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ated sc-RIPs was evident here at a protein concentration 500- 
Abstract The single-chain ribosome-inactivating proteins (sc- 
RIPs) from plant origin are antiviral and antiproliferative agents fold lower than that reported by Li et al. for trichosanthin 

employed in the preparation of immunotoxins. Similarly to the [14]. 
A-chains of ricin, sc-RIPs act as rRNA N-glycosidases. We 
demonstrate here that dianthin 30, saporin 6 and gelonin exert a 2. Materials and methods 
specific nuclease activity on supercoiled DNA. Four specific sites 
of cleavage introduced by dianthin 30 and by saporin 6 and two 2.1. Materials 
specific sites of cleavage introduced by gelonin have been The so-RIPs asparin 1, dianthin 30, gelonin, momordin, PAP-S 
identified and mapped in pBR322. (pokeweed antiviral protein from Phytolacca americana seeds) and 

saporin 6 were highly purified as described previously [15]. HPLC- 
purified saporin 6, whose specific N-glycosidase activity had been 

Key words." Ribosome-inactivating protein; Saporin 6; certified, was a kind gift of Prof. F. Stirpe (University of Bologna). 
Dianthin 30; Gelonin;  DNAse  activity; Supercoiled D N A  The double-chain RIP ricin [3] and ~-sarcin, from the mould Asper- 

gillus giganteus [16], were kind gifts of Prof. Lucio Montanaro (Uni- 
versity of Bologna). 

pBR322 and OX174 plasmid DNA, lambda phage DNA, single- 
1. Introduction stranded MI3 phage DNA, restriction endonucleases and DNA poly- 

merase I Klenow fragment were purchased from Boehringer Mann- 
RIPs from plant origin are single-chain proteins [1] similar heim (Germany). [c~-32p]dATP was purchased from Amersham (UK). 

Agarose and acrylamide/bis-acrylamide for gel electrophoresis were 
to the A-chains of  ricin and related toxins [2], which are purchased from Clontech Laboratories, Palo Alto, CA (USA). All 
known to depurinate the ribosomal R N A  by cleaving the N- other chemicals were of analytical grade. 
glycosidic bond in the A4324 position of  the 28S R N A  frac- Restriction nucleases employed were: PvuII (from Proteus vulgaris) 
tion, so rendering it incapable of  binding to the elongation incubation buffer: Tris-HCl 10 raM, NaC1 100 mM, MgCI2 10 mM, 
factors, with the consequent arrest of  protein synthesis [3,4]. dithioerythritol 1 mM, pH 7.5 at 37°C; PstI (from Providencia stuar- 

tii) and HinfI (from Haemophylus influenzae Rf) incubation buffer: 
These proteins have attracted interest in the construction of  Tris-HC1 50 mM, NaCI 10 raM, MgCI2 10 mM, dithioerythritol 1 
immunotoxins after conjugation with monoclonal  antibodies raM, pH 7.5 at 37°C; BamHI (from Bacillus amyloliquefacens H) 
for the selective killing of  neoplastic cells [5 7]. and HindIII (from Haemophylus influenzae Rd com-10) incubation 

To better understand perspectives and limits of  the sc-RIPs buffer: Tris-HC1 10 mM, NaC1 100 raM, MgCI2 5 mM, 2-mercap- 
toethanol 1 mM, pH 8 at 37°C. 

in clinical trials, we previously focused our attention on the 
antiproliferative effect of  RIPs as native molecules or in corn- 2.2. DNase activity assay 
bination with other drugs. We have demonstrated that the pBR322 and OX174 plasmid DNA (250 ng), single-stranded M13 
native form of the sc-RIP saporin 6 exerts an antiproliferative phage, lambda phage DNA, linearized plasmid DNA (250 ng) were 

incubated with or without various amounts (250-0.25 ng) of the di- 
effect in vitro in human breast cancer, leukemia and melano- verse proteins in a final volume of 10 ~tl at 37°C for various times. The 
ma  cells to a very different extent and with diverse kinetics, reactions were carried out in a range of 5 60 mM NaC1 (or MgC12), l 
dependent on the specific cell target analyzed [8-10]. The ef- mM Tris-HC1, 0.1 mM EDTA. The range of pH was 6.5-8. At the 
fect may be potentiated by other drugs: a strong synergism end of the incubations, all the samples were extracted with phenol 
has been obtained by combination of  saporin 6 with lonid- followed by ether and precipitated [17]. Digestion with restriction 

endonucleases was carried out as specified above. The samples were 
amine in breast cancer cells in vitro [11]. More recent results analyzed in 0.8% agarose and/or in 6% polyacrylamide gel electro- 
obtained by others also suggest a possible penetration of  the phoresis. DNA bands were visualized by staining with ethidium bro- 
sc-RIPs into cells [12,13]. In the light of  our results and of  mide [17]. 
data concerning a possible nuclease activity exerted by the 
antiviral sc-RIP trichosanthin [14], the present study was un- 2.3. End-labelling of DNA 

