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Chapter 32. Stereochemistry of Drug-Nucleic Acid In t e rac t  ions 
and its Biological 1.mplications 

Chun-che Tsai,  Department of Chemistry, Kent S ta t e  University,  
Kent, Ohio 

Introduction - The nucleic acids DNA and RNA a re  undoubtedly among the 
best  defined of a l l  t a rge t  molecules f o r  the action of drugs, a n t i b i o t i c s ,  
ant ineoplast ic  agents, a n t i p a r a s i t i c  agents, and an t ibac te r i a l  agents . ' p 2  

This has encouraged many workers over the years t o  define the molecular 
geometries of such drug-nucleic acid interact ions and t o  understand the 
mechanisms of drug action f o r  a wide spectrum of drugs and a n t i b i o t i c s  
known t o  bind t o  double-stranded nucleic acids ,  often with the hope of 
more e f f ec t ive  and r a t iona l  drug design. 

A va r i e ty  of techniques have been used t o  study the binding of drugs 
t o  nucleic acids and t o  provide information concerning the precise nature 
of drug-nucleic acid interact ions,  3-24 Two main modes of binding drugs t o  
nucleic  acids have been suggested. 3-6 The primary and generally stronger 
mode of binding has been interpreted as i n t e rca l a t ion  where a planar p a r t  
of the bound drug molecule s l i d e s  between adjacent base-pairs i n  the DNA 
h e l i ~ . ~ , ~  The second and generally weaker mode of binding is thought t o  
be an e l e c t r o s t a t i c  interact ion between the phosphate groups i n  the 
double-stranded nucleic acids and the drug molecules .5,6 This review 
focuses primarily on the stereochemical s tud ie s  of the in t e rac t ion  of 
drugs with double-stranded nucleic  acids.  

39 
I t  has been suggested tha t  t h ree  c l a s ses  of in t e rca l a t ive  drugs o r  

agents may be distinguished by t h e i r  d i r ec t iona l  entrance inm the DNA helix. 
The f i r s t  c l a s s  i n t e rca l a t e s  exclusive from the minor groove. Drugs i n  
t h i s  c l a s s  may include actinomycin D and ethidium. The second c l a s s  may 
in t e rca l a t e  exclusively from the major groove. Examples of drugs i n  t h i s  
c l a s s  may be daunomycin, proflavine,  and acr idine orange. Final ly ,  there  
may be a t h i r d  c l a s s  of i n t e rca l a t ive  drugs t h a t  can in t e rca l a t e  from 
e i t h e r  the major o r  minor grooves. 
aminoacridine and e l l i p t i c i n e .  I t  is possible tha t  the biological  
a c t i v i t i e s  of these drugs and the k ine t i c s  of t h e i r  binding react ions t o  
DNA r e f l e c t  t h e i r  d i r ec t iona l  entrance i n t o  DNA he l ix ,  as  defined by 
these three classes  .39 

Drugs i n  t h i s  c l a s s  may include 9- 

The stereochemistry of actinomycin D binding t o  DNA demonstrates a 
general pr inciple  tha t  drugs and proteins may u t i l i z e  in  recognizing 
symmetrically arranged nucleotide sequences on the DNA he l ix ,  and suggests 
a rationale f o r  the synthesis of new variants  of the actinomycin molecule 
t h a t  may be used c l i n i c a l l y  i n  the chemotherapy f o r  neoplast ic  disease 
and v i r a l  infection.12*75 

Le Pecq e t  a l . 74  have used the in t e rca l a t ing  properties of e l l i p t i -  
cine i n  a systematic attempt t o  obtain highly act ive anticancer drugs by 
consideration of various e l l i p t i c i n e  molecular modifications, and have 
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demonstrated t h a t  9-hydroxyellipticine had the highest  DNA a f f i n i t y  and 
the s t rongest  pharmacological a c t i v i t y .  It seems plausible  tha t  the 
introduction of the hydroxy group has enhanced binding, by means of a 
hydrogen bond t o  a DNA phosphate. 

