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DNA sequence-specific adducts of adriamycin and mitomycin C 
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Adriamycin and mitomycin C were reduced by xanthine oxidase/NADH in the presence of a DNA template comprising 
a stable initiated ternary transcription complex derived from the lac UV5 promoter. Subsequent elongation of the tran- 
scription complex treated with mitomycin C revealed high levels of terminated transcripts one nucleotide prior to G resi- 
dues on the coding strand (i.e. at X of XpC sequences of the non-coding strand). Lower levels of termination occurred 
with adriamycin, and these were also one nucleotide prior to G residues of the coding strand, but with greater sequence 
specificity since they were observed mainly at G of GpC sequences of the non-coding strand. The same sites were also 
observed with adriamycin in the absence of reducing conditions and the level of termination at these sites was enhanced 
up to 10-fold by Fez ÷ and Fe z÷, but not by Cu 2÷, Zn 2÷, Co 2+ or Ni 2÷. These results suggest that an iron-adriamycin 
complex with DNA is highly sequence-specific and results in adducts, similar to those of mitomycin C, which can termi- 
nate the transcription process. Such a mechanism offers new insights into the possible mode of action of anthracyclines. 

Adriamycin; Mitomycin C; DNA adduct; Xanthine oxidase; Sequence specificity; Divalent metal ion 

1. INTRODUCTION 

Adriamycin has been in routine clinical use as an 
anticancer agent for two decades [1-3]. Full 
realisation of  its antineoplastic potential is limited 
by an associated cardiotoxicity [4,5] and there have 
been extensive efforts to develop more active 
and /or  less cardiotoxic derivatives to combat this 
problem [6,7]. In order to place the development 
of  new derivatives of  these anthracyclines 
(adriamycin and daunomycin) on a more rational 
basis, there have been widespread and concerted 
efforts to delineate the mode of  action of  these 
drugs. Although membrane binding [8] and im- 
pairment of  topoisomerase II activity [9] are possi- 
ble modes of  action, there is an emerging body of  
evidence to show that the biological activity of  
these drugs correlates with DNA binding [10] or 
with a range of  DNA-related events [2,11]. 

The role of  DNA as an important receptor for 
anthracyclines may involve the formation of  
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covalent adducts with DNA, and such adducts 
have been well documented by chemical and en- 
zymic reduction in vitro [12-14]. If these adducts 
occur to a significant degree in vivo, then it is ex- 
pected that they would result in termination of  
transcription, and may therefore comprise an im- 
portant mode of  action of  these drugs, particularly 
in the light that tumour ceils contain a more reduc- 
ing environment than normal cells [15]. Similar ad- 
ducts with mitomycin C have been well 
documented [16-18]. We present here an in vitro 
transcription assay which exhibits blockage of 
transcription by E. coli RNA polymerase at 
specific DNA sites when mitomycin C is reduced 
by xanthine oxidase/NADH, or when adriamycin 
is present with Fe 2÷ or Fe 3+. 

2. EXPERIMENTAL 

2.1. Reagents 
Adriamycin was a gift from Farmitalia Carlo Erba (Milan). 

Mitomycin C was obtained from Sigma. Xanthine oxidase was 
supplied by Dr A. Wedd (La Trobe University). 

2.2. Transcription 
A 497-bp PuvlI/SalI restriction fragment of a modified 
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Fig. 1. Autoradiogram of RNA transcripts detected following elongation (5 rain) of the initiated complex treated with 1 mM mitomycin 
C (MC) or adriamycin (AD) 15 min, 30 rain, 1, 2 or 4 h (denoted 15, 30, 1, 2 and 4, respectively) at 37°C, and also under reducing 
conditions in the presence of xanthine oxidase (XO) and NADH. The initiated complex is shown in lane I, and the resulting transcript 
after 5 rain of elongation in lane E. Sequence lanes are denoted as C (termination by methoxy-CTP) and G (termination by 

methoxy-GTP). 

pBR322 vector contained the lac UV5 promoter and was uti- 
lized for in vitro transcription with E. coli RNA polymerase 
[19]. Transcription was initiated to form a stable ternary com- 
plex as in [19,20]. Adriamycin was added to defined concentra- 
tions. Metal ions were then added to a concentration of 150/~M 
while the reducing system was formed by the addition of 
NADH (2 raM) and 1.5 U xanthine oxidase [21]. The reaction 
mixtures were incubated at 37°C for various times before the 
transcript was elongated and then terminated as described 
[19,201. 

2.3. Electrophoresis and autoradiography 
Electrophoresis, autoradiography and densitometric analysis 

were performed using the techniques in [19,20]. 