DNA was incubated with the proteins as described above, extracted 
dertaken to investigate the action of  sc-RIPs on D N A  in vitro, with phenol followed by ether and precipitated, and then digested 

Results indicate that the sc-RIPs dianthin 30, saporin 6 and with restriction nucleases. The samples were then end-labelled by 
gelonin introduce highly selective cleavage into supercoiled DNA polymerase I Klenow fragment and [o~-32p]dATP [17]. For the 
covalently closed circular D N A  molecules of  plasmids autoradiography, the gel was exposed to Kodak X-Omat RP film at 

-70°C. 
pBR322 and OX174. This DNAse  activity is also evident in 
single-stranded M13 phage D N A ,  but not  in linear double- 
stranded DNAs.  The DNase activity of  the H P L C  fraction- 3. Results 

Double-stranded supercoiled pBR322 D N A  (Fig. la) and 
*Corresponding author. Fax: (39) (51) 354746. ~X174 D N A  (Fig. lb) were selectively cleaved by the highly 
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Fig. 1. Effect of sc-RIPs on DNA. (a) pBR322. Lane 1:pBR322 untreated; lane 2:pBR322 linearized and treated with saporin 6; lane 3: 
pBR322 treated with momordin; lane 4:pBR322 treated with PAP-S; lane 5:pBR322 treated with gelonin; lane 6:pBR322 treated with dian- 
thin 30; lane 7:pBR322 treated with saporin 6; lane 8: ~-HindIII. (b) ~X174. Lane 1:~X174 untreated; lane 2:q)X174 linearized and treated 
with saporin 6; lane 3:~X174 treated with saporin 6; lane 4:~X174 treated with dianthin 30; lane 5:q~X174 treated with gelonin; lane 6: 
~X174 treated with asparin 1; lane 7 :~X174 treated with momordin; lane8:qsX174 treated with PAP-S; lane 9: X-HindIII. (c) Single- 
stranded M13. Lane 1:M13 untreated; lane 2:M13 treated with saporin 6; lane 3:M13 treated with dianthin 30; lane 4:M13 treated with 
gelonin; lane 5:M13 treated with asparin 1; lane 6: )~-HindIII. R=relaxed DNA, L--linear DNA, S=supercoiled DNA. The sizes in kb of 
fragments are indicated. 

purified sc-RIPs gelonin, dianthin 30 and saporin 6 (Fig. saporin 6 the appearance of a new smaller fragment was evi- 
la,b). Previously linearized plasmid DNAs and double- dent at approximately 3300 bp (Fig. la). 
stranded lambda phage D N A  were unaffected by the treat- The supercoiled DNAs treated with the active sc-RIPs re- 
ment with the sc-RIPs (Fig. la ,b  and not  shown), while single- mained unaffected at 4°C, partially disappeared at 21°C and 
stranded M 13 phage D N A  was completely degraded by dian- disappeared at 37°C (Fig. 2a). Fragments of D N A  were par- 
thin 30 and saporin 6 or partially by gelonin (Fig. lc). No tially visualized within 10 min of incubation and were clearly 
activity was found on single- and double-stranded DNAs of evident after 1 h of incubation at 37°C (Fig. 2b). The opti- 
asparin 1, momordin  and PAP-S (Figs. lc and 1 a,b respec- mum of activity was at ionic strength 5-60 mM NaC1 (Fig. 2c) 
tively and not  shown). The disappearance of the supercoiled and at pH 7.2 7.4. MgC12 was not  required (not shown). 
form of the plasmid DNAs treated with the active RIPs was The same results were obtained with different preparations 
accompanied by the appearance of the linearized form (Fig. of the active RIPs. The enzymatic activity was unaffected by 
la,b). In pBR322 plasmid D N A  treated with dianthin 30 and storage at - 2 0 ° C  and by repeated freezing. 
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Fig. 2. Characterization of the enzymatic activity exerted by the sc-RIPs on supercoiled DNA. Lane l: pBR322 untreated; lane 2:pBR322 lin- 
earized. (a) Effect of temperature. Incubation of pBR322 DNA with gelonin at 4°C (lane 3), at 21°C (lane 4) and at 37°C (lane 5). (b) Effect 
of time. Incubation of pBR322 DNA with dianthin 30 for 60, 50, 40, 30, 15, 10 rain (lanes 3-8 respectively). (c) Effect of ionic strength. Incu- 
bation of pBR322 DNA with saporin 6. Lanes 3 8:pBR322 treated with saporin 6 at ionic strength of 5, 10, 30, 50, 70, 100 mM NaCI respec- 
tively. R = relaxed DNA, L = linear DNA, S = supercoiled DNA. The sizes in kb of fragments are indicated. 
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1 2 3 4 5 6 7 8 9 101112 1314151617 and gelonin act directly on DNA by introduction of selective 
cleavage into supercoiled covalently closed circular DNA mol- 
ecules of pBR322 and OX174 plasmids. They also degrade 
DNA of single-stranded M13 phage. The linear double- 
stranded DNAs were unaffected. 

