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Abstract--Aza-elllptlclnes are DNA mtercalatlve elhptlclne analogues with antltumor actlwty that 
reduce protein-linked DNA breaks m NIH 3T3 cells in culture The effects of two aza-elhptlclne 
congeners (BD-40 and BR-76) on the actlvlty of purified Calf Thymus type II topoisomerase were 
studied using pUC13 DNA as substrate DNA cleavage was stimulated by both molecules at those doses 
required for inducing lethal effects in cells (DE50) This effect was reversed by high salt treatment, 
ln&catlng that it was actually mediated by Topo II Mapping of cleavage sites on hnearlzed and 3' end- 
labelled pUC13 DNA showed that elhptlclne and aza-elllptlclnes stimulated the same sites, which 
differed from those sumulated by m-AMSA Decatenatlng activity of Topo II on Trypanosoma cruzt 
kDNA was both inhibited by elllptlclne and BD-40 at concentrations much higher than DE50 
concentrations 

Actwlty of aza-elhptlclnes was also investigated on isolated nuclei Unlike elhptlcme which promoted 
DNA-breaklng activity, BD-40 and BR-76 were repeatedly mactwe Prior treatment of DNA by 
Protelnase K did not reveal hidden breaks which are formed in intact cells treated with BD-40 (Vllarem 
et al , 1984, Nucletc A c  Res 12, 8653) Concordant with these data, BD-40 did not lmpmr DNA- 
synthetic acUwty m isolated nuclei, while Elhptlclne largely decreased it 

These results in&care that lesions induced m DNA by Aza-elllptlcxnes are mediated by Topo II The 
absence of effect of these drugs on isolated nuclei compared to that of Elhptlcme may be due to some 
specific features of the association between Topo II and Aza-elllptlclnes or reflect a bloactlvatlon step 
as a prerequlsne for In olvo actwlty 

A m o n g  D N A  lntercalative agents commonly  used m 
Cancer  Chemotherapy ,  elhpt icme and its derivatives 
have recently gained an increasing role The strong 
lntercalator  elhptlclnlum is currently used with some 
success in the t rea tment  of breast tumors [1]. To 
improve the ant l tumor activity of elllpticlne, a series 
of elhptlclne analogs otherwise named aza-9 elhp- 
tlclnes (or pyrldo-pyrrolo-isoquinoline)  was recently 
designed [2]. One  member  of this sertes, BD-40§ 
(N9C-327471D m the National  Cancer  Institute 
nomencla ture)  has shown a promising oncostatic 
activity in several exper imental  tumors,  while it pre- 
sented less tox io ty  than ellipUcine and almost no 
mutagenlcl ty [3,4] In addition, an interesting 
activity to human tumors was observed during a 
phase I clinical study [5] 

On animal cells grown m w t r o ,  BD-40 displays 
propert ies very similar to those of other  lntercalatlve 

§ Abbreviations used BD-40 (NSC-327471D in the 
nomenclature of the National Cancer Institute, 10-dlethyl- 
amlnopropylamlno-6-methyl-5H pyrldo 3',4' 4,5 pyrrolo 
2,3-g lsoqulnollne, Topo II, type II topolsomerase, DPL, 
DNA-proteln hnks, NMHE, 2 methyl-9-hydroxyelhptl- 
Clnlum, m-AMSA. 4'-(9-acridmylamlno)-methanesulfon- 
m-amsldldc 

agents. Like m - A M S A  or elhptlcxne, it delays the 
progression of cells in their cycle and eventually 
blocks them in G2 [6]. This overall  effect is most 
likely a direct consequence of the single- and double- 
strand breaks induced by the drug in D N A  [7] 
However ,  the DNA-pro te in  links (DPLs) 
accompanying D N A  breaks were found to differ 
from those induced by elhptlclne [8], because they 
mamtalned the apparent  size of D N A  unless a pro- 
teolytlc D N A  treatment  revealed hidden D N A  
breaks [7] To explain this result, we have postulated 
that BD40-induced DPLs are in the form of lntra- 
strand DNA-pro t e ln  bridges [7] 

Ano the r  property distinguishing elhptlclne from 
aza-elllpticine derivatives was recently observed on 
cells recovering from a serum deprivat ion [9] While 
elhptlclne immediate ly  exerted its cytotoxlc effects 
and suppressed cell viability, aza-elllptlclne deriva- 
tives were completely  devoid of both activities during 
the first cycle following growth resumption 

K. Kohn and his group were the first to lmphcate 
topolsomerases in models explaining the biological 
activity of lntelcalat lve agents [10, 11], and this 
hypothesis is currently supported by data in several 
important  papers [12-15] Briefly, the drugs interfere 
with the nicking-closing reaction of topolsomerase II 
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(Topo II, for a general review, see [16]) and stabilize 
a cleavable complex which results in DNA breaks 
upon protein denaturant treatment, and covalent 
hnkmg of one Topo II subunit to each 5' phosphoryl 
end of the broken DNA. At the moment, it is not 
clear whether the intercalation is involved in this 
process, as non-lntercalatlve drugs such as eplpo- 
dophyllotoxlns also induce topolsomerase-medlated 
DNA breaks [17, 18] Rather, a direct interaction 
between drug and enzyme could be the cornerstone 
of the whole mechanism. 

