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We here report an alternatively spliced form of
PARP lacking exon 5 of the Drosophila PARP gene
encoding the auto-modification domain. The alterna-
tive form of PARP (PARP II) consists 804 amino acids
with a molecular weight of 92.3 kDa. The deduced
amino acid sequence of PARP II was completely
matched to that of PARP I encoded by a full-length
Drosophila PARP cDNA, except it lacks the region
corresponding to the auto-modification domain. To ex-
amine the function of PARP II, stable transformants of
Rat-1 cells in which PARP II was ectopically expressed
by MMTV-LTR were isolated and characterized. After
induction with dexamethasone, PARP II transfor-
mants showed slower growth and showed morpholog-
ical changes with loss of spindled shape compared to
cells transformed with the vector or PARP I. The
PARP II-transformed cells incorporated propidium io-
dide after induction; however, Annexin V and TUNEL
analysis indicated these changes were not due to
apoptosis. © 1998 Academic Press

The poly(ADP-ribosyl)ation reaction is one of the
post-translational modifications of protein in eukary-
otic organisms. It is catalyzed by poly(ADP-ribose)
polymerase (PARP). PARP is a nuclear enzyme which
polymerizes ADP-ribose residues of NAD, a respiratory
coenzyme, to the acceptor proteins in nuclei (1–4).
PARP consists of the functional domains from its

amino-terminus; the DNA-binding domain, auto-
modification domain, and catalytic domain containing
an NAD-binding site. PARP is activated by specific
binding to the nick of DNA caused by DNA damaging
agents (5–7). Nuclear proteins such as DNA polymer-
ase a and b, DNA ligase I and II, histones, Ca21,
Mg21-dependent endonuclease and PARP itself are
poly(ADP-ribosyl)ated (1–3). Although the biological
role of this post-translational modification is still con-
troversial, PARP is thought to be involved in chromo-
some instability and nucleotide excision repair (8–10).
In apoptosis, PARP is one of the death substrates for
caspase-3 (11–13) as well as nuclear components such
as nuclear lamins, DNA replication complex C, and
DNA-dependent protein kinase (14–16).

Among different species, two zinc-fingers in the
DNA-binding domain and NAD-binding motifs in the
catalytic domain were conserved (17). Drosophila
PARP has 42% homology to human PARP, and the
functional structures are well conserved (17,18).
Northern blot analysis showed a minor band of 2.6 kb
in addition to a major 3.2 kb band of PARP mRNA in
Drosophila embryos suggesting that two kinds of tran-
scripts from the PARP gene were expressed D. mela-
nogaster (18). Here, we describe cDNA cloning of 2.6 kb
cDNA for Drosophila PARP, determination of the pri-
mary structure, and characterization of a stable trans-
formant of Rat-1 cells in which these 2 types of Dro-
sophila PARP are ectopically expressed.

MATERIALS AND METHODS

Screening of lgt11 Drosophila cDNA library. The lgt11 Drosoph-
ila cDNA library (a gift of Dr. T. Hsieh, Duke University Medical
Center) was screened by probing of the carboxyl terminal cDNA for
Drosophila PARP. Replicate filters were prehybridized and then
hybridized with the above cDNA that had been labeled [g-32P]ATP
(3000Ci/mmol; 1 Ci 5 37 Gbq; Du-Pont, New England Nuclear, UK.)
according to the standard procedures (19).
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DNA sequencing. Restriction fragments of phage clones contain-
ing exons were subcloned into pBluescript II KS- (Stratagene, La
Jolla, CA) and the deletion plasmids were prepared. Sequencing was
performed by the dideoxy chain termination method using a sequenc-
ing kit (BRL, Gaithersburg, MD; Applied Biosystems, Foster City,
CA).

Plasmid construction. PARP I and II cDNAs were subcloned into
multi-cloning site of pMAM-neo (Clonetech, Palo Alt, CA). Expres-
sion plasmids were isolated by alkaline-SDS method and purified by
QIAGEN-Tip (QIAGEN, Hilden, Germany). HG0, a glucocorticoid
receptor expression plasmid, was kindly provided from Dr. P. Cham-
bon (Université Louis Pasteur).