Recently the re  have been encouraging signs t h a t  i n t e rp re t a t ion  of 
the molecular model f o r  the in t e rac t ion  of daunomycin with DNA proposed by 
Pigram e t  al .56 may well lead t o  more ac t ive  der ivat ives  of daunomycin.60 
A de t a i l ed  examination of the daunomycin-DNA model reveals  t ha t  i n t e rca l a -  
t i on  of the chromophore is only p a r t i a l  compared with simple i n t e r c a l a t  ive 
agents such as proflavine; on the basis of the model it was proposed tha t  
removal of the bulky methoxy group on the chromophore r i n g  would r e s u l t  i n  
a molecule t h a t  could in t e rca l a t e  more e f f ec t ive ly .  D i  Marco and h i s  co- 
workers61 have now synthesised, and exhaustively examined new daunomycin 
der ivat ives  tha t  lack j u s t  t h i s  methoxy group. The modified molecule 
does indeed bind t o  DNA somewhat b e t t e r  than its parent molecule. S ign i f i -  
cant ly ,  in  vivo t e s t i n g  of these 4-demethoxy der ivat ives  i n  mouse cancer 
systems, both of the leukaemic and s o l i d  tumor type, show t h a t  i t  is as 
e f f ec t ive  as daunomycin i t s e l f ,  but a t  dose l eve l s  four  t o  e ight  t imes 
lower, 

In  a recent  report ,23 Krugh and Young have shown t h a t  daunomycin and 
adriamycin f a c i l i t a t e  s t rong binding of actinomycin D t o  poly(dA-dT) .poly 
(dA-dT). This new observation suggests t ha t  combinations of i n t e rca l a t ive  
drugs, such as daunofjcin (or adriamycin) with actinomycin D ,  should be 
explored c l i n i c a l l y .  

The concept of drug-DNA in te rca l a t ion  has st imulated the synthesis  
and study of a new compound, bis(methidium)s ermine,76 t h a t  binds DNA very 
t i g h t l y  by polyintercalat ion as  e ~ h i n o m y c i n ~ ~ * ~ ~  and bisacr idine .79 The 
compound is a dimer of a well-characterized DNA-binding compound, ethidium. 
The two ethidium molecules i n  the dimer a r e  joined by spermine; the l i nke r  
is long enough t o  pe rmi t  the planar ethidium portions t o  f i t  between non- 
adjacent DNA base-pairs. 
is t i g h t ,  but it has s ign i f i can t  sequence s p e c i f i c i t y  f o r  p(dC-dG), a 
synthet ic  DNA polymer, over calf  thymus DNA. 76 

The binding of bis(methidium)spermine not only 

Unifying S t ruc tu ra l  Concepts i n  Understanding Drug-Nucleic Acid 
Interact ions and t h e i r  Broader Implications in  Understanding Protein-DNA 
Interact ions - The s t r u c t u r a l  information and stereochemical f e a t u r e s  
afforded by the X-ray crystal lographic  s tud ie s  of ethidium-dinucleoside 
monophosphate c r y s t a l l i n e  complexes have l e d  Sobell ,  Tsai e t  a1.39942 t o  
generate a de t a i l ed  molecular model f o r  ethidium-DNA binding. The model 
predicts  t h a t a t  maximal drug-nucleic acid binding r a t i o s ,  ethidium in t e r -  
ca l a t e s  between every other base p a i r  in  DNA ( i . e .  a neighbor exclusion 
model for i n t e rca l a t ive  drug binding); t h i s  follows from the mixed sugar 
puckering pat tern,  C3'endo (3'-5') CZ'endo, t h a t  is observed i n  the 
c r y s t a l l i n e  complexes. Base-pairs i n  the immediate region of i n t e rca l a -  
t i o n a r e  twisted by 10'; t h i s  gives rise t o  an angular unwinding of -26 a t  
the immediate s i t e  of the drug in t e rca l a t ion .  Base-pairs i n  the immediate 
region of i n t e rca l a t ion  a re  separated by about 6.7 8; t h i s  distance 
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r e f l e c t s  the presence of an ethidium molecule intercalated between base- 
pa i r s .  The phenyl and e thy l  groups of the ethidium molecule l i e  i n  the  
minor groove of DNA; t h i s  suggests t ha t  the d i r ec t ion  of entrance by t h i s  
drug is from the minor groove of the double hel ix .  A weak pyrimidine-purine 
sequence binding preference is predicted from stacking considerations of 
ethidium on adjacent base pairs .  The model explains a l a rge  mass of 
physical and biochemical data  concerning the i n t e r a c t  ion of ethidium with 
DNA and contains the more general stereochemical postulate t h a t  drug 
in t e rca l a t ion  gives rise t o  a h e l i c a l  screw axis  dis locat ion i n  DNA, a 
var iable  whose magnitude determines the r e l a t i v e  r i n g  overlap between an 
in t e rca l a t ive  drug molecule and adjacent base-pairs. The conformational 
changes in  the sugar-phosphate backbone tha t  accompany drug in t e rca l a t ion  

