assayed by the release of
trichloroacetic acid-soluble products from homogeneously
labeled poly(A); 1 ul of protein sample was mixed at room tem-
perature with 20 ul of reaction buffer (20 mm Hepes, pH 7.5,
1 mm magnesium acetate, 1 mm DTT, 10% (v/v) glycerol, 0.2
mg/ml bovine serum albumin, 0.02% (v/v) Nonidet P-40, 150
mMm KCI) containing 20,000-50,000 cpm of homogeneously
labeled poly(A) and 54 uM (mononucleotide concentration) of
unlabeled poly(A) of heterogeneous size. The reaction was
started immediately by incubation at 30 °C for the appropriate
time. When required, EndoG and EndoGI were preincubated in
the reaction mix for 90 min, and reactions were started by the
addition of poly(A). Protein concentrations used are indicated
in the figure legends. Reactions were stopped by the addition of
5 ul of 0.5 M EDTA (pH 8.0). 75 ul of cold 16% (w/v) trichloro-
acetic acid were added immediately before centrifugation at
20,000 X g for 10 min at 4 °C, and the amount of acid-soluble
nucleotides was determined by scintillation counting. Soluble
radioactivity in a sample incubated without enzyme was sub-
tracted as background.

The in-gel activity assay used for the identification of EndoG
was carried out as described (34) except that the reaction buffer
was the one described above. The gel solution included 26 nm
(as mononucleotides) of homogeneously labeled poly(A).

For inhibition assays, EndoG and EndoGI were preincubated
in the reaction mix for 90 min when necessary, and reactions
were started by the addition of poly(A). Complete complex for-
mation during the time of preincubation was experimentally
verified. Protein concentrations used are indicated in the figure
legends.

Affinity of the EndoG-EndoGI interaction was determined
by a titration of a fixed amount of EndoG with EndoGI or
EndoGI variants. Results were fitted to Equation 1,

(€2 + 1o+ Kb) — (2 + I+ KD — 4+ % 1
2:c2

Inhibitiony, =

- inhibition g, (Eq. 1)
where ¢ represents the initial concentrations of EndoG
dimers, and [, represents the initial concentrations of EndoGI
monomers, respectively. K}, is the dissociation constant of the
complex.

Since the concentration of active EndoG was not known pre-
cisely, a free fit of this parameter was allowed. However, the K,
values obtained were quite insensitive to the concentration of
EndoG. K, values are reported = S.D. and are based on at least
four independent titrations.

The affinity of EndoG AN55 N187K (EndoG N187K for
short) for EndoGI was determined by a competition (deinhibi-
tion) experiment in which a fixed amount of EndoG was mixed
with increasing amounts of EndoG N187K before EndoGI was
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added, and the resulting nuclease activity was determined after
complex formation. Curve fitting was based on the assumption
that no mixed dimers were formed in the course of the experi-
ment. The interaction of EndoG and EndoGI is characterized
by a K}, value of 0.2 pm, determined as above. The deinhibition
approach revealed the K% value of the inactive variant EndoG
N187K and EndoGI. Nuclease activity was measured at a sub-
strate concentration of 53 um (as mononucleotides; about K,,).
A competitive inhibition according to DIXON results in Equa-
tion 2,

l_ Km ‘(l _l0+conar+Ké
Vo Vi So Kb \° 2
\f’o + Cgvar + Ké)z | 0 ) 1 (1 m)
T =l | F T+ ] (a2
4 0 ¢ Vmax S0 :

where v represents the substrate turnover rate at a specified
initial substrate concentration S,, V., is the maximum sub-
strate turnover rate at saturating substrate concentrations, K,
is the substrate concentration at half-maximum rate, I, the ini-
tial concentration of EndoGI, and ¢, is the initial dimer con-
centration of the inactive EndoG N187K competing with
EndoG for EndoGI binding. All measurements were performed
at least in duplicate, and the data were averaged. Errors are the
S.E. values resulting from data fitting.

The rate constant of inhibitor release from the EndoG-
EndoGI complex (k) was determined by the gain in enzymatic
activity after the addition of EndoG N187K to the preformed
complex. EndoG N187K was used in excess to ensure the irre-
versibility of the reaction.

Equation 3 describes the relationship (proportionality) of the
reaction rate and the concentration of the active enzyme (dein-
hibited enzyme), where v(c) is the constant rate after attaining
the equilibrium, and v(¢) is the rate at time ¢.

v (Eq.3)

(© ~ 20— exp(~kug- 1)
v(c) — == = exp(—ke*

( C) p ff
The product formation dependent on time yields the rate of the
reaction. Integration of the differential equation following from
Equation 3 yields the relationship of the time-dependent prod-
uct formation and allows the determination of kg,

v(c)
P(t)y=n+v(c)-t+ T-exp(—koff- t)
off

(Eq.4)
where P represents the product concentration at time ¢, and 7 is
the offset. The progress curve of the gain in substrate turnover
was investigated considering the maximum turnover rate
determined for a simultaneous incubation of all components
and yielded a value kg of (2.66 = 0.12):10 © s~ *. The error
indicated is the S.E. value of the parameter resulting from data
fitting.