3. R E S U L T S  

0 m 0 5  

The  effect  o f  the  xan th ine  o x i d a s e / N A D H  
reduc ing  system on  m i t o m y c i n  C and  a d r i a m y c i n  is 
shown in fig. 1. Min ima l  paus ing  is evident  in the  
con t ro l  e longa t ion  lane c o m p a r e d  to  the  a m o u n t  o f  
fu l l - length  t ransc r ip t .  A n  extensive a m o u n t  o f  
specific b lockage  was o b t a i n e d  with m i t o m y c i n  C 

under  reduc ing  cond i t ions ,  while the  non- reduc ing  
con t ro l  lanes  show essent ia l ly  on ly  b a c k g r o u n d  
paus ing .  A quan t i t a t ive  analysis  o f  the  sequence 
specif ic i ty  o f  m i tomyc in  C is p resen ted  in fig.2. 

In  con t ras t ,  a d r i a myc in  a lone  resul ted  in m a n y  
b locked  t ranscr ip t s  a f te r  15 min reac t ion  t ime,  and  
a low level o f  ful l - length t ranscr ip t  which de- 
creased fur ther  with reac t ion  t ime ( f ig . l ) .  The  
b lockages  obse rved  under  non- reduc ing  condi t ions  
are  essent ial ly  the  same when in the presence o f  
xan th ine  o x i d a s e / N A D H ,  and  some add i t iona l  
bands  are  also evident  (e.g. be tween R N A  lengths 
o f  80 and  109). The  enhanced  in tens i ty  o f  those  
bands  under  reducing  cond i t ions  is due largely to  
a greater  s tab i l i ty  o f  the  t e rna ry  complex  under  
these cond i t ions ,  and  this was con f i rmed  by  
separa te  exper iments  in which the a d d i t i o n  o f  xan-  
th ine  o x i d a s e / N A D H  (but  not  with ei ther  agent  
a lone)  p r o d u c e d  much  higher  yields o f  ful l - length 
t r ansc r ip t  (not  shown) .  This  effect  p r o b a b l y  relates 
to  a des tab i l i sa t ion  o f  the  t e rna ry  complex  by  
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Fig.2. Mitomycin C transcriptional blockage sites induced by reductive activation. The mole fraction of RNA transcripts is shown (2 h 
incubation lane of fig.l), together with the sequence of the DNA non-coding strand, numbered from G of the initiating GpA 

dinucleotide. High-occupancy sites (>0.25% mole fraction of RNA) have been defined by a dashed line. 
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Fig.3. Autoradiogram of adriamycin-induced transcriptional blockage sites following 1, 5 and 15 min of elongation after 1, 2 or 4 h 
of exposure of the initiated complex to adriamycin (50 ,aM) at 37°C. The initiated complex is shown in lane C and methoxy-CTP and 

methoxy-GTP sequencing lanes in C and G. 

adriamycin, but was diminished when the drug was 
bound to the xanthine ox idase-NADH complex.  

In the absence o f  reducing conditions the forma- 
tion o f  adriamycin block sites increased slowly 

with time over 4 h (fig.3). There was no evidence 
o f  elongation past most  o f  these sites over 15 rain 
(fig.3) and this demonstrates that the drug associa- 
tion at these sites is much more permanent than for 

DES D E S  F e ( l l )  Fe ( l l l )  i C u ( l l )  t Z n ( l l )  j N i ( l l )  i C o ( l l )  I I E I AD I ~15o~ t (ls~ I I 
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Fig.4. Autoradiogram of adriamycin (50,aM) induced transcriptional blockage sites after treatment of the initiated complex for 0.5, 
2 or 4 h at 37°C in the presence of divalent metal ions (150 ,aM) or desferrioxamine (DES) at 15 or 150 aM. The ternary transcription 

complexes were elongated for 2 min for all samples. 
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Fig.5. Adriamycin-induced transcriptional blockage sites under non-reductive conditions. The mole fraction of each transcript is shown 
after 4 h of exposure of the initiated complex to adriamycin, and subsequently 15 min of elongation (fig.3). The mole fraction of 
transcript has been corrected to allow statistically for undetected adducts downstream of existing blocked sites [31]. High-occupancy 

sites (mole fraction > 2%) have been defined by a dashed line. 

reversibly bound adriamycin which dissociates 
rapidly from DNA and is not detected by the 
transcription assay at 37°C, but can be seen at 
1 0  ° C [221. 