In this report, we show that BD-40 and BR-76, 
another aza-elliptaclne, stimulate m vttro cleavage 
activity of purified calf thymus Topo II and also 
inhibit the decatenation of Trypanosoma cruzz kine- 
toplast DNA (kDNA) by the same enzyme These 
results indicate that Topo II is certainly involved in 
the biological activity of these drugs. Nevertheless, 
they do not explain the lack of activity of aza-ellip- 
ticines on isolated nuclei, while under the same con- 
ditlons elllpticine is active 

MATERIALS AND METHODS 

Drugs Structures of elliptxclne and aza-analogue 
derivatives are shown in Figs. 1A and 1B respect- 
ively BD-40 and BR-76 obtained from Dr E Bisagnl 
(Instltut Curie, Orsay, France), were dissolved in 
distilled water (100 #M) and stored at - 20  ° in colored 
flasks. Elhpticlne (NSC 71795) and 2 methyl-9- 

R2 R~ 

R 3 ~ N  

1t CH3 

Ra 

R~ R2 R3 R4 

Flhptlcme F I CH3 It 

NMHE H CH3 OH CH3 

H CH3 

Rl R2 

(-2H~ / 
BD- 40 NH--(CH2)3- N H 

('2Hs 

BR 76 H CH3 

Fig 1 Chemical structure of elhpncme (A) and aza-elhp- 
tlcme derivatives (B) 

hydroxyelhpticlnlum acetate (NMHE) were a gift 
from Dr J B Le Pecq (Laboratolre de Physicochtmie 
Macromol6culaire, Institut Gustave Roussy, VIlle- 
luif, France) Elliptmme was dissolved in HC10 1 N 
at 2 mM m-AMSA (NSC 249 992) provided by Dr 
Baguley (Auckland Medical School, New Zealand) 
It was dissolved in DMSO at 40mM Tenlposide 
VM-26 was a gift from Sandoz Laboratories It was 
dissolved in dlmethylsulfoxide at 3 mM 

Cell cultures and synchromzatlon NIH-3T3-D55 
murine fibroblasts were grown as previously 
described [19] Synchronization was performed using 
a thymidine double block [6]. Cell synchrony was 
monitored by flow cytometry [6] DNA labelling was 
performed by incubating exponentially growing cells 
in Fisher medium with 1/~Ci/ml of 3H-thymtdme for 
18-24 hr at 37 ° 

Isolatton of nuclei NIH-3T3-D55 cells were har- 
vested by trypsinizatIon, centrifuged and washed in 
buffer (10 -2 M Tns, 10 -3 M MgC12 15 10 -~ M NaC]) 
at 4 °, sedlmented, resuspended in a loose-fitting 
Dounce homogenizer at a concentration of 10 v cells/ 
ml in 2 ml of 10 -2 M Trls-HCI pH 6 4 10 -3 M MgC12, 
10 -3 M phenyl methyl sulphate fluoride (PMSF), 
and homogemzed (omission of non ionic detergent 
treatment at this step was critical to prevent any 
trapping of cytoplasmic or extracellular BD-40 by 
nuclei). After centrlfugation at 800g for l0 ram, 
nuclear pellets were resuspended in the nuclei buffer 
(15.10 -3 M NaC1, 10 -3 M KHzPO4, 5 10 -~ M MgClz, 
10 -3 M EDTA, 10 -4 M dIthiothreitol, pH 6 4) con- 
taining an appropriate concentration of elhpticme or 
BD-40. The nuclei were protected from exposure to 
fluorescent light The treatment was performed fol 
30 rain at 37 ° and stopped by transferring the tubes 
to ice 

Alkahne sucrose gra&ent sedlmentauon ~H-label- 
led nuclei (3 106) were gently resuspended without 
plpetlng in saline solution containing 2% Na dodecyl 
sulfate (SDS) in the presence of 0 5 mg/ml pro- 
teinase K (Sigma) After l h r  incubation at 37 °, 
homogenates were layered onto the top of sucrose 
gradient solution as previously described [7] 

