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Abstract It has been known that ribosome-inactivating pro-
teins (RIPs) from plants damage ribosomes by removing adenine
from a precise position of rRNA. Subsequently it was observed
that all tested RIPs depurinate DNA, and some of them also
non-ribosomal RNAs and poly(A), hence the denomination of
adenine polynucleotide glycosylases was proposed. We report
now that ricin, saporin-L2, saporin-S6, gelonin and momordin
depurinate also poly(ADP-ribosyl)ated poly(ADP-ribose) poly-
merase (auto modified enzyme), an enzyme involved in DNA
repair. We observed also that all RIPs but gelonin induce trans-
formation of fibroblasts, possibly as a consequence of damage to
DNA and of the altered DNA repair system.

© 2003 Published by Elsevier Science B.V. on behalf of the
Federation of European Biochemical Societies.
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1. Introduction

Ribosome-inactivating proteins (RIPs) are either type 1,
single-chain proteins, or type 2, consisting of an A chain
with enzymatic activity linked to a B chain, a sugar-binding
lectin, or type 3, consisting of a type 1-like N-terminated pep-
tide prolonged by a C-terminated domain (reviewed in [1,2]).
Interest in RIPs is growing, due to their antiviral properties,
which render transfected plants less sensitive to viruses (re-
viewed in [3]), and to their use as conjugates with antibodies
(immunotoxins), employed to eliminate specific types of cells
(reviewed in [4,5]).

RIPs were found to remove adenine from rRNA [6], thus
being denominated rRNA N-glycosidases (rRNA N-glycohy-
drolases, EC 3.2.2.22). In addition, all of them depurinate
DNA and some of them also poly(A) [7,8], and the denomi-
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nation of polynucleotide adenine glycosylase was proposed for
these proteins [9].

Several lines of evidence suggest that base removal from
DNA triggers poly(ADP-ribose) polymerase (PARP)-cata-
lysed poly(ADP-ribosyl)ation of several nuclear proteins in-
volved in chromatin architecture and DNA metabolism, re-
sulting in the expression of signals that activate DNA repair
(reviewed in [10]). In the nucleus one of the acceptors of
poly(ADP-ribose) is PARP itself (auto modified PARP).

The broad substrate specificity of RIPs led us to investigate
whether they could act on a different nucleic acid, namely
poly(ADP-ribose), in the form of poly(ADP-ribosyl)ated
PARP (auto modified PARP). The investigation was per-
formed with type 1 RIPs, selected on the basis of their activity
on various substrates or among those used for the preparation
of immunotoxins, and with ricin, as a representative of type 2
RIPs.

2. Materials and methods

2.1. Materials

RIPs were purified as described in the appropriate references re-
ported in [1]. BALB/c 3T3 cells, clone A31, were originally obtained
from American Type Culture Collection (Rockville, MD, USA). Ex-
ponentially growing cells were seeded in 60-mm culture dishes in
Dulbecco’s minimal essential medium supplemented with nutrient
mixture F-12 (Gibco, Paisley, UK) and 10% newborn calf serum
(complete medium).

2.2. Cytotoxicity and transformation

Four hundred cells/plate were seeded in four plates for each treat-
ment. Cells were cultured in the presence of RIPs for 72 h, and then
cultures were grown for further 7-10 days in complete medium with-
out RIPs. The formation of cell colonies (larger than 50 cells) was
evaluated by staining culture plates with 10% aqueous Giemsa and the
determination of clonal efficiency was performed.

The transforming activity induced by the various RIPs was eval-
uated from the formation of cell transformation foci. According to the
protocols used in previous work [11], a level-II transformation test,
allowing the amplification of the cell transforming activity of treat-
ments, was performed [12,13]. Briefly, cells were seeded at 1x10*
cells/plate in four replicates for each treatment, and were exposed to
scalar concentrations of the various RIPs for 72 h. Plates were washed
with phosphate buffered saline, and cells were cultured in complete
medium for about 2 weeks until confluence was attained. At this time,
level-11 transformation plates were set up by pooling the contents of
the four confluent plates for each treatment, and reseeding 1X10°
cells/plate in 12 replicates per treatment to ensure determination of
a valid test [11,12]. After about 6 further weeks, cultures were ar-
rested, plates were washed with PBS, stained with 10% aqueous Giem-
sa and scored for assessing the formation of transformation foci.
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Transformation foci were counted, considering as positive those
deeply basophilic, showing a dense layer formation and a random
orientation of cells at the edges of foci and =1 mm (type III foci)
[12].