Since apparent  adducts of  adriamycin were 
observed under non-reducing conditions, one 
possibility was that these adducts derived f rom 
reduction via thiol groups (e.g. serum albumin) as 
suggested by Favandon [23], with the electron flow 
mediated by Fe 2+ [24]. For this reason we examin- 
ed the dependence of  the apparent  adducts on the 
presence of  Fe 2+. During this process we establish- 
ed that both Fe z+ and Fe 3+ enhanced the forma-  
tion of  transcriptional blockages. A further 
examination of  the metal ion dependence has now 
shown that the termination of  transcription is 
metal-ion-dependent, with only Fe 2+ and Fe ~+ 
resulting in enhanced sequence specific termina- 
tion of  transcription (fig.4). A quantitative 
analysis of  the sequence specificity of  adriamycin 
is shown in fig.5. 

4. DISCUSSION 

4.1. Mitomycin C 
The transcriptional blockages observed follow- 

ing reductive activation of  mitomycin C confirm 
the well-documented observation of' DNA adducts 

with this compound [16-18]. The fact that these 
blockages are independent of  elongation time is 
consistent with such covalent adducts. The se- 
quence specificity shows that blockages occur at X 
of  XpC sequences and this suggests that adducts 
are exclusively on the G residue of  the coding 
strand, since drug-induced transcriptional 
blockages have routinely been detected immediate- 
ly adjacent to drug sites [19,20]. All of  the 21 high- 
occupancy blockage sites in the transcribed se- 
quence occur at X of  XpC sequences and confirms 
the previous observations of  G-specific adducts 
(non-coding strand) with mitomycin C. Adducts 
on the non-coding strand were apparently not 
detected and this is consistent with previous obser- 
vations with psoralen adducts [25]. 

4.2. Adriamycin 
Reductive activation of  adriamycin did not yield 

any transcriptional blockages in addition to those 
observed under non-reducing conditions, even 
though the adriamycin was clearly being reduced, 
as shown by an increasing amount  of  
adriamycinone precipitating f rom the reaction 
[26]. The reason that adducts previously observed 
by others under reducing conditions [12,13] were 
not observed in the transcriptional analysis is 
presumably due to the 1000-fold lower DNA con- 
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centration employed in the present work which is 
based on nanomolar levels of  promoter-containing 
DNA fragments. The implications then are that 
reduced adriamycin species are considerably less 
reactive than the corresponding mitomycin C reac- 
tants and that the gradual development of  blocked 
transcripts of  adriamycin under reducing condi- 
tions is only a background effect, identical to that 
observed in the absence of  a reducing en- 
vironment. 

A much more fundamental question which must 
be addressed is the nature of  termination of 
transcription induced by adriamycin under non- 
reducing conditions. This phenomenon is drug- 
dependent and also specific for FeE+/Fe 2+, sug- 
gesting a DNA-adriamycin-Fe complex. Since this 
complex is independent of elongation time, it has 
the characteristics of  a covalent adduct, but could 
in principle also be described as a long-lived rever- 
sible complex. Irrespective of  the exact nature of  
the complex, the net effect of  virtually abolishing 
the transcription process is dramatic. The DNA se- 
quence specificity of  these adducts was GpC (non- 
coding strand) with blockage at the G residue being 
due to an adduct or complex on G of  the coding 
strand. All seven GpC sequences in the transcribed 
region are associated with a blockage at the G site, 
and 5 of  the 6 highest occupancy sites are at GpC 
sequences (fig.5). By analogy with the XpC site 
associated with mitomycin C, adriamycin shows a 
greater degree of  specificity, and implies that both 
of  the (G. C) base-pairs are involved in the binding 
site. This may relate to the conformation of  DNA 
around GpC sites which are known to have a 
smaller distance between the two guanines, viz. 
6.5 ,~, compared to 9.1 ,~ in CpG sequences [27]. 
The lack of  effect of  desferrioxamine (fig.4) may 
be due to the fact that the iron may not be accessi- 
ble to this complexing agent when bound to drug 
and /o r  DNA. 

The 1:3 complex of  iron and adriamycin is a 
stable compound [28,29] with high affinity for 
DNA. It is therefore probable that the ternary 
DNA-adriamycin-Fe complex involves such a com- 
pound with the specificity derived from (G.C)  
contacts with both drug and iron moieties of the 
complex. 

4.3. Pharmacological implications 
Any process that results in the complete termina- 

tion of  transcription in vitro, as distinct from 
merely a delay, as in the case of reversibly binding 
drugs, must be considered as an important poten- 
tial mode of  action in vivo. The mechanism of ac- 
tion of  the anthracyclines has been investigated for 
two decades, and to the many probable contenders 
should now be added the possibility of a drug- 
Fe2+/Fe3+-mediated termination of transcription. 
If  this proves to be a major mode of action, the 
selectivity for tumour tissues may well be 
associated with the GpC specificity of the ternary 
complex possibly affecting the B-Z transition of  
(GC)n sequences which are thought to act as 
regulatory elements in eukaryotes [30]. 

Acknowledgement: This work was carried out with the support 
of the Australian Research Grants Committee (D.R.P.). 