Mass Spectrometry—For protein identification, excised
bands were digested with trypsin (35). Peptides were separated
by capillary liquid chromatography (Micromass), desalted on-
line through a Symmetry300 C,4 trap column (Waters), sepa-
rated on a dC18 Atlantis NanoEase column (Waters), and ana-
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lyzed on a Q-TOF 2 mass spectrometer (Micromass) equipped
with a modified nanoelectrospray ionization source to hold a
pico-tip (New Objective). MS/MS measurements were done on
doubly and triply charged ions. Data were searched against the
MSDB data base with MASCOT (available on the World Wide
Web). For the analysis of mutant EndoG, the protein was
desalted with a ZipTip C4 (Millipore), and protein mass was
determined with a Q-TOF 2 mass spectrometer as described
(35). A mass of 30,553 = 3 Da was found, consistent with the
predicted mass of the EndoG AN55 N187K mutant (30,550 Da
compared with 30,536 Da for the wild-type protein). For pep-
tide analysis, desalted mutant EndoG was digested with trypsin,
peptides were reduced with DTT, and cysteines were alkylated
with iodoacetamide. Peptide mass fingerprint spectra were
recorded on an Ultraflex-II TOF/TOF mass spectrometer
(Bruker) as described (35). A peptide with a mass of 2329.43 *
0.4 (M + H]") was found, corresponding to cleavage behind
the mutant Lys'®” (amino acids 168 —187 with a carbamidom-
ethylated Cys'®®).

Data Base Searches—Homology searches were done with
TBLASTN. Default parameters were used. Searches were car-
ried out first with the complete sequence of D. melanogaster
EndoGI and then with the consensus sequence obtained by an
alignment of 24 homologous domains from the 12 EndoGI
homologs identified in the first search.

Analytical Ultracentrifugation—Proteins were dialyzed into
50 mM potassium phosphate (pH 7.5), 100 mm KCI, 10% (v/v)
glycerol. Sedimentation equilibrium experiments were per-
formed with an Optima XL-A (Beckman Instruments) and an
An50Ti rotor equipped with double sector cells. Sedimentation
data were obtained at 10,000 rpm, 20 °C at a detection wave-
length of 230, 280, or 290 nm. The apparent molecular masses
of the protein samples were calculated using the software pro-
vided by Beckman Instruments; the density of the buffer was set
to 1.026 ml/g due to glycerol content of the buffer. S.D. values
are based on at least two different experiments, each analyzed at
at least two different wavelengths.

82 Cell Culture—All procedures were as described (36).

Antibodies and Immunological Procedures—Antibodies against
EndoGI were generated by Eurogentec (Belgium). Other anti-
bodies were as follows: monoclonal anti-tubulin clone DM 1A
and anti-FLAG M2 (Sigma); rabbit anti-rox2 (37); rat serum
directed against the last 16 amino acids of the splicing factor
B52 (a generous gift from F. Juge). Western blots were per-
formed as described (31). Secondary horseradish peroxidase-
coupled anti-rabbit and anti-mouse antibodies (DAKO) and
the Super Signal system (Pierce) were used for detection.

For microscopy, S2 cells were centrifuged onto coverslips
coated with poly-L-lysine (1 mg/ml in PBS; Sigma) and washed
once with PBS. After a 15-min fixation in 3.7% paraformalde-
hyde in PBS (Accustain; Sigma) at room temperature, cells were
washed twice with PBS, permeabilized for 5 min with 0.3% (v/v)
Triton X-100 in PBS, and washed twice with PBS. They were
then incubated for 30 min in blocking solution (25 g/liter
bovine serum albumin, 0.1% (v/v) Triton in PBS) for 1 hat 37 °C
with the primary antibody diluted in blocking solution and
again for 1 h at 37 °C with secondary antibodies (Alexa488-
labeled anti-rabbit (Molecular Probes); Cy3-anti-mouse
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(DAKO)) at the recommended dilutions. Cells were mounted
in Pro Long Gold antifade reagent with DAPI (Invitrogen) and
analyzed with a Zeiss Axiovert 200M fluorescence microscope
or a Zeiss Meta 510 LSM. For Mitotracker staining, S2 cells
expressing FLAG-tagged EndoG DAGA were incubated with
fresh medium containing 100-500 uM Mitotracker Orange
CM-H, TMRos (Invitrogen). After 15-30 min, the medium was
removed, and cells were stained with an anti-FLAG antibody as
above. Immunostaining of Drosophila embryos and ovaries was
performed as described (31). Secondary antibodies were pread-
sorbed overnight to w'’*® embryos or ovaries.

Drosophila Stocks and Genetics—w"'*® flies were used as a
control. The EndoGI mutant ¢g4930°°°*** was generated by
Exelixis (38) and obtained from the Harvard Exelixis Stock Col-
lection. The mutant allele was rebalanced over a CyO GFP.TM3
Ser GFP balancer (39) (a gift from G. Reuter) and a SMS5.TM6
Hu Tb balancer. Flies were kept at room temperature on 1%
agar, 3.5% raisins, 5% yeast, 2.5% molasses, 3% cornmeal, 0.1%
Nipagin. Alternatively, aless rich medium was used: 0.65% agar,
5.8% glucose, 4.68% cornmeal, 1.9% yeast, 0.43 g/liter CaCl,,
5.38 g/liter K-Na-tartrate, 0.15% Nipagin. For the collection of
embryos and larvae, apple juice-agar plates supplemented with
yeast were used.