- 2 3  

- g.4 According to the analysis of the nucleotide sequence of the 
a - - 6 . 6  pBR322 DNA molecules [18], present results indicate that 
k - -  - 4 . 3  
S -- - 2.3 three of the cleavage sites introduced by dianthin 30, saporin 

- 2.0 6 and gelonin (at 3312, 4124 and 4227 bp) are comprised in 
the A+T rich regions, while the fourth (at 3148 bp) is very 
near to one of them (3180 bp). The presence in those regions 
of weak hydrogen bonds [19] may facilitate the DNase action 
of the sc-RIPs. 

The fact that sc-RIPs degrade single-stranded M13 phage 
DNA, but not double-stranded DNAs, may suggest a single- 

Fig. 3. Restriction analysis in 0.8% agarose of pBR322 treated with stranded nuclease activity for these proteins. Our finding that 
active sc-RIPs. Lane 1:pBR322 untreated; lane 2:pBR322 linear- 

this DNase activity is fully dependent on the supercoiling ized; lane 3:pBR322 treated with dianthin 30; lane 4:pBR322 
treated with dianthin 30 and digested with HindlII; lane 5:pBR322 density of the nucleic acid is consistent with this hypothesis: 
treated with saporin 6 and digested with HindlII; lane 6:pBR322 it is well known, in fact, that supercoiled DNA generates 
treated with gelonin and digested with HindlIl; lane 7:pBR322 single-stranded DNA molecules in the A+T rich regions [20]. 
treated with gelonin; lane 8:pBR322 treated with dianthin 30 and It is known that the sc-RIPs do release the A4324 residue 
digested with BamHI; lane 9:pBR322 treated with saporin 6 and 
digested with BamHI; lane 10:pBR322 treated with gelonin and di- located in a strongly conserved, purine rich, single-stranded 
gested with BamHI; lane 11: )~-HindlII; lane 12:pBR322 treated loop structure (the ct-sarcin domain) on the surface of the 
with saporin 6; lane 13:pBR322 treated with dianthin and digested ribosomal 28S fraction [4,21]. Through this N-glycosidase ac- 
with PvulI; lane 14:pBR322 treated with saporin 6 and digested tivity, they do not catalyze hydrolysis of RNA, but instead 
with PvulI; lane 15:pBR322 treated with gelonin and digested with modify a specific nucleotide (the A) and this renders the sur- 
PvulI; lane 16: pBR322 digested with PstI/BamHI; lane 17: 
pBR322 linearized. The sizes in kb of restriction fragments are indi- rounding phosphodiester bonds highly susceptible to hydrol- 
cated, ysis after treatment with aniline [3,4]. On the other hand, it 

has been recently hypothesized that some sc-RIPs may induce 
the release of adenine residues not only from rRNA but also 

The effects of double-chain RIP ricin, whose A-chain from other RNAs, DNA (herring sperm) and Poly(A) [22]. 
cleaves the A4324 of 28S rRNA, and of a-sarcin, which cleaves The recognition sites on supercoiled DNA (A+T rich regions) 
the phosphodiester bond between G432s and A432a in rat 28S and on rRNA (purine rich loop) are substantially similar. 
rRNA, were also investigated on pBR322 and on qbX174 Most likely, therefore, the DNAse activity observed in the 
plasmids. In both cases, no effect was present under the present experiments is a consequence of an N-glycosidase ac- 
same experimental conditions (not shown), tivity towards the single-stranded DNA molecules generated 

To determine if the cleavages introduced by the sc-RIPs in the A+T rich regions, which modifies the torsional stress of 
gelonin, dianthin 30 and saporin 6 into supercoiled plasmids the supercoiled DNA with subsequent break of the DNA 
were at specific or random loci, the pBR322 DNA was treated strand [20]. The cleavage of DNA, unlike that of RNA, 
with the proteins and then specifically cleaved with a series of does not here require any chemical treatment to be evident. 
restriction enzymes. The products after HindlII, BamHI and No DNase effect was present in plasmid DNAs treated with 
PvulI digestion of the sc-RIP treated pBR322 were separated the double-chain RIP ricin or with the phosphodiesterase 
by agarose gel electrophoresis (Fig. 3). While three fragments mould toxin tx-sarcin. 
were evident after PvulI digestion of pBR322 treated with The DNAse activity was exerted by HPLC fractionated 
dianthin 30 and with saporin 6, two fragments were evident dianthin 30, saporin 6 and gelonin to an equimolar DNA:-  
after PvulI digestion of pBR322 treated with gelonin, suggest- protein ratio in the absence of Mg 2+, so discounting the pres- 
ing the presence of a diverse number of cleavage sites (Fig. 3). ence of nuclease contaminants [14]. 