Cell culture. Rat-1 cells (a kind gift of Dr. M. Miura, University of
Osaka), a rat fibroblast monolayer cell line, were maintained in
Dulbecco Modified Eagle Medium (DMEM) (Nissui, Tokyo) supple-
mented with L-glutamine (1 mM), penicillin (100 U/ml), streptomy-
cin (100 mg/ml) (Sigma, St. Louis, MO), 2.85% sodium bicarbonate
solution (GIBCO, Grandisland, NY), and 10% fetal bovine serum
(FBS) (Summit, Tokyo).

Transfection of plasmid and isolation of stable transformants.
Co-expression of a glucocorticoid receptor in the pMAMneo-
transformed cells has shown high expression of exogenous protein
induced by dexamethasone (20). Prior to transfection, Rat-1 cells
were seeded at 1.5 3 105 cells into 3.5 cm-diameter petri dish

(CORNING, Corning, NY). One mg each of pMAM-PARP I or pMAM-
PARP II was incubated with 0.25 mg of a HMG-1,2 mixture (WAKO,
Kyoto) at 20°C for 1 hr. Then the solution was gently mixed with
lipofectamine solution (LIPOFECTAMINE Reagent; GIBCO/BRL)
and overlaid onto the monolayer Rat-1 cells. Transformants were
selected under 400 mg/ml geneticin (GIBCO) for 2 weeks. A number
of positive cells was subcloned by endpoint dilution in a 96-well dish
(CORNING). Each of the clones of the pMAM-PARP transfected cells
was super-transfected with HG0 and a hygromycin-resistant plas-
mid (pTK-hygro) (20). Colonies resistant to hygromycin B (GIBCO)
(300 mg/ml) were isolated. Rat-1 cells transformed with pMAM-neo
and/or HG0 were isolated as controls.

FACS analysis. Apoptotic cells were detected by FITC-Annexin
V/propidium iodide (PI) staining (21,22) using Apoptosis Detection
Kit (R&D SYSTEMS, Minneapolis, McKinly PI., N.E.) and terminal
deoxynucleotidyl transferase (TdT)-mediated dUTP nick end label-
ing (TUNEL) method (23). Collected Rat-1 and Jurkat cells were
washed twice in PBS containing 0.5% BSA and resuspended in the
binding buffer (HEPES-buffered saline supplemented with 0.25 mM
CaCl2). FITC-Annexin V and PI were added into the binding buffer
at a final concentration of 1 mg/ml and 5 mg/ml, respectively. Flow
cytometry was performed by FACSort flow cytometer and Lysis II
software (Becton Dickinson, Mountain View, CA). Apoptosis was also
analyzed by the TUNEL method using an In Situ Cell Death Detec-

FIG. 1. Amino acid sequence of an alternative form of Drosophila PARP and alignment of exon structures. (Top) Deduced amino acid
sequence of PARP II. Arrowhead corresponds to the portion of splicing junction of exon 4 and 6. The zinc finger structures and the
dinucleotide-binding consensus sequence are underlined. (Bottom) Alignments of exons between human PARP and Drosophila PARP I and
II. The DNA-binding, auto-modification, and catalytic domains in human, and alignment of these functional domains between human and
Drosophila PARP, are shown. Drosophila PARP II lacks exon 5 corresponding to the auto-modification domain.
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tion Kit (Boehringer Mannheim, Germany) according to the manu-
facture’s protocol. As a control experiment, Jurkat and Rat-1 cells
treated with 50 mM etoposide for 6 hr and 24 hr, respectively, were
analyzed. The reaction mixture without TdT and Rat-1 cells without
etoposide treatment were negative controls. Apoptotic cells were
analyzed by FACSort flow cytometer. To examine the sensitivity to
etoposide of these transformants, etoposide was added into DMEM
medium to a final concentration of 50 mM at 3 hr after induction by
dexamethasone, and incubated for 24 hr. The cells were collected in
microtubes and washed twice in PBS followed by TUNEL staining.