RESULTS

Identification of an Inhibitor for Endonuclease G—In the
course of experiments concerning mRNA turnover, an inhibi-
tor of a poly(A)-degrading activity was identified in column
fractions derived from Drosophila Schneider cell extracts (31).
Two observations suggested that this inhibitor was specific.
First, the amount of inhibitor required was insensitive to the
amount of substrate RNA but varied in proportion to the amount
of nuclease, suggesting that the inhibitor acted on the
enzyme and not on the RNA substrate. Second, the inhibitor
was specific for poly(A)-degrading activity detected in neigh-
boring column fractions; a mammalian poly(A)-degrading
enzyme, PARN (32), was not inhibited (data not shown). The
inhibitor was purified by chromatography, inhibition of a par-
tially purified nuclease fraction serving as an assay. Gel electro-
phoresis of the final column fractions showed a small group of
bands co-eluting with the inhibitory activity (Fig. 1A). Mass
spectrometry identified three Drosophila proteins: the two
14-3-3 proteins, € and ¢, and an unknown protein predicted
from the genome sequence, CG4930. All three proteins were
expressed separately in E. coli, purified, and tested for inhibi-
tion of the crude nuclease fraction. The two 14-3-3 proteins
proved inactive, whereas the CG4930 protein inhibited poly(A)
degradation to the same extent as the inhibitor purified from
Schneider cells (see below).

Purification of the corresponding poly(A)-degrading activity
was monitored by inhibitor-sensitive release of acid-soluble
radioactivity from homogeneously *’P-labeled poly(A). The
inhibitor-sensitive nuclease was separated from the CCR4-
NOT complex, a known mRNA deadenylase (31), but homoge-
neity was not achieved due to limiting material. Therefore, an
in-gel activity assay was applied to the most highly purified
material. This assay identified a single band of 29 kDa, which
was also visible in the stained gel (Fig. 1B) and contained the
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FIGURE 1. A, analysis of the purified inhibitor. Coomassie-stained 10% SDS-
polyacrylamide gel of the final gel filtration column. The gel was used to
identify the individual polypeptides. The proteins with the highest score in
the mass spectrometry analysis are indicated. Sizes of marker proteins are
indicated on the left. B, identification of the poly(A)-degrading nuclease by an
in-gel activity assay. Aliquots from a column fraction (Superdex 200) from the
purification of the nuclease were loaded on two lanes of a 10% SDS-polyac-
rylamide gel polymerized with homogenously *?P-labeled poly(A). After the
run, the gel was cut in two pieces. One was silver-stained (right), and the other
was renatured and incubated in reaction buffer. After the reaction, the gel
was rinsed in water, dried, and analyzed with a Phosphorlmager (left). Protein
with nuclease activity is marked with an arrow on the left. Markers seen in the
silver stain are indicated on the right.

protein encoded by the predicted gene CG8862, the closest
homolog of endonuclease G in D. melanogaster. The data pre-
sented below confirm that EndoG is indeed the nuclease inhib-
ited by the CG4930 protein. Therefore, the latter protein is
referred to as EndoGI.

Characterization of Drosophila EndoG—The EndoG gene
encodes a protein of 310 amino acids with a predicted molecu-
lar mass of 34.6 kDa. Comparison with the bovine sequence (40)
suggests that the first ~50 amino acids serve as a mitochondrial
targeting signal; the apparent size of the purified mature pro-
tein is consistent with removal of this presequence. Drosophila
EndoG is 42% identical with its human orthologue and contains
the catalytically important DRGH motif characteristic for this
class of enzymes (12) (supplemental Fig. 14). Cloning of EndoG
was successful only when the inhibitor was co-expressed. The
mature part of EndoG (amino acids 54—-310) was expressed,
and a purification protocol was developed that allowed a sepa-
ration from the co-expressed inhibitor. This EndoG AN53 var-
iant was used for all functional assays in this paper and is called
EndoG for simplicity. “Wild-type EndoG” refers to the same
protein as opposed to variants carrying point mutations.

Under standard assay conditions with homogeneously **P-
labeled poly(A) as a substrate, 1 mg of the enzyme (~5 nmol of
active dimers) released ~100 wmol (as mononucleotides) of
acid-soluble product/min. The purified enzyme degraded
5'-and 3'-end-labeled poly(A) through similar continuous pat-
terns of intermediates; thus, the enzyme is an endonuclease.
The end products of digestion were oligonucleotides of approx-
imately six nucleotides (supplemental Fig. 24), although syn-
thetic A4 could be digested even further upon prolonged incu-
bation (data not shown). Digestion of RNAs with an internal or
3'-terminal poly(A) tract of 45 nucleotides showed some pre-
ferred cleavage within the poly(A) tract, but the RNA was fur-
ther digested with a continuous distribution of intermediates
and end products of about six nucleotides (supplemental Fig.
2B) (data not shown). Thus, the enzyme has but a weak prefer-
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ence for either poly(A) or unstructured RNA and probably little
sequence specificity overall. Single- or double-stranded 5'-la-
beled DNA was degraded as efficiently as RNA substrates (sup-
plemental Fig. 2C). All of these properties are in agreement with
those determined for other EndoG enzymes (11, 12, 40).