2.3. Preparation of poly( ADP-ribosyl)ated PARP

The 2251 bp DNA (10.5 pg) obtained by PCR amplification of the
731-2981 region of pBR322 [14] was treated with 100 nM saporin-L2
in 1.75 ml of 50 mM sodium acetate, pH 4. After 40 min at 30°C, the
deadenylated 2251 bp DNA was phenol-extracted at pH 7.8 and pre-
cipitated with ethanol. The pellet was dissolved in 10 mM Tris—HCI
(pH 7.5)/0.1 mM EDTA. The extent of deadenylation (82%) was
assessed in parallel samples containing [*H]2251 bp DNA, labelled
in the purine ring of adenine, as described in [14]. Poly(ADP-ribosyl)-
ated PARP was prepared essentially as described by Shah et al. [15].
The 1.7 ml-reaction mixture (100 mM Tris-HCI, pH 8, 10 mM
MgCl,, 1.5 mM dithiothreitol, 10% glycerol) contained 1.7 pg of
deadenylated 2251 bp DNA, 1 mM NAD™, 340 ul of 50% ethanol
(added drop wise with constant mixing) and 100 pl of nicotinamide
[2,8-*H]adenine dinucleotide (32.3 Ci/mmol, 100 uCi/ml, NEN Du-
pont). The radiolabelled NAD™ was included in the mixture to mon-
itor the poly(ADP-ribosyl)ation reaction on small aliquots as de-
scribed by Shah et al. [15]. After 2 min at 30°C, 85 ul of bovine
PARP (0.09 U/ul, Calbiochem) were added and the mixture was fur-
ther incubated for 30 min. Then, the sample was brought to a final
volume of 2 ml by adding 215 pl of 1.3 M NaCl and was applied to a
PBS-equilibrated PD-10 column (Pharmacia). The [>H]poly(ADP-ri-
bosyl)ated PARP eluted between 1 and 2.5 ml, giving a final yield of
255 pmol of ADP-ribose/pmol of PARP. To prepare >P-labelled poly-
(ADP-ribosyl)ated PARP, 20 ul of [?P]NAD* (1000 Ci/mmol, Amer-
sham) was used to substitute [P’HI[NAD™ in the same reaction mixture.
The 32P-labelled molecule was employed to evaluate the integrity of
the poly(ADP-ribose) chains of PARP after treatment with RIPs (see
below). In each preparation a parallel control reaction mixture was
performed omitting PARP enzyme.

2.4. Determination of glycosylase activity

Released adenine from herring sperm DNA (hsDNA) was mea-
sured after separation by HPLC. Reaction was in a final volume of
50 pl containing 100 mM KCl, 50 mM sodium acetate buffer, pH 4.0,
10 ug of hsDNA, and scalar amounts of each RIP sufficient to release
detectable amounts of adenine. Reaction was stopped in ice by addi-
tion of 200 ul of cold BA buffer (50 mM sodium acetate, pH 4.0, 20
mM KCI), and then the reaction products were applied to sample
preparation columns (Bond Elut® NH2, from Varian, Harbor City,
CA, USA) previously equilibrated at 2°C with BA buffer. Adenine
was eluted in 400 pl of BA buffer by briefly centrifuging at 200X g,
whereas phosphate-containing nucleic acids were retained; samples
were in duplicate.

[*H]- or [**P]poly(ADP-ribosyl)ated PARP (0.85 pmol correspond-
ing to 216.75 pmol of ADP-ribose monomers) was incubated in the
absence or in the presence of 100 nM RIPs in a 50 pl-reaction mixture
containing 100 mM KCI and buffer. Experiments were performed
either in 50 mM sodium acetate (pH 4) or in 6 mM sodium phosphate
buffer, pH 7.5. Incubation was at 37°C, at the times indicated in the
legends to figures.