RESULTS AND DISCUSSION

An alternative form of Drosophila PARP. Two types
of PARP cDNA were cloned from a Drosophila embry-
onic cDNA library. Sequencing of these cDNAs and
comparison of the nucleotide sequence of these cDNAs
to exon-intron structure of the PARP gene revealed
that one was a full-length type, PARP I, and the other
cDNA, PARP II, was an alternative form which lacked
exon 5 possibly produced by alternative splicing of
mRNA (Fig. 1). The primary structure of PARP II
completely matched to PARP I except for the lack of the
auto-modification domain. Calculated molecular
weight was 92.3 kDa. PARP II has the DNA-binding
domain with zinc-fingers suggesting that DNA-binding
ability may be retained. Expression of PARP II during
Drosophila development was observed in embryos by
Northern blotting and RT-PCR using specific primers
for PARP II or using primers in exon 3 (forward) and
exon 5 (reverse) (data not shown).

Stable transformants of PARP I and PARP II. We
constructed GST-fusion PARP I and PARP II proteins.
We detected poly(ADP-ribosyl)ation activity in PARP I,
while little enzyme activity of PARP II was observed
(24). We hypothesized the dominant negative action of
PARP II as PARP II retains the DNA-binding domain
completely and lacks the self-ADP-ribosylation sites.
Actually PARP II was not poly(ADP-ribosyl)ated by
PARP I (24). As Drosophila cell lines as well as em-
bryos had PARP II mRNA, we introduced PARP II
cDNA into rat fibroblast Rat-1 cells, in which an alter-
native form of mammalian PARP was not detected by
RT-PCR.

Four independent clones of the PARP I transformant
and 5 independent clones of the PARP II transformant,
which were resistant to neomycin and hygromycin
were obtained. As a control, 3 clones and 10 clones of
Rat-1 cells transfected with pMAM-neo vector and
HG0 respectively were also obtained. Fig. 2. shows
growth curves of PARP I, II and control transformants
with and without induction by dexamethasone. PARP I
transformants showed slower growth than the control,
but growth of the PARP I transformant was not af-
fected by addition of dexamethasone (Fig. 2A). PARP II
transformants also showed slower growth compared to
the control. By addition of dexamethasone, the growth
of PARP II transformants was significantly inhibited

(Fig. 2B). The number of cells in each independent
clone of PARP II transformants was decreased to 30–
50% of the uninduced condition at 40 hr after the
induction. Viability checked by trypan blue staining
was not affected. The expression of exogenous PARP I
and II was confirmed by RT-PCR using specific primers
for PARP I and II because a specific antibody against
Drosophila PARP was not available (data not shown).

Morphological changes of the PARP II transformant.
Rat-1 cells are very flat and adherent, and less suscep-
tible to spontaneous transformation than NIH3T3
cells. Evident morphological differences before and af-
ter induction were observed in PARP II-Rat-1 cells,
while PARP I- and control Rat-1 cells did not show any
morphological change. As shown in Fig. 3C, most of
PARP II-Rat-1 cells were rounded rather than spindle-
shaped and were less adherent. These changes were
most evident at 6 hr after induction and continued
until 48 hr. No focus formation was observed. The cell
adhesion as well as morphology of the cell is controlled
by multiple components including fibronectin matrix,
actin polymerizaton and signal transducers in the cy-
toplasm. Although it is speculated that ectopic expres-
sion of PARP-II affects the signal transduction path-
ways involved in the adherence status of fibroblastic

FIG. 2. Growth curves of PARP I and PARP II transformants
after induction. (A) PARP I transformants. pMAM-neo (F), pMAM-
PARP I transformant clone 1 (■), pMAM-PARP I transformant clone
2 (h). (B) PARP II transformants. pMAM-neo (F), pMAM-PARP II
transformant clone 1 (Œ), pMAM-PARP II transformant clone 2 (‚).
Dashed line indicates Rat-1 cells after induction by addition of dexa-
methasone. Zero time means addition of dexamethasone. After in-
duction, PARP II Rat-1 cells showed slower growth compared to
pMAM-neo and PARP I transformants.
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cells, the mechanism of these morphological changes in
Rat-1 cells is not clear.