The EndoG Inhibitor and Its Interaction with EndoG—En-
doGlI is composed of 359 amino acids with a predicted molec-
ular mass of 40.6 kDa (supplemental Fig. 1B). Orthologues of
EndoGI are present in all 12 sequenced genomes of the genus
Drosophila with sequence identities between 60 and over 96%,
but proteins with obvious similarities were not found in any
other genome, not even in other insect genomes. The protein
was expressed in soluble form in E. coli with an N-terminal His
tag and purified to homogeneity by metal affinity chromatog-
raphy followed by anion exchange chromatography and gel fil-
tration. In nuclease assays carried out at relatively high protein
concentrations, recombinant EndoGI blocked the activity of
EndoG immediately and completely, suggesting that simple
association is sufficient for inhibition (Fig. 2). Titrations of
EndoGI into EndoG activity assays at very low EndoG concen-
trations showed a very tight interaction with a K, of 0.19 =
0.14-10~'2 m (Fig. 34).
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FIGURE 2. Rapid and complete inhibition of EndoG by EndoGl. 26 pm
EndoG (calculated monomer concentration; ~4 pm estimated concentration
of active dimer) was incubated in reaction buffer at 30 °C under standard
conditions. At the indicated time points, aliquots were taken into the stop
solution. After 60 min, 130 nm EndoGl was added, and additional time points
were taken. Regression lines drawn through the two sets of data points inter-
sect at the point of EndoGl addition.

Biophysical assays of complex formation were hampered by
lack of sufficient quantities of EndoG, which was poorly soluble
and had to be separated from co-expressed EndoGI. An EndoG
variant with the DRGH motif (amino acids 152—155) mutated
to DAGA could be expressed in the absence of EndoGI,
although most of it formed inclusion bodies. After purification
and renaturation, dimeric material was obtained by gel filtra-
tion (data not shown). As expected, no catalytic activity was
detectable in EndoG DAGA (specific activity less than 1077-
fold that of wild-type). The protein was structured, since its CD
spectrum was very similar to that of EndoGI N187K, which was
shown to have a native structure (see below; supplemental Fig.
3), and both proteins showed a cooperative unfolding transition
at the same temperature of 45 °C (data not shown). If EndoG
DAGA were able to bind EndoG], it should compete with wild-
type EndoG for EndoGI binding and thus protect the enzyme
from inhibition. However, inhibition of wild-type EndoG by
EndoGI was not affected in the presence of a 10-fold excess of
EndoG DAGA. As a control, the addition of a similar excess of
wild-type EndoG shifted the EndoGI titration curve to higher
concentrations (Fig. 4). Even when the mutant was present at
more than 5000-fold excess over the wild-type enzyme, no
competition for EndoGI was observed (data not shown). This
suggests that binding of EndoGI involves the active site of
EndoG.

Surprisingly, bicistronic co-expression of EndoGI and a
slightly modified version of EndoG (amino acids 56 —310 with a
C-terminal His tag; EndoG AN55) yielded large amounts of
soluble EndoG in excess of EndoGI. This EndoG preparation
turned out to be inactive (specific activity ~50,000-fold lower
than wild type). Sequencing of the plasmid from the expression
culture revealed a spontaneous point mutation, Asn'®” — Lys.
The mutation was confirmed by mass spectrometry of purified
EndoG (see “Experimental Procedures”). Asn'®” corresponds
to Asn'”* of bovine EndoG, which is involved in binding the
catalytic Mg " ion (12). In contrast to the DAGA mutant, the
N187K mutant was able to compete with active wild-type
enzyme for binding of the inhibitor; increasing amounts of
EndoG N187K relieved the inhibition (Fig. 54). The competi-
tion with wild-type EndoG could be modeled with a relatively
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FIGURE 3. Affinity of EndoGl and its variants for EndoG. A, EndoG at a monomer concentration of 13 pm (estimated concentration of active dimer ~2 pm) was
titrated with 0.1-5 pm EndoGl. The samples were preincubated at 30 °C for 90 min before substrate was added. The reactions were stopped 4 h later. B, EndoG
atamonomer concentration of 65 pm (estimated concentration of active dimer ~ 10 pm) was titrated with 0.05-2.07 um EndoGl 1-191. The proteins were mixed
in reaction buffer, and reactions were started through the addition of poly(A) and stopped after 2 h. In this experiment, a preincubation was unnecessary
because of the high protein concentrations. C, EndoG at a monomer concentration of 33 pm (estimated concentration of active dimer ~5 pm) was titrated with
0.05-20 nm EndoGl 192-359. The samples were preincubated at 30 °C for 90 min before substrate was added. Reactions were stopped after 3 h.
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weak affinity of 37.7 * 4.8 pm, ~200-fold weaker than the wild-
type enzyme (Fig. 5B), supporting the idea that EndoGI binds in
the active site of EndoG.