D 

Fig. 1. Computer-graphic i l l u s t r a t i o n s  of the detai led stereochemistry f o r  
ethidium-DNA binding. (From Ref. 39 with permission of publisher.)  
(A) Structure  of ethidium-CpG intercalated complex, viewed down the dyad 
axis and p a r a l l e l  t o  the planes of ethidium and base-pair molecules. 
(B) Structure  of ethidium-CpG intercalated complex, viewed perpendicular 
t o  the planes of ethidium and base-pair molecules. 
(C) Ethidium-DNA in te rca l a t ion ,  shown down the dyad axis .  
(D) Ethidium-DNA in te rca l a t ion ,  s i d e  view. Long s o l i d  l i n e s  indicate  
h e l i x  axes €or B-form DNA sect ions above and below ethidium in t e rca l a t ion  
s t r u c t u r e s .  Notice t h a t  these h e l i x  axes a re  not col inear .  
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0 and a small res idual  "kink" of 8 a t  the in t e rca l a t ion  s i t e  have led 
Sobell ,  Tsai e t  a l .  39942 t o  propose t h a t  DNA f i r s t  bends or "kinks" t o  
accept an in t e rca l a t ive  drug or  dye. This is made possible by a l t e r i n g  the 
normal CZ'endo deoxyribose sugar r i n g  puckering in  B-DNA t o  a mixed 
puckering pa t t e rn  of the type: C3'endo (3'-5') CZ'endo and p a r t i a l l y  
unstacking base-pairs . 

U t i l i z i n  the s t r u c t u r a l  f ea tu re s  of drug-DNA in te rca l a t ion ,  Sobell ,  
Tsai e t  a1.39,&2 have proposed a de t a i l ed  molecular model f o r  the kinking 
of B-DNA. A v a r i e t y  of superhel ical  DNA s t ruc tu res  can be formed by 
kinking B-DNA per iodical ly  varying numbers of base-pairs apa r t .  Perhaps 
the most i n t e re s t ing  of these is  the one in  which a kink occurs every ten 
base pa i r s .  This gives r i s e  t o  a left-handed superhel ical  s t ruc tu re  t h a t  
contains 1% turns per 140 base pairs and has an ax ia l  length of 80 A). 
These and other s t r u c t u r a l  f ea tu re s  make it an a t t r a c t i v e  model f o r  the 
organization of DNA within the nucleosome i n  c h r ~ r n a t i n . ~ ~ , ~ ~  