REFERENCES 

[1] Henry, D.W. (1979) Cancer Treat. Rep. 63, 845-854. 
[2] Schwartz, H.S. (1983) in: Molecular Aspects of Anti- 

Cancer Drug Design (Neidle, S. and Waring, M.J. eds) 
pp.93-125, MacMillan, New York. 

[3] Wiernik, P.H. (1980) in: Anthracyclines: Current Status 
and New Developments (Crooke, S.T. and Reich, S.D. 
eds) pp.273-294, Academic Press, New York. 

[4] Brown, J.R. (1978) Prog. Med. Chem. 15, 125-164. 
[5] Gianni, L., Croden, B.J. and Myers, C.E. (1982) Rev. 

Biochem. Toxicol. 5, 1-82. 
[6] Acton, E.M., Tong, G.L., Mosher, C.W. and 

Wolgemuth, R.L. (1984) J. Med. Chem. 27, 638-645. 
[7] Myers, C.E., Muindi, J.R.F., Zweier, J. and Sinha, B.K. 

(1987) J. Biol. Chem. 11571-11577. 
[81 Tritton, T.R. and Yee, G. (1982) Science 217, 248-250. 
[9] Tewey, K.M., Rowe, T.C., Yang, L., Halligan, B.D. and 

Liu, L.F. (1984) Science 226, 466-468. 
[10] Valentini, L., Nicolella, V., Vannini, E., Menozzi, M., 

Penco, S. and Arcamone, F. (1985) Farmaco Ed. Sci. 40, 
377-389. 

[il] Aubel-Sadron, G. and Londos-Gagliardi, D. (1984) 
Biochimie 66, 333-352. 

[12] Sinha, B.K. (1980) Chem.-Biol. Interact. 30, 67-77. 
[13] Sinha, B.K. and Gregory, J.L. (1982) Biochem. 

Pharmacol. 30, 2626-2629. 
[14] Sinha, B.K., Trush, M.A., Kenredy, K.A. and 

Mimnaugh, E.G. (1984) Cancer Res. 44, 2892-2896. 
[15] Kennedy, K.A., Teicher, B.A., Rockwell, S. and 

Sartorelli, A.C. (1981) in: Molecular Action and Targets 
for Cancer Chemotherapeutic Agents (Sartorelli, A.C. et 
al. eds) pp.85-101, Academic Press, New York. 

[16] Tomasz, M., Chowdary, D., Lipman, R., 
Shimotakahara, S., Veiro, D., Walker, D. and Verdine, 
G.L. (1986) Proc. Natl. Acad. Sci. USA 83, 6702-6706. 

[17] Pan, S.-S., Iracki, T. and Bachur, N.R. (1986) Mol. 
Pharmacol. 29, 622-628. 

239 



Volume 246, number 1,2 FEBS LETTERS March 1989 

[18] Tomasz, M., Lipman, R., Chowdary, D., Pawlak, J., 
Verdine, G.L. and Nakanishi, J. (1987) Science 235, 
1204-1208. 

[19] Phillips, D.R. and Crothers, D.M. (1986) Biochemistry 
25, 7355-7362. 

[20] White, R.J. and Phillips, D.R. (1988) Biochemistry, in 
press. 

[21] Pan, S.-S., Andrews, P.A., Glover, C.J. and Bachur, 
N.R. (1984) J. Biol. Chem. 259, 959-966. 

[22] Skorobogaty, A., White, R.J., Phillips, D.R. and Reiss, 
J.A. (1988) Drug Design Delivery 3, 125-152. 

[23] Favaudon, V. (1982) Biochimie 64, 457-475. 
[24] Myers, C.M., Gianni, L., Simone, C.B., Klecker, R. and 

Greene, R. (1982) Biochemistry 21, 1707-1713. 

[25] Shi, Y.-B., Gamper, H. and Hearst, J.E. (1987) Nucleic 
Acids Res. 15, 6843-6854. 

[26] Fisher, J., Abdela, B.R.J. and McLane, K.E. (1985) 
Biochemistry 24, 3562-3571. 

[27] Castleman, H., Hanau, L.H. and Erlanger, B.F. (1983) 
Nucleic Acids Res. 11, 8421-8429. 

[28] Beraldo, H., Garnier-Suillerot, A., Tosi, L. and Lavellei, 
F. (1985) Biochemistry 24, 284-289. 

[29] Gelvan, D. and Samuni, A. (1988) Cancer Res. 48, 
5645-5649. 

[30] Rich, A., Nordheim, A. and Wang, A.H.-J. (1984) Annu. 
Rev. Biochem. 53, 791-846. 

[31] White, R.J. and Phillips, D.R. (1989) Biochemistry, in 
press. 

240 