Adenine was measured by LC/MS on a Waters Alliance/zq appa-
ratus. Chromatography to separate adenine was on a Waters XTerra
MS C18 column (2.1 X 50 mm, 2.5 um beads) equilibrated and eluted
in 10 mM ammonium acetate (solvent A)/methanol (solvent B) at 0.3
ml/min at 15°C. Equilibration was in 98% A, after sample injection
(100 pl) the column was eluted (2 min) with equilibration solvents,
and then with 90/10 (A/B) for 5 min. Tightly bound material was then
eluted with 20/80 (acetonitrile/A) (0.6 min) and equilibration was ob-
tained with 1.2 min of 90/10 followed by 9 min of 98/2 (A/B). MS
analysis was in positive electrospray with single ion recording (135+1
miz) on a split flow of approximately 50 pl/min. Parameters were
optimised manually for maximum sensitivity in present column elu-
tion conditions. Duplicate chromatograms were combined with Mi-
cromass MaxLynx software to reduce noise. Data are the mean of two
experiments after subtraction of adenine spontaneously released from
the substrate. Samples containing standard adenine (from 1 to 30
pmol) were incubated and processed together with the experimental
samples. A standard curve was fitted by linear regression analysis and
released adenine from experimental samples was determined by plot-
ting against the standard curve.
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2.5. Treatment of poly(ADP-ribosyl)ated PARP with PARG

Treatment with poly(ADP-ribose) glycohydrolase (PARG; 1 U/ml,
Alexis Biochemicals) was performed where indicated (see Fig. 3) at the
end of the incubation described above. The 50 pl-reaction mixtures
were brought to 70 ul by the addition of 1.4X 1073 U of PARG and
2-mercaptoethanol to the final concentration of 10 mM. In the case of
treatment with saporin-L2 at pH 4, the reaction mixtures were back-
titrated to neutral pH by adding 15 pl of 1 M Na,HPO,. Incubation
was for 10 min at 37°C. After treatment with saporin-L2 and/or
PARG, the integrity of [*>P]poly(ADP-ribose) chains of PARP was
analysed on a 15-cm-long, 0.75-mm-thick 5% polyacrylamide gel in 16
mM HEPES-KOH, pH 7.5, 16 mM Na acetate, 0.1 mM EDTA.
Electrophoresis was at room temperature for 3 h at 300 V. The
same samples were also analysed on the polyacrylamide gel described
above containing 1% SDS. Electrophoresis was at room temperature
for 2 h at 300 V. Autoradiographies were performed using an inten-
sifying screen.

3. Results and discussion

We have obtained auto modification of PARP when a syn-
thetic DNA extensively deadenylated by saporin-L2 was em-
ployed as a source of damaged DNA in poly(ADP-ribosyl)a-
tion assays in vitro (see Section 2).

All RIPs tested depurinated auto modified PARP (Fig. 1).
The activity of saporin-L2 was almost linear with time for at
least 3 h, whereas that of other RIPs slowed down consider-
ably after 1-2 h (Fig. 2). This indicates that saporin-L2 can
remove more adenine residues than other RIPs do. A similar
difference was observed in the effects of RIPs on ribosomes,
from which saporin-L2 and other saporins removed several
adenine residues per ribosome, and other RIPs only one
[16]. These results suggest a different substrate specificity of
the various RIPs, possibly linked to the sequence of the bases
in the vicinity of adenosine or to different accessibility of the
different adenosine residues.

The release of adenine from auto modified PARP prompted
us to investigate the effect of deadenylation on the integrity of
poly(ADP-ribose) chains of, and consequently on the level of,
auto modified PARP. The saporin-L2-catalysed deadenylation
of 32P-labelled auto modified PARP clearly induced a reduc-
tion of the intensity of PARP bands both at pH 7.5 (Fig. 3a,
lane 3) and pH 4 (Fig. 3b, lane 3). Presumably this was due to
degradation of the poly(ADP-ribose) chains linked to PARP,
since a similar reduction was obtained by the action of PARG
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Fig. 1. Schematic representation of the action of RIPs on different
substrates. a: Poly(ADP-ribosyl)ated PARP; b: DNA (X represents
any base); ¢: RNA (Endo’s sequence).
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Fig. 2. RIP-catalysed release of adenine from poly(ADP-ribosyl)ated
PARP. [*H]Poly(ADP-ribosyl)ated PARP (0.85 pmol) was incubated
in the absence or in the presence of 100 nM (5 pmol) RIPs (@ sap-
orin-L2, O ricin, W saporin-S6, A gelonin, A momordin I) in 50 pl-
reaction mixtures containing 50 mM sodium acetate, pH 4, and 100
mM KCI. After incubation at 37°C, at the indicated times the ad-
enine released was measured by LC/MS on a Waters Alliance/zq ap-
paratus as previously described [21]. The PARP-free control reaction
mixtures obtained during the preparation of poly(ADP-ribosyl)ated
PARP (see Section 2) when treated with RIPs gave values similar to
the background release of adenine.