N H p  N 
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Drugs In t e rca l a t e  from the Minor Groove of DNA - Actinomycin D (1 )  is  
cyc l i c  polypeptide-containing a n t i b i o t i c  which is a potent antitumor 

a 

agent. The a c t i v i t y  of the a n t i b i o t i c  stems from i t s  a b i l i t y  t o  bind 
double-stranded DNA and i n h i b i t  RNA synthesis  .12 
actinomycin D with DNA has been studied by a v a r i e t y  of techniques. 
When actinomycin D binds t o  DNA, there  is a general ,  but not absolute,  
requirement f o r  the presence of a guanine base a t  the in t e rac t ion  s i t e .  
Sobell  and coworkers have cocrystal l ized actinomycin D with its DNA sub- 
s t r a t e ,  deoxyguanosine, and have solved t e three-dimensional s t r u c t u r e  of 
the complex by X-ray crystallography. 28-3' The s t r u c t u r e  of the co- 
c r y s t a l l i n e  complex provided an excel lent  basis f o r  proposing a model f o r  
the actinomycin D-DNA binding.30 The model involves in t e rca l a t ion  of the 
phenoxazone r i n g  system between base pa i r s  in  the DNA double h e l i x  and the 
u t i l i z a t i o n o f  s p e c i f i c  hydrogen bonds, van der  Waals fo rces ,  and hydropho- 
b i c  in t e rac t ion  between pentapeptide chains on actinomycin D and chemical 
groups i n  the minor groove of the DNA he l ix .  Important elements i n  the 
recognition of actinomycin D f o r  DNA a r e  the guanine s p e c i f i c i t y  and the 

The in t e rac t ion  of 
13-28 
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use  of symmetry i n  the  i n t e r a c t i o n .  A mixed sugar  puckering has been 
pos tu la ted  t o  occur a t  t h e  i n t e r c a l a t i o n  s i t e  of t he  type: C3'endo (3'-5') 
C 2 ' endo. 

Ethidium (2 )  and propidium (3) a r e  phenanthridinium compounds which 
a r e  use fu l  a s  t o z l s  f o r  binding s t u d i e s  of nuc le i c  ac ids .  
e thidium is a wel l -es tab l i shed  drug i n  widespread use f o r  t h e  chemotherapy 
of trypanosomiasis.  Propidium is not  employed i n  chemotherapeutic 
p r a c t i c e ;  it has only r e c e n t l y  become of i n t e r e s t  f o r  i t s  va lue  i n  c losed  
c i r c u l a r  DNA i s o l a t i o n  s t u d i e s  .32 The medicinal ac t ion  of ethidium stems 
from its a b i l i t y  t o  bind t o  DNA and RNA and t o  i n h i b i t  nuc le i c  ac id  
funct ion.32 
been e luc ida ted .  3p-41 It is gene ra l ly  bel ieved t h a t  e thidium binds t o  DNA 
(and perhaps t o  RNA) through i n t e r c a l a t i o n .  Although a v a r i e t y  of 
physical  techniques have been used t o  provide evidence concerning i n t e r -  
c a l a t i v e  binding,  d i r e c t  information has  been provided by t h e  s ing le -  
c r y s t a l  X-ray ana lys i s  of ethidium-nucleic ac id  c r y s t a l l i n e  complexes. 
Tsa i ,  J a i n  and Sobel l  35-38 have c o c r y s t a l l i z e d  ethidium wi th  seve ra l  
d inuc leos ide  monophosphates, and have solved t h e  three-dimensional s t r u c -  
t u r e  of two of these  (ethidium:5-iodouridylyl( 3 ' -5 ' )adenosine and 
ethidium:5-iodocyt idylyl(3 ' -5 ' )guanosine) .  Both s t r u c t u r e s  demonstrate 

Of t h e  two, 

The r e c i s e  na ture  of ethidium binding t o  nuc le i c  ac ids  has  

c Fig .  2 .  A computer-graphic 
i l l u s t r a t i o n  of a po r t ion  of 
t h e  ethidium:iodoUpA c r y s t a l  
s t r u c t u r e  viewed approxima- 
t e l y  p a r a l l e l  t o  t he  planes 
of the  base-pairs and 
ethidium molecules.  

ethldlum(2) 