A Protein Inhibitor for Endonuclease G

When excess EndoG N187K was added to a preformed
EndoG-EndoGI complex, time-dependent recovery of EndoG
activity showed that the inactive enzyme acted as a trap for EndoGI
dissociating from wild-type EndoG. This demonstrated the revers-

100 e ibility of the inhibition and allowed the dissociation rate to be
;\? 80 measured. The complex proved to be extremely stable, with
T:’ an estimated half-life of about 3 days (dissociation rate con-
O 60 stant 2.66 * 0.12:10" ° s~ ') (Fig. 6). Together with the equi-
-"_é' librium constant (see above), this leads to an estimate of the
~ 40 .. 71 —1 . .
¥ association rate constant of ~10" M~ " s~ *, which is close to
£ 20 the diffusion limit.

EndoG N187K was used for analytical ultracentrifugation
0 assays of the EndoG-EndoGI association. Under equilibrium
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FIGURE 4. EndoG DAGA is unable to bind EndoGl. EndoG (32 pm mono-
mer concentration, ~5 pm active dimers) was titrated with EndoGl either
alone (triangles) or in the presence of 320 pm EndoG DAGA (filled circles).
As a control, the titration was also carried out with 352 pm wild-type
EndoG (~55 pm active dimers; filled squares). Inhibition of EndoG was
measured by a trichloroacetic acid precipitation assay under standard
conditions. Reactions were stopped after 3 h (with 32 pm EndoG) or 25 min
(with 352 pm EndoG). Note that the proteins were not preincubated before
the addition of substrate. The apparent binding curves therefore do not
reflect equilibrium conditions.

conditions, EndoGI behaved as a monomer (native molecu-
lar mass of 45 * 2 kDa) at concentrations of 1-6 um. EndoG
N187K, at a monomer concentration of 2 um, was a dimer
(native molecular mass of 58 = 6 kDa), as expected (12).
When 5 um EndoGI was titrated with EndoG N187K, com-
plex formation was observed. The highest mass of the com-
plex (101 = 3.8 kDa) was reached at a 2-fold molar excess of
EndoG monomers over EndoGI (Fig. 7). Both the stoichiom-
etry and the molecular weight suggest a 2:1 complex of
EndoG and EndoGI. This stoichi-
ometry was confirmed in isother-

A 120 B ) 0.14 mal titration calorimetry (data not
100 - e® ° * s 0121 shown). Formation of these well

E s0{ @ g 0.10 - defined complexes showed that
E eod >E 0.08 - EndoG N187K had a native struc-
s ° = % 0.06- ture and justified its use as a point
5 e £ 0.04 - of reference for the DAGA variant.
< 2048 2 0.021 *o—e . EndoGI consists of two tandemly
0 S oL repeated domains, which have 50%

0 2 4 6 8 10 12 0 2 4 6 8 10 12 sequence identity over a stretch of
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FIGURE 5. EndoG N187K binds weakly to EndoGl. A, EndoG at a calculated monomer concentration of 13 pm
(estimated concentration of active dimer ~0.5 pm) and 2 pm EndoGl were titrated with 10 pmto 10 nm EndoG N187K.
EndoG and EndoG N187K were mixed before EndoGl was added, and all three proteins were preincubated together
for 90 min in reaction buffer before substrate was added. The reactions were stopped after 3 h. B, the competition
experiment was evaluated as described under “Experimental Procedures.” The line represents the calculated fit.

140 amino acids (29-168 and 213-
352) (supplemental Fig. 1B). This
structure is conserved in all or-
thologues of EndoGI. The two
domains, amino acids 1-191 and
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FIGURE 6. Kinetics of EndoG-EndoGl complex dissociation. A, all reactions contained 26 pm wild-type EndoG (calculated monomer concentration). Proteins
were preincubated for 90 min in reaction buffer in order to allow complex formation. Reactions were then started by the addition of substrate (t = 0), and
aliquots were taken at the times indicated. Analysis of wild-type EndoG by itself (circles) represents the rate of uninhibited nuclease activity. Incubation with 10
pm EndoGl (inverted triangles) shows nearly complete inhibition. The addition of 26 nm EndoG N187K (squares) to wild-type EndoG shows that the mutant
enzyme had no detectable activity at these concentrations. The addition of both 10 pm EndoGl and 26 nm EndoG N187K (triangles) represents the extent of
protection of active EndoG by the excess of inactive mutant enzyme. In a fifth tube, EndoG was preincubated with 10 pm EndoGl, and 26 nm EndoG N187K was
added together with the substrate (diamonds). The increasing rate of nuclease activity reflects time-dependent dissociation of the EndoG-EndoGl complex.
Left, the entire time course is shown for all five reactions. Right, the lower section of the diagram shown on the left is enlarged to show the dissociation of the
EndoG-EndoGl complex. B, enlargement of the lower part of A. C, the experiment shown in A was evaluated as described under “Experimental Procedures.” The
line represents the calculated fit.
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FIGURE 7. EndoG and EndoGl form a 2:1 complex. EndoGl at a concentra-
tion of 5 um was titrated with 0-20 um (monomeric protein) EndoG N187K.
The samples were centrifuged at 10,000 rpm, 20 °C until equilibrium was
reached. The apparent molecular masses of the respective protein mixtures
were calculated from data collected at 230 and 280 nm. Data from two inde-
pendent experiments are plotted.