on the same substrate (Fig. 3a, lane 2; Fig. 3b, lane 2). In the
experiments carried out at physiological pH, concentrations of
saporin-L2 20-fold higher had to be used to induce the same
release of adenine obtained at pH 4 (see Fig. 2), i.e. about
10% of total adenine residues present in the assay. The break-
down of poly(ADP-ribose) chains, more evident at pH 4
rather than at pH 7.5 (Fig. 3a, lane 3 vs. Fig. 3b, lane 3),
might be due to a weakening of the pyrophosphate linkage of

Table 1
Cytotoxicity to, and transformation of BALB/c 3T3 cells by RIPs
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Fig. 3. PAGE analysis of poly(ADP-ribosyl)ated PARP after RIP
and/or PARG treatment. [**P]Poly(ADP-ribosyl)ated PARP was
treated (3 h at 37°C) with saporin-L2 in (a) 6 mM sodium phos-
phate buffer (pH 7.5), 100 mM NacCl or in (b) 50 mM sodium ace-
tate, pH 4, 100 mM NaCl. Treatment (10 min at 37°C) with PARG
(0.02 U/ml, Alexis Biochemicals) was performed at pH 7.5 at the
end of the previous incubation as described by Shah et al. [15]. The
integrity of the poly(ADP-ribose) chains of PARP was analysed on
5% polyacrylamide gel in 16 mM HEPES-KOH, pH 7.5, 16 mM
Na acetate, 0.1 mM EDTA. The intensities of bands from three in-
dependent experiments were quantified and mean data are depicted
in the histogram. Error bars represent standard deviation. SDS—
PAGE analysis performed on the same samples gave very similar re-
sults.

the polymer and/or to a loosening of the o(1"-2") or o(1"-2")
ribosyl-ribose glycosidic bonds after adenine removal. A di-
rect action of saporin-L2 on the latter glycosidic bonds ap-
pears unlikely, since RIPs acting on DNA and rRNA specif-
ically cleave an N-glycosidic bond [6,7].

The major mechanism to repair abasic sites in mammalian
cells is the long-patch base excision repair (BER) pathway
[17]. The role of PARP during DNA repair is now clearly
established [18], since NAD™"-dependent auto modification

Additions Colonies/plate Clonal Media foci/plate P= Transformation P=
efficiency frequency
None 65.5+1.2 0.164 0.16+0.11 * 1.0+0.7 *
DMSO 0.5% 53.5%+5.7 0.134 0.11+0.11 * 0.8+0.8 *
3-Methylcholanthrene 2.5 pug/ml 39.0+2.8 0.100 1.08+£0.37 0.04 10.8+£3.8 0.02
Saporin-L2 2.5%107° M 45210.8 0.113 0.60+0.22 * 5.3%2.0 0.04
25%1078 M 222+1.8 0.055 1.41+£0.22 <0.001 25.8+4.1 0.002
2.5%1077 M 10.5+1.6 0.026 7.90+0.90 <0.001 304.2+349 <0.001
Saporin-S6 1071 M 65.0+1.4 0.162 0.08 £0.08 * 0.5+0.5 *
107° M 65.7+4.1 0.164 0.10+0.10 * 0.6+0.6 *
1078 M 237119 0.060 1.08+0.33 0.01 18.0+5.6 0.01
Gelonin 1071 M 72.2+0.7 0.180 0.36+0.15 * 2.0+0.8 *
1071 M 522%0.8 0.130 0.410.19 * 32%1.5 *
107° M 40.210.6 0.100 0.33+0.14 * 33214 *
Momordin I 5%10710 M 622137 0.155 0 * 0 *
5%107° M 37.0£3.0 0.082 0.33+0.18 * 3.6x2.0 *
51078 M 8.5+0.6 0.021 0.60+0.24 * 28.6+11.6 0.03
Ricin 10714 M 59.2%+4.2 0.148 0.25+0.13 * 1.7+£0.9 *
1078 M 68.5+3.9 0.171 1.08+0.43 0.05 63125 *
10712 M 64.0+0.7 0.160 1.00+0.30 0.01 6.3+1.9 0.001