A 

CS'endo 

(Redrawn from Ref. 36 with 
permiss ion of publ i s h e r .  ) 

C2'en 

Fig .  3 .  A computer-graphic 
i l l u s t r a t i o n  of t h e  e t h  idium: 
iodoUpA complex viewed 
perpendicular  t o  t h e  planes 
of t h e  base-pairs  and 
ethidium molecules.  This  
f i g u r e  i l l u s t r a t e s  t he  non- 
c rys t a l log raph ic  2-fold 
symmetry t h a t  is found i n  
t h i s  model drug-nucleic  ac id  
i n t e r a c t  ion.  
(Redrawn from Ref. 36 wi th  
permiss ion of publ i s h e r .  ) 

elhtdlum(2) 
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drug i n t e r c a l a t i o n  i n t o  Watson-Crick-type double h e l i c e s .  In  each s t ruc -  
t u r e ,  one ethidium molecule is i n t e r c a l a t e d  between base p a i r s ,  while  t h e  
second ethidium molecule is s tacked  above (and below) t h i s  i n t e r c a l a t e d  
base-paired d inuc leos ide  monophosphate s t r u c t u r e .  The phenyl and e t h y l  
s u b s t i t u t e n t s  of t h e  i n t e r c a l a t e d  ethidium molecule l i e  i n  the  minor 
groove of the double h e l i x .  Non-crystal lographic  2-fold symmetry is  
u t i l i z e d  i n  t h i s  model drug-nucleic  ac id  i n t e r a c t i o n ;  t h i s  r e f l e c t s  t h e  
pseudo-2-fold symmetry of t he  phenanthridinium r i n g  system i n  ethidium 
coinc id ing  with t h e  approximate 2-fold symmetry t h a t  relates t h e  base- 
paired d inuc leos ide  monophosphates . Adjacent base-pairs  w i th in  t h e  
paired d inuc leos ide  monophosphate s t r u c t u r e  a r e  separa ted  by about 6.7 2; 
t h i s  s epa ra t ion  r e s u l t s  from t h e  i n t e r c a l a t i v e  binding by one ethidium 
molecule between base p a i r s .  A mixed sugar  puckering of t h e  type: C3'endo 
(3'-5') C2'endo is observed i n  both s t r u c t u r e s .  This  sugar-phosphate 
conformational change p a r t l y  r e s u l t s  i n  the  8 t w i s t  angle  t h a t  is 
observed between base p a i r s .  Base-pairs a r e  not  p a r a l l e l  t o  each o t h e r ,  
but ins tead  a r e  t i l t e d  about 8 t o  form a V-type notch t h a t  opens i n t o  
the  minor groove of t h e  minia ture  double h e l i x  ( t h i s  is best seen i n  t h e  
s t e r e o  p i c t u r e  of t h e  i n t e r c a l a t e d  complex, shown i n  Fig.  4 ) .  On t h e  
bas i s  of t hese  two s t r u c t u r e s  a d e t a i l e d  molecular model f o r  ethidium-DNA 
binding, a nea res t  neighbor exc lus ion  model f o r  i n t e r c a l a t i v e  drug binding 
t o  DNA, and a d e t a i l e d  sequence of conformational changes l ead ing  t o  
drug-DNA i n t e r c a l a t i o n  have been proposed and appl ied t o  a wide range of 
drug-DNA i n t e r a c t i o n s .  

0 

0 

39 

Fig .  4.  S t e reo  p a i r  of ethidium: iodoUpA i n t e r c a l a t e d  complex, a s  v i s u a l i z e d  
i n  the  ethidium:iodoUpA c r y s t a l  s t r u c t u r e .  (Redrawn from Ref. 37 with 
permission of publ i sher . )  

The a n t i m a l a r i a l  drugs chloroquine (4-1, quinacr ine  (21, and quin ine  
( 6 )  have been shown t o  i n t e r a c t  with DNA and t o  i n h i b i t  t h e  a b i l i t  of DNA 