192-359, were expressed separately in E. coli and purified. Each
domain inhibited EndoG on its own, but the affinity was much
lower than that of full-length EndoGI; the K, was 0.04 =
0.006-10~° M for the C-terminal domain and 85 = 33-10~° M for
the N-terminal domain (Fig. 3, B and C). Thus, the 2:1 stoichi-
ometry revealed by analytical ultracentrifugation corresponds
to a 1:1 stoichiometry of EndoGI domains and EndoG mono-
mers, suggesting that each domain of EndoGI inhibits one sub-
unit in the EndoG dimer (see “Discussion”).

Because 14-3-3 proteins were present in the original EndoGI
preparation, a possible interaction was examined. Analytical
ultracentrifugation revealed a weak association with 14-3-3 €
(Kp in the micromolar range) (supplemental Fig. 4), which was
supported by co-immunoprecipitation from S2 cell extract
(data not shown). 14-3-3 did not affect the inhibition of EndoG
by EndoGI at concentrations up to 15 um. The localization of
EndoGI was not different in embryos homozygous for a 14-3-3
e null mutation (41), and no change in the EndoGI-14-3-3 asso-
ciation was apparent during apoptosis.

EndoGlI Is a Ubiquitous Nuclear Protein—Western blotting
of Drosophila extracts with a rabbit antiserum raised against
EndoGI detected expression at all developmental stages even
before the onset of zygotic transcription (0-2 h). Expression
was relatively high throughout embryogenesis and larval
development and in adult females and slightly lower in adult
males (Fig. 84). The absence of a detectable signal in adult
flies homozygous for the endoGI*°°°’* mutation (see below)
confirmed the specificity of the antibody (Fig. 8B). In immu-
nofluorescence experiments with the same antibody,
EndoGI was detected in the nuclei of embryos and Schneider
cells (Figs. 8D and 9). In ovaries, strong nuclear staining was
detected in nurse cells and follicle cells, whereas staining in
the oocyte nucleus was absent (Fig. 8, C and E). Staining
was reduced to almost zero in ovaries from homozygous
endoGI¢°°°*® females; thus, the signal in wild-type cells is
specific (Fig. 8C). From estimates of nuclear volume and of
EndoGI abundance by Western blotting and comparison
with a recombinant protein standard, we calculate that the
nuclear concentration of EndoGI is ~4 um.

When full-length EndoG carrying the DAGA mutation and a
C-terminal FLAG tag was transiently expressed in S2 cells,
immunofluorescence microscopy showed its localization in
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mitochondria, identified by Mitotracker staining (supplemen-
tal Fig. 5).

EndoGlI Is Lost from the Nucleus during Apoptosis—If EndoG
is to degrade nuclear DNA during apoptosis, EndoGI has to be
removed or inactivated under these conditions. A stable cell
line was generated expressing the proapoptotic protein Grim
(42) under the control of a regulated metallothionein promoter.
Induction of Grim expression resulted in a large fraction of cells
undergoing apoptosis and dying within 3 h. Immunofluores-
cence experiments showed that, under these conditions,
EndoGI left the nucleus at a stage when apoptosis was clearly
detectable by blebbing of the plasma membrane. At the same
time, the nucleus still contained condensed chromatin, as
judged by DAPI staining, and a control protein, the splicing
factor B52 (43) (Fig. 9A4). Thus, EndoGI is selectively lost
from the nucleus prior to complete destruction of the
organelle. When Grim-expressing cells were transiently
transfected with a plasmid encoding a GFP-EndoGI fusion
protein under the control of a constitutive promoter, GFP
fluorescence was visible mostly in the nucleus. Upon induc-
tion of apoptosis, loss of nuclear fluorescence was observed.
Again, two control proteins, B52 and the nuclear poly(A)-
binding protein (37), were still visible in the cell nucleus (Fig.
9B) (data not shown). In these experiments, all GFP fluores-
cence was due to the fusion protein; no GFP lacking EndoGI
was detectable in Western blots with an anti-GFP antibody
(data not shown).

A comparison of apoptotic and nonapoptotic cells in the
same sample showed a weaker EndoGI signal in the apopto-
tic cells, suggesting the possibility that EndoGI is degraded
(Fig. 94). However, we have been unable to confirm this
impression by Western blots in which the abundance of
EndoGI was compared with that of control proteins in the
entire cell population. Possibly, EndoGlI is degraded during a
short time window before the degradation of control pro-
teins, so these cells represent only a small fraction of the
entire population.