DNA synthettc activtty of tsolated nuclet Nuclei 
(5 106) from cells arrested by thymidme block at the 
GI/S step were suspended in 100/A of replication 
buffer at 37 . 2.10 ZM Trls-HCI pH 7 4, 5 10 z M 
NH4CI, 5 10 2 Mglucose, 10% glycerol (v/v) 10 a M, 
MgCI2, 2 10 ~M 2-mercaptoethanol, 2 10 ~M 
EDTA, 10 - I M  ATP, 3 10 4M dATP, 3 III aM 
dCTP, 3 10 .4 M dGTP, 10 -a M dTTP and I)5 u(h 
of 32p-dCTP (spec act 3000Cl/mmole) At l hr 
intervals, nuclei were sedlmented by centrlfuganon 
for 5 mln at 800 g (4 °) and solublllzed in 0 1 N NaOH 
Trlchloracetlc acid (TCA) was added to a 40% final 
concentration and precipitates were collected b 3 ill- 
tration onto Whi tman fiber glass filters which weie 
washed successively twice in cold l()C/c TCA and 
80% aqueous ethanol, dried and counted in ,~ hqmd 
scintillation spectrometer (Packard) 

Preparatton of Topo II. The DNA topolsomerasc 
II (Topo II) was purified from calf thymus and the 
decatenatlng activity was monitored throughout the 
purification steps using kinetoplast DNA of tryp,tno- 
somes as DNA substrate [20, 21] The main advan- 
tage of this method results m eliminating mo~t ol 
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Topoisomerase I (Topo I) contamination at the first 
steps of the purification. Residual topo I activity 
of the final topo II preparation was estimated by 
monitoring relaxation of supercoiled pBR322 DNA 
in the absence of ATP. Less than 1% of ATP- 
independent relaxing activity was found. 

Briefly: nuclei were prepared, lysed with 
35 10 2 M NaCI and nucleic acids were precipitated 
by addition of final polymine P 0.1% The super- 
natant was chromatographed through a phospho- 
cellulose column and active fractions were suc- 
cessively chromatographed through hydroxylapatlte, 
Sephacryl S-200, hydroxylapatate and DNA cellulose 
columns. SDS polyacrylamide gel electrophoresls of 
the purified enzyme had revealed a major component 
(>80%)  with an apparent molecular weight of 
140 K DNA Topo II was efficiently stored, without 
detectable loss of activity at -20  ° in a conservation 
buffer (10 2 M Tris HC1 pH 7 9, 2 10 -2 M 2-mer- 
captoethanol, 0.5 10 3M EDTA, 50% glycerol) 
The specific activity of the enzyme preparation was 
1.5 105 units/rag of protein. One unit was defined as 
the quantity of enzyme which fully decatenated 
0.1/~g of kDNA in 30 min at 37 °. 

Preparatton of DNA substrates kDNA was pre- 
pared from Trypanosorna cruzt as previously 
described [22] Supercolled DNA from plasmlds 
pUC13 and pBR322 were a gift from Dr E May 
(Insntut de Recherche sur le Cancer, Villejuif, 
France). 

3' end labelhng of pUC13 DNA. Plasmld pUC13 
DNA was 3' end labelled with (ct-32p) dCTP on 
Barn H1 site as previously described [23] Then 3' 
end-labelled pUC13 DNA was obtained by digestion 
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with EcoRI, whose restriction site is located at 18 bp 
from a Barn HI site 

Drug assays. Inhibition of decatenation has been 
described in detail elsewhere [30]. Briefly kDNA 
substrate (0 1/~g) was incubated for 15 rain at 37 °, 
with variable drug concentrations, before addmon 
of enzyme (10 ng) to the reaction mixture (2014). 
The reaction was incubated for 30 rain at 37 ° and 
samples were electrophoresed on horizontal 2% aga- 
rose gel 

Double-strand DNA cleavage assay has been 
characterized previously [13]. 

Topo II (450 ng) was incubated at 37 ° for 10 min 
with drug at various concentrations. The reaction 
mixture (20/4) contained 2.10 2 M Trls HC1 pH 7 9, 
5.10-2M KCI, 10-2M MgCIE, 510-4M ATP, 
5 10 -4 M EDTA, 5.10 -4 M dlthiothreitol, 15/~g/ml 
of BSA and 0 1/~g of supercoiled pUC13 DNA or 
25 ng of pUC13 (0<-32p)3 ' end-labelled DNA. 

The reaction was stopped by addition of 5 #1 of 
5% SDS, 4 mg/ml of proteInase K, 0.02% of bro- 
mophenol blue, 25% glycerol. The mixture was incu- 
bated 45 rain at 50 ° and DNA electrophoresed In 
1.2% agarose gel 

Reversion of double-strand cleavage was per- 
formed by addition of salt (5 10 -i M NaC1) to the 
reaction mixture before addition of protein de- 
naturant treatment as previously described [13]. 