Detailed mapping of pBR322 was achieved by polyacryl- The different nuclease activity exerted by dianthin 30 and 
amide gel electrophoresis and confirmed by autoradiography saporin 6 (four sites of cleavage) and by gelonin (two sites of 
obtained by end-labelling the fragments arising from the re- cleavage) together with the absence of activity by other sc- 
striction analysis (Fig. 4a-c). The results indicate the presence RIPs (momordin, asparin 1, PAP-S) may be due to intrinsic 
of four specific sites of cleavage introduced by dianthin 30 and diversities of the molecules, purified from plants taxonomi- 
saporin 6 into pBR322 DNA (at 4227, 4124, 3312, 3148 + 10 cally related (Saponaria officinalis and Dianthus caryophyllus 
bp) and of two specific sites of cleavage introduced by gelonin belong to Caryophyllaceae) or not (the others). It has been 
(at 3312 and 3148 + 10 bp). The restriction map, showing the definitely demonstrated that RIPs also behave differently on 
location of the specific sites of cleavage introduced by dia- the various ribosomal substrates tested and on different cellu- 
nthin 30, saporin 6 and gelonin into pBR322 supercoiled lar targets [8 10]. It is possible that experimental conditions 
DNA, is presented in Fig. 5. too may play a role in such diversity: a DNase-like activity 

has been recently demonstrated by the abortifacient and HIV 
4. Discussion inhibitor sc-RIP tricosanthin [14], by which the linear form 

from supercoiled DNA is produced, together with nicked cir- 
Present results indicate that sc-RIPs dianthin 30, saporin 6 cular one, at a very high concentration of the protein [DNA: 
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Fig. 4. Gel electrophoresis in 6% acrylamide of pBR322 DNA treated with active sc-RIPs. (a) Lane 1 : pBR322 digested with PstI/PvuII; lane 
2:pBR322 treated with saporin 6 and digested with PstI/PvuIl; lane 3:pBR322 digested with HinfI; lane 4:pBR322 digested with PstI/Hin- 
dlII; lane 5:pBR322 treated with saporin 6 and digested with PstII HindIII. (b) Lane 1:pBR322 treated with saporin 6; lane 2:pBR322 di- 
gested with HinfI/ HindlII; lane 3:pBR322 treated with saporin 6 and digested with HindlII/PvuII; lane 4:pBR322 treated with saporin 6 
and digested with HindIII; lane 5:pBR322 digested with HindIII/PvulI. (c) Autoradiography of restriction fragments 5' end [c~-32p]dATP la- 
belled pBR322. Lane 1:pBR322 digested with PvuII/HindIII; lane 2:pBR322 treated with saporin 6 and digested with PvuII/HindlII; lane 3: 
pBR322 treated with dianthin 30 and digested with PvuII/HindIII; lane 4:pBR322 treated with gelonin and digested with PvuII/HindIII; lane 
5:pBR322 digested with HinfI/HindlII. The sizes in bp of restriction fragments are indicated. 

protein ratio of 1:5 (w/w)], about 500-fold higher than that tential of  the sc-RIPs, under study both as native molecules 
found effective here. [8-10] or in combinat ion with other drugs in vitro ([11] and 

Apart  from the current interest in the pharmacological po- unpublished results) and in the construction of immunotoxins 
for the selective killing of neoplastic and virus infected cells 
[5 7], the present evidence of a new D N A  structure specific 

~,, ~ DNase may provide a novel mechanism for their biological 
"~1 action. Moreover, the DNase active proteins may represent a 

o ¢ useful instrument for the study of the prokaryotic and eukar- 
Q .m~ 

/ I. ~1 I1~ yotic biological processes in which the role exerted by DNA 
supercoiling has assumed considerable evidence [23]. The de- 
gree of supercoiling represents in fact a fundamental  regula- 
tory element in gene transcription and expression, both in 

_ f ~  t ~  normal and in cancer genetics [24-27]. In this field, recent 

~e¢/,~S, $ PB43":2b 1 works suggest the possibility to consider D N A  supercoiling 
as a drug target and a good partner for even more specific 
conjugates [28,29]. P 
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