Apoptosis in PARP I and PARP II transformants.
The morphology of PARP II-Rat-1 cells was similar to
cells treated with the apoptotic agent, etoposide (data
not shown). In order to clarify the relationship between
morphological changes and growth retardation and
apoptosis, the transformants which showed most evi-
dent changes were analyzed by flow cytometry using
fluorescent-labeled Annexin V and PI. FITC-labeled
Annexin V binds to phosphatidylserine when exposed
to an apoptotic cell membrane. Apoptotic cells are iden-
tified as Annexin V1/PI2 cells at the early phase and
Annexin V1/PI1 cells at the late phase of apoptosis.
Fig. 4 shows histograms and dot plots from the flow
cytometric analysis of PI-stained cells at 6 hr after
induction by dexamethasone. At 6 hr after induction,
the percentage of PI-positive cells in the PARP II
transformants was slightly increased (Fig. 4C). How-
ever, the FITC-Annexin V-stained cell population
showed no significant difference among transformants
(deta not shown). To confirm these results and to ana-
lyze the sensitivity of transformants to apoptotic
agents, TUNEL analysis was performed. The pMAM-
neo-, PARP I-, and PARP II-transformed Rat-1 cells
with or without treatment of etoposide were analyzed.
Fig. 5 shows histograms and dot plots in the flow cyto-
metric analysis of TUNEL staining. Cells treated by
etoposide had stronger fluorescence intensity than un-
treated cells in Rat-1 cells transfected with control
vector, pMAM-neo, indicating an increase of apoptotic

cells by etoposide treatment (Fig. 5A, B). Without
treatment of etoposide, cells showing strong fluores-
cence intensity indicative of apoptosis were not de-
tected in PARP II transformants after induction by
dexamethasone (Fig. 5D). By treatment of etoposide,
no significant change in the population of TUNEL
stained cells among control, PARP I and PARP II
transformants was observed (Fig. 5B, C, E). These
results indicate that morphological changes found in
the PARP II expressed Rat-1 cell were not related to
apoptosis and that expression of PARP II did not affect
apoptosis by etoposide.

It is suggested that PARP II caused growth retarda-
tion of Rat-1 cells possibly due to inhibition of cell
division rather than cell death. Although slower
growth was observed both in PARP I and II transfor-
mants without induction by dexamethasone, growth
retardation in PARP II after induction was evident.
Cell cycle analysis indicated no evident increase of
G0/G1 or G2 populations in PARP II-Rat-1 cells at 24
hr after induction (data not shown). However, a time
course of cell cycle analysis of PARP II-Rat-1 cells after
induction with dexamethasone might be reqired. We
examined the presence of an alternative form of PARP
corresponding Drosophila PARP II in HL-60 cells and
human T-cell line, Jurkat cells by RT-PCR using spe-
cific primer set which amplify the region of the auto-
modification domain of human PARP, however, this
alternative form of PARP mRNA, lacking the auto-
modification domain, was not detected in mammalian
cells (data not shown). It could be speculated that

FIG. 3. The morphological features of PARP I and PARP II transformants after induction. The pMAM-neo (A), pMAM-PARP I (B), and
pMAM-PARP II (C) transformants were photographed at 6 hr after induction by dexamethasone using phase-contrast optics.
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FIG. 4. Flow cytometry analysis of PARP I and PARP II transformants stained with PI. All transformants were stained after treatment
with dexamethasone for 6 hr. X-axis in the histogram represents fluorescence intensity and Y-axis represents cell numbers. X-axis of dot plots
showed fluorescence intensity, and Y-axis showed forward scatter. (A) pMAM-neo control. (B) pMAM-PARP I. (C) pMAM-PARP II.
Percentage of PI-stained cells in PARP II transformant was slightly higher than other transformants.

FIG. 5. Apoptosis in PARP I and PARP II-Rat 1 cells stained with TUNEL by Flow cytometry analysis. Treatment with 50 mM of
etoposide for 24 hr was performed. Etoposide was added at 3 hr after treatment of dexamethasone. X-axis in the histogram represents
fluorescence intensity and Y-axis represents cell numbers. (A) Rat-1 cells without treatment of etoposide as a negative control. (B) pMAM-neo
transformant treated with etoposide. (C) pMAM-PARP I transformant treated with etoposide. (D) pMAM-PARP II transformant treated with
dexamethasone for 6 hr. (E) pMAM-PARP II transformant treated with etoposide.
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morphological changes and an increase in the popula-
tion of PI-stained cells might be induced by inhibition
of the function of native PARP. Functional analysis of
PARP II in vitro, overexpression of PARP II in Dro-
sophila cell lines, and the establishment of PARP II
transgenic flies may lead to a better understanding of
PARP II function.
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and Dr. P. Chambon for HG0 plasmid. We thank Dr. A. Büekle for
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