RESULTS 

(i) Aza-elhpttcme der:vattves BD-40 and BR-76 
mterfere with the breakage-reunion reactton of DNA 
Topo H 

1 2 3 4 5 6 7 8 9 10 11 12 13 

II 
III 

Fig 2 Stlmulanon of DNA cleavage by calf thymus type II topolsomerase (Topo II) The reaction 
m~xtures (20/~1) containing 0 1 ~tg of supercoded pUC13 DNA and 450 ng of topo II, were incubated 
for 10 mm at 37 ° m the presence of various concentrations of BD-40, m-AMSA or NMHE and analyzed 
by 1 2% agarose slab gel electrophoresls Lane 1 control DNA, Iane 2 DNA + Topo II, Lanes 3-10. 
same as lane 2 + BD-40 (0 04/:M. lane 3, 0 08/~M, lane 4, 0 16 #M, lane 5, 0 32/~M, lane 6, 0 64 ~M, 
lane 7, 1 25 uM, lane 8, 2 5/~M, lane 9, 5 #M, lane 10), lanes 11-12, same as lane 2 + mAMSA (10/~M, 
lane 11; 50 uM, lane 12), Lane 13, same as lane 2 + 0 34/~M NMHE At 50 #M mAMSA, pUC13 DNA 

from III was degraded into smaller pieces resulting in a smear 
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Table 1 Stimulation of the Topo II-mediated pUC13 DNA cleavage by elhpucmes 
and aza-elliptlcines 

Cleavage 
Maximal percentage 

concentrauon* of DNAt Sumulatory 
Agent (gM) ( form III) effects 

Topo II alone 10 1 
Elllptlcmes 

Elhpticme 1 42 255?, 2 5 
base 
NMHE 0 34 36% 3 9+ 

Aza-Ellipticine 
BD-40 1 25 31 5% 3 4,~ 
BR-76 0 64 28%11 2 1 

* Drug concentrations generating the maximal cleavage percentage 
? Estimated by laser densitometry (see Materials and Methods) 
~: Expressed as the ratio of the cleavage percentage m the presence of the drug 

versus the cleavage percentage m control 
§ Average of two experiments 
]1 In this experiment, the cleavage of Topo II alone was 13% 

Expe r imen t s  were  des tgned to test  the  hypothes ts  
of T o p o  II med ia t ed  D N A  cleavage by Aza-e lhp-  
t tcines The  cleaving activity of a highly purif ied 
enzyme  f rom calf t hymus  was s t imula ted  usmg super-  
coiled pUC13  D N A  as subs t ra te  Figure 2 i l lustrates 
the  resul ts  wt th  BD-40  and  shows tha t  the  closed 
circular  form ( f o r m  I) is progressively conve r t ed  to 
open  circular  fo rm ( f o r m  II)  and  l inear  form ( f o r m  

g 
o 

<I 

~5 
g 

I I I I I 
I 2 3 4 5 

/zM Of drug 

Fig 3 Effects of elliptleme and aza-ellipticme on double 
stranded DNA cleavage reduced by Topo II  Cleavage 
reactions were performed as described under "Matermls 
and Methods" The extent of double-stranded DNA cleav- 
age was calculated from areas under peaks obtained by 
scanning the negatwe photograph of the gel with a laser 
microdensltometer Controls were also done using 0 ( - 3 2 p  - 

labelled pUC13 DNA Results were m agreement using 
both unlabelled and labelled DNA substrates Results are 
presented with regard to the natural cleavage actwlty of 
the Topo II which has been gwen as a reference value of 
one (Y axis on the figure) DNA cleavage reduced by BD- 
40 (O----O), NMHE (~- -~) ,  BR-76 ( l - - l ) ,  and elhptlcme 
( & - - A )  Higher concentrations of BD-40 and BR-76, like 
NMHE or ellipticlne were found to inhibit the enzyme 

actwlty 

III)  as the  drug concen t r a t i on  increases  f rom 0 4/xM 
to 5 btM (lanes 3-10) .  m - A M S A  (lanes 11-12) and 
N M H E  ( lane 13) gene ra t ed  identical  pa t t e rns  In the  
condi t ions  used for  the  cleavage assay, l e a  high 
concen t r a t i on  of T o p o  II and  in the  presence  of A T P ,  
ca t enanes  are fo rmed  wt thou t  any aggregant  cofactor  
added  ( lane 2) as previously  descr ibed  by Hsieh  et 

al. [35] This  ca tena t lng  actwtty Is fully abohshed  in 
the  p resence  of 10 #M m A M S A  (lane 11) 

Quan t i t a t ive  data  p rov ided  by e lhpt lcme and Aza-  
e lhpt ic lnes  are p re sen ted  m Table  1 and  Fig 3 
e lhpt lc lne  and  BR-76  s t imula ted  the  enzyme cleav- 
ing activity m a similar fashion (2 5- and 2 1-fold 