*P>0.05. Experimental conditions are described in the text.
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Table 2

Depurination of hsDNA by RIPs

RIPs Depurination of hsDNA
(pmol adenine released/pmol enzyme/40 min)

Type 1

Saporin-L2 622.9

Saporin-S6 12.2

Gelonin 8.6

Momordin T 0.5

Type 2

Ricin 5.0

Experimental conditions were: 10 pg hsDNA, the appropriate
amount of RIPs, 50 mM sodium acetate, pH 4, 100 mM KCl, in a
final volume of 50 pl for 40 min at 37°C. Reaction was stopped
and adenine measured by LC/MS on a Waters Alliance/zq appara-
tus. Other experimental details are described in the text.

of PARP is required for BER to be completed [19,20]. In view
of this, the removal of adenine from DNA, together with the
deadenylation of auto modified PARP, suggest that, if these
modifications occurred in vivo, RIPs could cause cell trans-
formation. This was tested in parallel with the cytotoxicity
(Table 1). Indeed, all RIPs tested but gelonin induced trans-
formation of 3T3 cells, sometimes at concentrations causing
little (saporin-L2) or even no cytotoxicity at all (ricin). The
transforming activity of the various RIPs, in most cases higher
than that of 3-methylcholanthrene, was not related to their
effect on DNA (Table 2) but, approximately, to their activity
on auto modified PARP (Fig. 2). Additional damage may
come from the deadenylation of other proteins, since RIPs
seem to deadenylate efficiently poly(ADP-ribosyl)ated unfrac-
tionated whole histones (unpublished results from our labora-
tory).

We have previously shown that toxic RIPs, such as ricin,
induce precocious damage to nuclear DNA in cultured cells,
in addition to the well-known inactivating effect on ribosomes
[21]. The nature of the nuclear DNA injury is consistent with
the enzymatic activity (adenine release) of the toxins on RNA-
free chromatin and on naked DNA in vitro, involving mainly
the formation of abasic sites. Present results strongly suggest
that the deadenylation of auto modified PARP may concur to
the damage. The activity of PARP was enhanced in the course
of ricin-induced apoptosis, causing the depletion of NAD™
and subsequently of ATP, prevented by an inhibitor of
PARP [22]. The deadenylation of auto modified PARP in-
duced by RIPs could make more substrate PARP available,
thus leading to further ADP-ribosylation of PARP and in-
creased depletion of NAD" and ATP. This, together with
the impaired repair of damaged DNA, would lead to the
necrosis induced by lethal amounts of ricin and other RIPs.

Besides concurring to the cytotoxicity, the RIP-induced
deadenylation of DNA together with the damage to the
auto modified PARP, an enzyme involved in the DNA repair
system, may lead to cell transformation. It has been reported
that a single molecule of ricin and other type-2 RIPs can kill a
cell [23]. Present results indicate that this cannot be assumed
for all RIPs, since the transformation is the result of a cell
damage, which obviously is non-lethal. RIPs are present in
edible plants, some of which, e.g. spinach [24], are sometimes
eaten raw. However, the risk that they might be dangerous
due to their transforming activity seems remote because these
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proteins are present at low level, and presumably are largely
hydrolysed in, and absorbed to a limited extent from, the
gastrointestinal tract. Equally, the transforming activity
should not prevent the use of RIPs-containing immunotoxins,
advocated in the therapy of cancer [4], autoimmune and viral
diseases [5], as most approved anti-tumour drugs have trans-
forming and actually carcinogenic activity.

Some RIPs, known as Shiga toxins (reviewed in [25]), are
produced by pathogenic bacteria (Shigella dysenteriae and
some strains of Escherichia coli). In view of the present results
obtained with plant RIPs, the possibility that Shiga toxins
may induce transformation of target cells during human in-
fections needs to be carefully investigated.

An adenine glycosylase activity, apparently similar to that
of RIPs, seems to exist in animal tissues, in which, like in
plants [26], it is enhanced after adverse stimuli (stress or viral
infection) [9]. Thus it is conceivable that in animal tissues
some stimuli may enhance an enzyme activity that may cause
cell transformation.
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