These e f f e c t s  are thought t o  r e s u l t  from i n t e r c a l a t i o n  of t h e  drugs with 
DNA and may account f o r  p a r t  of t h e i r  a n t i m a l a r i a l  a c t i v i t y .  Hahn and 
coworkers46 have shown t h a t  t h e  probable mode of a c t i o n  f o r  chloroquine 
involves  formation of a complex with DNA through i n t e r c a l a t i o n  of t h e  
chloroquine aromatic  r i n g  system and i n t e r a c t i o n  of t h e  p o s i t i v e l y  charged 
s i d e  cha in  with the  nega t ive ly  charged DNA phosphate groups.  The evidence 
f o r  t h i s  model, i t s  s impl i -c i ty ,  and t h e  l a c k  of a d e f i n i t e  b ioreceptor  f o r  
a l t e r n a t i v e  models have helped it ga in  widespread acce tance;  chemists  
have used the  model t o  design new a n t i m a l a r i a l  drugs.  

to a c t  a s  a template  f o r  DNA r e p l i c a t i o n  and for RNA syn thes i s .  43 4 5  

41: 



- 322 Sect. V I  - Topics i n  Chemistry Renfroe, Ed. 

47 Hycanthone (I) has been used i n  the treatment of schistosomiasis.  
The accumulated evidence suggests t h a t  hycanthone binds t o  DNA through 
in t e rca l a t ion  in  the same manner as  actinomycin D and ethidium. The three- 
r i n g  heterocycl ic  system i n  a planar configuration provides strong hydro- 
phobic in t e rac t ion  with the DNA base pairs ;  the proximal nitrogen atom of 
the molecule has an intramolecular hydrogen bond; and the terminal n i t r o -  
gen atom contributes t o  hycanthone a c t i v i t y  by interact ing with a phos- 
phate group a t  the periphery of the DNA he l ix ,  thereby s t a b i l i z i n g  the 
drug-DNA complex.48, 49 

Drugs In t e rca l a t e  from the Major Groove of DNA - Daunomycin (8) ,  adriamy- 
c i n  (91, and carminomycin (10) a re  anthracycline a n t i b i o t i c s  t h a t  have 
been used i n  the treatment of a wide spectrum of cancer. 
a c t i v i t i e s  have been r e l a t ed  t o  t h e i r  a b i l i t y  t o  in t e rac t  with dyxble- 
stranded DNA by i n t e r ~ a l a t i o n . ~ ~ - ~ ~  Pigram, Fu l l e r  and Hamilton have 
suggested a molecular model f o r  the in t e rac t ion  of daunomycin with DNA, 
based on X-ray f i b e r  d i f f r a c t i o n  data  and molecular model-building study. 
They proposed t h a t  the aromatic chromophore of the drug in t e rca l a t e s  i n to  
the DNA he l ix ,  and the sugar is  hydrogen-bonded t o  the nucleic  acid back- 
bone through i t s  amino group. D i  Marco and h i s  coworkers have done the 
majority of mechanistic s tud ie s  on the anthracycline a n t i b i o t i ~ s ? ~ - ~ ~  and 
D i  Marco and ArcamoneS7 have r ecen t ly  reviewed t h i s  subject ,  and have 
suggested t h a t  DNA-adriamycin in t e rac t ion  involves three types of binding: 
hydrophobic in t e rac t ion  due t o  the intercalated aglycone, e l e c t r o s t a t i c  
a t t r a c t i o n  between the protonated 3'-amino group of the daunosamine and 
phosphate groups of the he l ix ,  and hydrogen bonds of unspecified character .  