1 2 3 4 5 6 7 

I I ~  

I I I ~  

I _ _  

Fig 4 Reversion of DNA double-strand breakage by high 
salt Double strand DNA cleavage was performed as 
described in Materials and Methods Topo II and drug 
contained in the reaction mixture were incubated ,it 37 ° for 
10 mm The reaction was stopped by addmon of SDS and 
protemase K and the incubation was extended for 45 rain 
at 50 ° before electrophoresls Lane 1, pBR322 DNA control 
(0 1/~g), Lane 2 + Topo If (450 ng), Lanes 3-4, same as 
lane 2 + BD-40 (0 32/~M, lane 3, 1 25/~M, lane 4) Rever- 
sion of DNA breakage by salt 0 5 M NaCI was added for 
15 mm at 37 ° before SDS and protemase K, lanes 5-7, Lane 

5, same as m lane 2, Lanes 6-7 same as m lancs 3-4 
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respectively) whereas  N M H E  and BD-40 stimulated 
it 3.8- and 3.5-fold Since BD-40 and BR-76 mainly 
differ in their  structures by the presence of a diethyl- 
amlnopropylamlno side chain, this substitution 
appears to be important  for enhancing the in vwo 
D N A  cleavage by Topo  II 

Several pieces of evidence indicated that the D N A  
cleavage reaction was due to the formation of a 
complex be tween  calf thymus Topo  II and D N A  
rather than to nucleases or chemical  degradation.  
First, the cleavage process occurred within seconds 
following the mixing of enzyme,  D N A  substrate,  
and drugs, and did not significantly increase during 
prolonged incubation. In addition, increasing the salt 
concentrat ion at the end of the assay, reversed,  as 

expected the cleavage process For  BD-40, this salt 
reversal was almost complete  even after 15 rain as 
judged by disappearance of form III  (Fig. 4, lanes 6, 
7), consistent with the not ion that D N A  breakage 
was the consequence  of the exposure of the drug- 
st imulated cleavable complex to protein denaturants  
as described elsewhere [13] 

(2) Mappmg of elhpttcine and aza-elhpttctne-sttmu- 
lated cleavage sttes 

In order  to map the cleavage sites, hnearized 
pUC13 D N A  labelled only at one 3' end (see Mat- 
enals  and Methods)  was used as a substrate in the 
reaction and cleavage sites were mapped  by agarose 
gel electrophoresls  (Fig 5) The pattern of the 

1 2 3 4 5  
~topofthe gel 
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2 3 -  
9 . 4 ~  

6 . 5 ~  

4 . 3 ~  

2 . 3  --~ 

2 . 0 ~  

1 3 5 ~  

1 . 0 7  ~ ~ 

. 8 7 ~  

. 6 0 ~  

Fig 5 Mapping of Topo II cleavage sites on pUC13 DNA in the presence of m-AMSA, NMHE and 
BD-40 In each reaction mixture (20 #1) 25 ng of 3'-end labelled pUC13 and 450 ng of Topo II were 
present After 10 rain at 37 °, the reactions were terminated by the addition of SDS (1% final) 800/~g/ 
ml of proteinase K Incubation was continued for another 45 mm at 50 ° before being loaded onto 1 2% 
native agrose gel Lane 1, control DNA (no Topo II), Lane 2, Topo II no drug, Lane 3, 2 #M of 
mAMSA, Lane 4, 0 4/~M of NMHE, Lane 5, 1 25/~M of BD-40 The sizes of fragment were deduced 
from migration rates of phage ~. Hind III- and ~0 × 174 Hae III-DNA fragments used as gel calibration 
markers The origin of the faint band observed m the lane of control DNA (Lane 1) around nucleotlde 
2020 ~s unknown, m any case, ~ts intensity was consistently weaker than that of the Topo II-treated 

DNA (Lane 2) 
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Fig 6 InhlbmOn of the decatenatlng actlwty of calf thymus topolsomerase II by VM26 (A) and BD-411 
(B) The kDNA decatenatmg actlvlty was monitored as described m Materials and Methods (A) Lane 
1, kDNA control, Lane 2, kDNA + Topo II (10 ng), Lanes 3-8, same as Lane 2 + VM26 (1 ~tM, lanc 
3; 5/x.M, lane 4, 10/aM, lane 5, 25 pM, lane 6, 50 ttM, lane 7,100 #M, lane 8) VM26 inhibits thc 
deeatenatmg reaction at 50 gM Form I is the covalently closed mmlclrcle (negatively supercofled) 
Form II IS the closed relaxed mmlclrcle (rocked or closed) (B) Lane 1, kDNA, control, Lane 2 kDNA 
+ topo II (10 #g), Lane 3-11, same as lane 2 + BD-40 (0 05 uM, lane 3, 0,1/tM, lane 4, 0 25 ~M, lane 
5, 0 5/~M, lane 6, 1 25/tM, lane 7, 2 5 #M, lane 8, 5/~M, lane 9, 7 5 #M, lane 10, 10/~M, lane 11) In 
this experiment, BD-40 lnh~bRed the decatenatmg reaction at 10 #M Following BD-40 treatment, torm 