Mutations in EndoGI Reduce Viability—The gene for
EndoGlislocalized at 35F1 on the left arm of chromosome 2.
A publicly available stock, endoGI*°°®**, contains a PiggyBac
transposable element insertion in the 5'-untranslated region
of the gene. As shown above, EndoGI protein was not detect-
able in flies homozygous for this mutation (Fig. 8), so the
allele is strong although probably not a null. We outcrossed
the insertion allele to generate a number of balanced stocks
carrying the endoGI°°°°** allele. When balanced with a com-
pound second and third chromosome balancer, SMS5.TM6,
several independent stocks were homozygous lethal or semi-
lethal (one homozygote in many hundreds of progeny).
These chromosomes were also lethal in combination with
two deficiencies that uncover endoGI, Df(2L)RAS and
Df(2L)r10 (no transheterozygotes in more than 200 prog-
eny), suggesting that the lethality was caused by a mutation
in the chromosomal region containing endoGI. Unfortu-
nately we were unable to excise the endoGI*°°*** insertion
with a genomic source of PiggyBac transposase to confirm
that this lethality was caused by the insertion, presumably
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FIGURE 8. Expression and subcellular distribution of EndoGl in Drosophila. A, Western blot probed with anti-EndoGl showing the presence of EndoGl in different
developmental stages. w’’"® protein extracts loaded were from one ovary, 20 embryos, 20 first instar and 10 second instar larvae, one third instar larva, and one adult.
The blots were probed with anti-a-tubulin as a loading control. B, Western blot probed with anti-EndoGl showing the absence of EndoGl in the endoGI°*’> mutant.
45 flies were homogenized in 10 ul of SDS sample buffer/fly. The equivalent of one fly was loaded per lane. +/+, w'’’%; +/—, endoGIF°°°"*/CyO; —/—, endoGI*°°'5/
endoGIF®°®"*, C,immunodetection of EndoGl in wild-type ovaries and its absence in endoGI*°*’* ovaries. Ovaries from either heterozygous endoGI*°**’*/CyO GFP.TM3
Ser GFP females or homozygous endoGI*°*°’® females were stained with anti-EndoGl antibody and DAPI. Both samples were imaged with the same microscope
settings. D, nuclear localization of EndoGl in embryos. A confocal image of a stage 4 embryo is shown. EndoGl is labeled green, and tubulin as a cytoplasmic marker is

in red. E, nuclear localization of EndoGl in ovaries. A confocal image of a stage 10 egg chamber is shown. Green, EndoGl; blue, DAPI.

because there had been a change in the sequence of the ele-
ment or neighboring sequences during transposition.
When the insertion chromosome was combined with
other balancers (e.g. CyO GFP.TM3 Ser GFP), more homozy-
gous progeny were obtained but at lower than expected fre-
quency (11% homozygotes in 3622 progeny instead of the
predicted 33%). Combinations of the insertion allele with
chromosomal deficiencies for the region also showed lower
viability than expected. Interestingly, culturing these stocks
on less rich medium led to the complete absence of homozy-
gotes, suggesting that these mutant flies were particularly
sensitive to diet (results summarized in Table 1). Homozy-
gous mutant adult males produced on rich medium proved
infertile when crossed with wild-type females. In contrast,
homozygous mutant females were fertile. When offspring
from an endoGI*°°°’® stock balanced with the compound,
GFP-tagged CyO.TM3 Ser balancer were examined during
development, homozygous mutant L1 larvae, identified by
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the absence of green fluorescence, were observed at the
expected frequency (75 in 250 progeny). However, when
homozygous mutant larvae were collected at the L1 and L2
stage, only 40-50% proceeded to the pupal stage, and only
20-30% hatched in comparison with 70-80% of heterozy-
gous L1 and L2 larvae hatching from the same cross. In sum-
mary, the data show that homozygous endoGI mutant indi-
viduals show lower viability than normal flies, dying during
late development but at no specific stage, and that their
viability is strongly influenced by genetic background and
diet.

DISCUSSION

We have described a novel protein inhibitor of endonucle-
ase G. In contrast to the apoptotic nuclease CAD, which is
kept inactive by stoichiometric binding of the inhibitor
ICAD, EndoG is controlled by sequestration in the mito-
chondrial intermembrane space; constitutive binding of an
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inhibitor is thus unnecessary. This agrees with the fact that
EndoGl islocalized mostly in the cell nucleus, well separated
from the bulk of EndoG. Therefore, we propose that EndoGI
acts as a life insurance for the cell against stray EndoG pro-
duced by failure of mitochondrial import or leakage from the
organelle. The low viability phenotype of the homozygous
endoGI mutant, which also depends on genetic background
and diet, is consistent with the gene having a protective role
in specific circumstances, allowing some mutant flies to sur-
vive to adulthood. In its protective role, EndoGI is compara-
ble with cytoplasmic inhibitors of secreted nucleases (see
Introduction). EndoGI may be required, since EndoG is
probably genotoxic even at extremely low levels, as sug-
gested by a comparison with the related homodimeric Ser-
ratia nuclease; the Serratia enzyme cleaves both strands of
double-stranded DNA in close proximity, introducing in
effect double strand breaks. Moreover, the enzyme appears
to have a degree of processivity, cleaving one DNA molecule

A DAPI endo GI

B52 merge

rox 2

endo GI-GFP

FIGURE 9. Behavior of EndoGl during apoptosis. A, endogenous EndoGl. Con-
focal images of S2 cells stably transfected with the inducible Grim-FLAG plasmid
before (0 h) or 2 h after Grim induction. Cells were labeled with antibodies against
EndoGl (green) and B52 (red) and with DAPI. B, EndoGI-GFP. Shown are confocal
images of S2 cells stably transfected with two plasmids expressing EndoGI-GFP
from a constitutive promoter and Grim-FLAG from an inducible promoter. Cells
were harvested before (0 h) or 2 h after Grim induction. Rox2 was detected using
an antibody (red), and EndoGI-GFP was detected via the GFP fluorescence. DAPI
staining was used as a nuclear marker.