I mlmclrcle was converted to positively supercoded form (lanes q-10) 

unt rea ted  sample (containing only the enzyme + 
D N A  - lane 2) revealed the presence of two major  
sites around nucleot ldes 2320 and 2020 (These 
values are only indicative as the lack of precision 
of the me thod  precludes accurate measurements  ) 
These two sites were found in patterns of samples 
t reated with N M H E  (lane 4), BD-40 (lane 5) and 
m A M S A  (lane 3) Ano the r  major  site was observed 
with N M H E  and BD-40,  but not (or very weakly) 
with m - A M S A  (arrow) In addition, other  major  
sites were observed in m - A M S A  pattern,  which were 
absent in BD-40 and elhptlclne patterns Thus, in 
spite of  their structural differences,  elllptlclne and 
BD-40 st imulated the same sites, which differed from 
those act ivated by m - A M S A .  This is consistent with 
previously published results showing that Topo  I! 
sites genera ted  by ant i tumor drugs from different 
classes are different [24]. 

(3) Trypanosome kDNA decatenatton by Topo I1 
ts znhibtted m the presence of  elhpttcme and aza- 
elhpttcme 

In the presence of Topo  II and in an ATP-depen-  

dent ~ashlon, k D N A  which exists in its native form 
as a mul t icatenane [25] is conver ted into supercolled 
and relaxed monomers  (Fig 6, lane 2) This deca- 
tenatlng activity can be inhibited by different agents, 
resulting in a progressive disappearance of the mono- 
mers In the reaction mixture [26] For example,  with 
the eplpodophyl lotoxin VM26 (Tenlposide form),  a 
non lntercalative agent that induces Topo II- 
mediated D N A  single- and double-strand breaks 
[27, 28], these effects were visible at a 5/~M dose and 
complete  at 50 #M (Fig 6A, lanes 3-8) With BD-40 
(Fig 6B, lanes 3-11),  BR-76, elhptlclne and N M H E  
(data not shown) the decatenat lng process was com- 
pletely inhibited at various drug concentrat ions 
(respectively 10, 20, 20 and 2 8 F~M) which did not 
correlate well (except for N M H E )  to D55 cell cyto- 
toxic activity (DE50 are respectively 0 2, 0 5, 3, 
1/~M) Fur thermore  other  studies with different 
chemical compounds  from the series of elhptlclne, 
ep~podophyllotoxln and acridine on the decatenatmg 
reaction show that N M H E  and BD-40 are two of the 
most potent  lnhlbitors of this reaction [29] 

The topological  structure of the decatenated mini- 
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circle appeared to be modified by BD-40 Inter- 
calation With low doses of drug (lanes 3-7), closed 
circular mlnicircles (form I) were relaxed. With 
higher concentrations (lanes 8-10), before the com- 
plete lnh~bltlon of the reaction, closed circular mini- 
circles became positively supercolled This phenom- 
enon has been observed with all lntercalatlve agents 
so far tested that inhibited the decatenatlng reaction 
[30]. In contrast, VM26 did not cause this 
phenomenon. 

(4) DNA-breakmg actwtty of  elhpttcme and aza- 
elhpncme on tsolated nuclet 

We have previously shown that two aza-elhptlcine 
derivatives (BD-40 and BR-76) induced DNA breaks 
associated to DPLs in intact cells incubated with 
cytotoxic drug concentranons [7] Identical effects 
were observed with elhptlclne [81 However, while 
DPLs generated by elhptaclne did not prevent a DNA 
size reduction observed by alkaline sucrose gradient 
centrifugatlon, BD-40-1nduced breaks were not 
revealed unless a proteinase K treatment was 
included prior to centrifugatlon This result indicated 
that DPLs induced by aza-elhptlclnes are under the 
form of SDS- and alkaline-resistant bridges which 
maintain cohesiveness of DNA termini and prevent 
any DNA size reduction 

To further compare the effects of elhptlcine and 
BD-40 on isolated nuclei, cells were labelled with 
3H-thymldme for 24 hr and nuclei were isolated and 
incubated for 10 rain with ellapticlne (2/~M) or BD- 
40 (0 05 #M or 0.5 #M). Nuclei were always sub- 
mltted to dlgestmn with protelnase K before 
centrlfugatlon. 

DNA from isolated nuclei treated with ellipticine 
sedimented less rapidly than control DNA, indi- 
cating a size reduction (Fig 7). Omission of the 
protemase K treatment resulted m the same profile 
(not shown) In contrast, DNA from BD-40-treated 
nuclei did not undergo any reduction of its apparent 
molecular weight and superimposed to control DNA 
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~,  ELLIPT)CINE l 

B D - 4 0  

5.103 

I 

10 fractions 30 

Fig 7 Sedimentation in alkaline sucrose gradient of DNA 
from elhptlcme and BD-40-treated isolated nuclei D55 
isolated nuclei containing labelled DNA were incubated 
with elhpticme (2/*M) or BD-40 (0 05 #M or 0 5 .uM) for 
10 mm DNA size was analysed by alkaline sucrose gradient 
sedimentation after protelnase K treatment Arrow indi- 

cates the direction of the sedimentation 
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Fig 8 DNA synthesis by isolated from synchronized cells 
(see Materials and Methods) (A) DNA synthesis by nuclei 
isolated from control cells (/k--&), cells treated with 2 uM 
elllptlcme (0--0) and cells treated with 0 5 t~M BD-40 
(&--&) (B) DNA synthesis by isolated nuclei control 
(/k--&), nuclei treated with 2/~M elllptlcme (0--0) and 
0 5/~M BD-40 (&--&) Intermediate concentrations pro- 

duced the same results 

(same data with 0.5 #M, not shown). An identical 
result was obtained with BR-76 (not shown). 

To summarize, while elllptlcine-lnduced breaks in 
DNA of intact cells as well as of isolated nuclei, BD- 
40 did not appear to efficiently act on lsolateJ nuclei 
in spite of a readily discernible effect on whole cells. 
This apparent failure was not related to any impair- 
ment in the drug penetration: a fluorescence micro- 
scope study indicated that the fluorescence intensity 
of nuclei incubated for 5 rain with 0.05 #M was equiv- 
alent to that observed in the nuclei of intact cells 
incubated for 4 hr (at this time, drug uptake is at 
equilibrium) with 0.5/IM 

(5) Action of  elhpttcme and aza-elhpttcme on DNA 
synthettc acttvtty by tsolated nuclet 

Elhptlclne and BD-40 greatly decreased the Incor- 
poration of 3H-thymldlne into acldo Insoluble 
material when they were added to synchronized 
intact cells (Fig 8A), indicating a diminished rate of 
DNA synthesis an agreement with the lengthening of 
the S phase noticed in the presence of drugs [9] 

Isolated nuclei also exhibited a decrease m DNA 
synthetic activity, when they were released from 
synchronized cells incubated with elliptlcine or BD- 
40 (Fig. 8A) This effect persisted when synchronized 
nuclei were treated m vuro with elliptlclne but did 
not appear more in the presence of BD-40 (0.05 or 
0.5/,M). These data confirmed that BD-40 efficiently 
acted on intact cells similarly to elllptlclne but was 
devoid of activity on nuclei purified prior to any drug 
treatment 

DISCUSSION 

In this report, we present data showing that aza- 
elllptlcines stimulate the cleavage activity of purified 
calf thymus Topo II The cleavage activity can be 
reversed in high-salt conditions that are not favorable 
for nuclease and hgase-type enzymes. According to 
Chen et al [18], this reaction is not ATP-dependent 
but is stimulated by ATP (data not shown). Fur- 
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t h e r m o r e ,  as judged  by m app i ng  exper imen t s ,  cleav- 
age sites g e n e r a t e d  by BD-40  are the  same as those  
s t imula ted  by N M H E  or el l ipt iclne These  results  
suppor t  the  conclus ion  tha t  T o p o  II is directly 
Involved in the  act ion of these  e lhpt lc lne  analogues .  
It is unl ikely  tha t  a T o p o  I was impl ica ted  in this 
reac t ion  because ,  (1) res idual  T o p o  I activity in the  
Topo  II p r epa ra t i on  was low, and  (2) only high 
Topo  I concen t r a t i ons  can induce  doub le  s t rand- l ike  
b reaks  on  c o m p l e m e n t a r y  D N A  s t rands  [31]. 