TABLE 1
Summary of phenotypes of endoGI mutant flies

multiple times before dissociating (44). This type of DNA
damage would be hard to repair. The simultaneous presence
of uncleaved substrate and oligonucleotide end products in
the Drosophila EndoG activity assays (supplemental Fig. 2) is
consistent with a processive mechanism.

EndoGI inhibits EndoG by simple complex formation, as
indicated by the rapid onset of inhibition at sufficiently high
concentrations, its independence of any cofactors, and the
reversibility of inhibition. The high concentration of EndoGI
in the nucleus, a very high thermodynamic and kinetic sta-
bility of the EndoG-EndoGI complex, and rapid, diffusion-
limited association guarantee efficient scavenging of any
EndoG that has escaped its proper location. Interestingly,
the Drosophila genome contains additional genes for
EndoG-like proteins. In one of them (CG32483; 43%
sequence identity with EndoG), the catalytic DRGH motif is
conserved. Related enzymes with a SRGH active site motif
have recently been shown to be also located in mitochondria
and have 5’-exonuclease activity (45). These proteins might
be additional targets for EndoGI. Although EndoGI is con-
served in all sequenced Drosophila genomes, we have not
found any orthologues in other genomes. These organisms
might have EndoG inhibitors with very different primary
structures; for example, NuiA, the inhibitor of the Anabaena
EndoG ortholog NucA, has no detectable sequence similar-
ity with EndoGI. Alternatively, other organisms survive
without EndoG inhibitors (e.g. due to more efficient repair of
DNA strand breaks or more reliable retention of EndoG in
mitochondria).

EndoG is a homodimer, and EndoGI consists of two tan-
demly repeated highly similar domains. We propose that, in
the complex, each of the duplicated domains of EndoGI
binds one subunit of the EndoG homodimer. This arrange-
ment is supported not only by the corresponding subunit
structures of the two proteins but also by the experimentally
determined 2:1 stoichiometry of the complex. EndoG is sim-
ilar to the secreted nuclease from Serratia (12), which is
known to have two well separated and functionally inde-
pendent active sites in the homodimer (44, 46). Each sepa-
rate domain of EndoGI can inhibit the activity of EndoG
completely (Fig. 3) and, therefore, block both active sites. We
infer that, in the EndoG-EndoGI complex, the two inhibitor
domains make similar contacts with the two subunits of the
nuclease. These contacts are likely to be in the active site, as
shown by the inability of the EndoG DAGA mutant to com-
pete with wild-type enzyme for EndoGI binding and by the
reduced affinity of the EndoG N187K mutant for EndoGI.
Anabaena NuiA also engages the active site of NucA, being
directly coordinated with the catalytic Mg®* ion (26).

Genotype Viability on rich food Viability on restricted diet Fertility of homozygotes
endoGI**°*"* /endoGI*°°**> from SMS5.TM6 stock Lethal Lethal NA“
endoGI°°*"*/Df(2L)RAS from SMS.TM6 stock Lethal Lethal NA
endoGI*®°"* /endoGI*°**** from CyO.TM3 Ser GEP stock Reduced viability Lethal Male sterile
endoGI°°*">/Df(2L)RAS from CyO.TM3 Ser GFP stock Reduced viability Lethal Male sterile

“NA, not applicable.
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The nuclear localization of EndoGI suggests that nuclear
DNA is a target for EndoG, in agreement with its proposed
role during apoptosis. The presence of EndoGI in the
nucleus also argues that, in Drosophila, EndoG can only
function in this organelle when EndoGI is removed or inac-
tivated, but not under normal conditions. Thus, proposed
functions of EndoG in the nucleus of normal, nonapoptotic
cells (22, 24) may be specific for mammalian cells. Mamma-
lian cells can be killed by extramitochondrial expression of
active EndoG (12). Since the intracellular concentration of
EndoG required for killing was not determined, the result
does not permit an unambiguous conclusion as to whether
mammalian cells have a nuclear inhibitor of EndoG. In S.
cerevisiae, partial deletion of the mitochondrial targeting
sequence of Nucl leads to a large fraction of the nuclease
being localized outside the mitochondria. Nevertheless,
these cells are viable unless apoptosis is induced, so the
nuclease may not be active in the nucleus under nonapopto-
tic conditions (8).

EndoGI leaves the nucleus during apoptosis. However,
since the affinity of the EndoG-EndoGI interaction is
extremely high, the nuclease, on its way from the mitochon-
drion to the cell nucleus, would be expected to form a stable
complex with the inhibitor; therefore, the relocalization of
EndoGI from the nucleus to the cytoplasm is unlikely to be
sufficient to allow EndoG activity. Possibilities remaining to
be explored for the regulation of EndoGI activity during apo-
ptosis include effects of 14-3-3 or proteolysis at a late stage of
cell death. Although DNA degradation is initiated by nucle-
ases within the apoptotic cell, the process is continued by
lysosomal enzymes after the dying cell has been engulfed by
phagocytosis and also by secreted nucleases if DNA has been
released into the extracellular space (1, 2, 47). It is possible
that inactivation of EndoGI to permit EndoG activity is not
required until a late stage.
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