It is wor th  not ing  tha t  BD-40  concen t r a t ions  
s t imula t ing  T o p o  II are close to D E 5 0  concen t ra t ions  
in cu l tu red  cells [19]. In the  m vitro enzyme test,  
the first drug concen t r a t i on  tha t  conver ts  the  p U C  
supercoi led  D N A  fo rm to the  l inear  form is 0.04/~M 
(Fig 3). A 0 05 #M concen t r a t i on  has  b e e n  shown 
to inhibi t  cell g rowth  and  induce  t r ans ien t  D N A  
breaks  [7] Thus ,  a good cor re la t ion  seems to exist 
be tween  drug  activity on  T o p o  II and  cell effects. In 
contras t ,  t he re  is no  ev iden t  dose -ac t iw ty  rela t ion-  
ship as far as the  inh ib i t ion  of k D N A  deca t ena t ion  
by drugs is conce rned  BD-40,  the  mos t  po ten t  inhibi-  
tor  of the  decatenatxng Topo  II activity in aza-elhp- 
t iclne series, r equ i red  50-fold h igher  doses than  cyto- 
toxic ones  (10 keM versus  0 2 #M)  to Interfere  with  
the enzyme.  A possible  exp lana t ion  might  be  tha t  
all avai lable  in te rca la t ion  sites are not  sa tu ra ted  by 
lower doses and  tha t  T o p o  II is active as long as 
specific c leavage sites are no t  occupied by the drug 
Resul ts  wi th  ten ipos lde  (VM26)  are cons is ten t  with  
this hypothes i s  as i nh lNt ion  of deca t ena t lon  activity 
has b e e n  obse rved  a l though  V M 2 6  does not  in terca-  
late Into D N A  In tha t  case, a V M 2 6 - T o p o  II inter-  
act ion is sufficient to explain the  inhib i t ion  by the 
drug Moreove r ,  E t  B r  which  is a s t rong ln te rca la tor  
but  does  not  induce  T o p o  I I -med ia ted  D N A  breaks  
has been  r epo r t ed  to inhibi t  D N A  cleavage by agents  
in terac t ing  with T o p o  II [34]. The re fo re ,  ev idence  
exists tha t  drug in te rca la t ion  can in te r fere  with Topo  
II activity w h e n  condi t ions  are favorable .  

It is also no tab le  tha t  BD-40  s t imulates  Topo  II 
more  efficiently t han  its congene r  BR-76  which struc- 
tural ly differs by a d i e t hy l am l nop r opy l am l no  side 
chain In CI and  is also subs t i tu ted  by a methy l  group 
in CI1 This  suggests tha t  the  side chain  plays an 
i m p o r t a n t  role in the activity and  has to be put  
t oge the r  with the  highest m v tvo  activity of BD-40 
c o m p a r e d  to its congeners .  A systemat ic  s tudy of the  
role of this chain  should  be in i t ia ted  

Elhpt lc lne  and  aza-el l lpt lclne do not  appea r  to 
act ident ical ly on  isolated nuclm in which ch roma t ln  
is a s sumed  to be in a con f o r m a t i on  close to ItS nat ive  
s tate  Since e lhpt lc lne  efficiently reac ted  u n d e r  our  
expe r imen ta l  condi t ions ,  it is r a the r  unl ikely tha t  
Topo  II was re leased  f rom nuclei  dur ing  purif icat ion 
or inac t iva ted  (it can be emphas ized  tha t  reac t ion  
condi t ions  inc luded  use of a buffer  adap ted  at best  
to Topo  II activity) O n  the  o the r  hand ,  BD-40 
uptake  by nuclei  is not  d iminished .  Accord ing  to the 
data  pub l i shed  in the  h t e ra tu re ,  lesions induced  in 
D N A  by ln terca la t lve  or non  ln terca la t lve  drugs are 
assumed to occur  via Topo  I I - d r u g  complexes  
[13, 16, 18, 32] Our  p resen t  results  s t rongly suggest 
tha t  a similar complex  is fo rmed  be t w een  BD-40 and  
Topo  II m v~tro There fo re ,  in isolated nuclei ,  this 
complex might  not  be  fo rmed  or might  be reactive 

A similar p h e n o m e n o n  could explain the  appa ren t  
absence  of N M H E  activity on  isolated nuclei [33], 
while it is active on intact  cells [34] 

A n  a l te rna t ive  hypothes is  might  be tha t  aza-elhp- 
t icines require  a b lo-act lvat lon step before  be ing  
funct ional  and  tha t  this s tep canno t  occur in isolated 
nuclei because  it is not  the  p rope r  place where  the 
process  normal ly  takes  place This metabol ic  acti- 
va t ion model  is suppor t ed  by exper imenta l  evidence 
BD-40 toxicity on yeast  has been  shown to be greatly 
s t imula ted  by oxygen [4]. The validity of this model  
will be only verif ied by isolat ion of active aza-elhp- 
t lclne metabo l l t e s  in cells 

Finally,  since it is r easonab le  to assume that  dif- 
ferences  in DPLs  induced  by each chemical  series 
may reflect a d i f ferent  type of D N A - T o p o  I I - d r u g  
te rnary  complex,  a test  tube  s tudy using purified 
enzyme should  be  va luable  to unde r s t and  the exact 
na tu re  of the  c leavable  complex  
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