Their biological  

Acrid ine orange (11) and prof lavine (2) are aminoacr id ine dyes t h a t  
bind t o  DNA and possess mutagenic a ~ t i v i t y . ~ , 4  
acridine-DNA binding w a s  proposed by Lerrnan3s4 over a decade ago, who 
introduced the stereochemical concept of drug in t e rca l a t ion  t o  explain h i s  
spectroscopic and hydrodynamic DNA-dye binding data .  
aminoacridine-dinucleoside monophosphate complexes have been cocrystal l ized 
and t h e i r  s t ruc tu res  have been determined by X-ray crystallographic 
analys is. 62-66 

The precise  nature of amino- 

Recently several  

The X-ray crystallographic study of acr idine oranger5-iodocytidylyl- 
(3'-5')guanosine c r y s t a l l i n e  complex by Reddy e t  al .66 demonstrates the 
in t e rca l a t ive  binding by t h i s  drug t o  miniature Watson-Crick double- 
h e l i c a l  s t ruc tu re .  The amino groups of the intercalated acr idine l i e  i n  
the major groove. A mixed sugar puckering conformation of the type: 
C3'endo (3'-5') CZ'endo is  observed i n  the s t ruc tu re .  
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Acrldlne omnge(2) 

Acrldlne omnge(1) 

A 

Fig. 5. Structure  of acr idine 0range:iodoCpG complex. 
(A) Viewed down the dyad axis  and p a r a l l e l  t o  the planes of acr idine and 

( B )  Viewed perpendicular t o  the planes of acr idineand base-pair molecules. 
base-pair molecules. 

The c r y s t a l  s t r u c t u r e  of proflavine:5-iodocytidylyl(3'-5')guanosine 
complex (reported by Seshadri e t  a1.65) and the c r y s t a l  s t r u c t u r e  of 
proflavinercytidylyl(3'-5')guanosine (reported by Neidle e t  a1 . 6 4 )  both 
demonstrate the in t e rca l a t ive  binding by t h i s  drug t o  miniature Watson- 
Crick double-helical s t ruc tu re .  Some unexpected f ea tu res  a r e  observed in  
these two s t ruc tu res :  a l l  the sugars a r e  i n  C3'endo conformation; base- 

0 pa i r s  i n  the immediate region of i n t e rca l a t ion  a re  twisted by about 33 . 
Drugs In t e rca l a t e  from e i t h e r  the Major o r  Minor Grooves of DNA - 9-Amino- 
acr idine (13) has long been known t o  be a potent mutagen.61 I t  is one in  
a general c l a s s  of aminoacridine dyes t h a t  bind t o  DNA. 
nature of 9-aminoacridine binding t o  nucleic  acids  has been elucidated.  
The s t r u c t u r e  analysis  of 9-aminoacridiner5-iodocytidylyl(3 '-5')guanosine 
c r y s t a l l i n e  complex by Sakore e t  a1.62 demonstrates two d i s t i n c t  i n t e r -  
ca l a t ive  binding modes by t h i s  drug t o  miniature Watson-Crick double- 
h e l i c a l  s t ruc tu res .  There a re  two 2:2 complexes i n  one c r y s t a l ;  each 
complex has an intercalated and a stacked acr idine.  In  one complex, the 
intercalated 9-aminoacridine is oriented such t h a t  its amino group points 
toward the minor groove. For the other  complex, the amino group of the 
intercalated acr idine is oriented such t h a t  it points toward the major 
groove. The same C3'endo (3*-5') CZ'endo mixed sugar puckering conforma- 
t i on  is observed i n  both complexes. 

3,4 
The precise  

E l l i p t i c i n e  (14) is a plant alkaloid which has a planar r i n g  
s t ruc tu re  capable oFbe ing  inserted between base pa i r s  i n  the DNA he l ix .  
E l l i p t i c i n e  has received widespread a t t e n t i o n  on account of its high an t i -  
leukaemia a c t i v i t y ,  which is believed t o  be r e l a t ed  t o  its a b i l i t y  t o  bind 
nucleic  acids ,69-72 Kohn, Waring and t h e i r  coworkers73 have establ ished 
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t h a t  e l l i p t i c i n e  does bind t o  DNA by i n t e r c a l a t i o n ,  based on effects on 
t h e  sedimentat ion and v i s c o s i t y  of sheared DNA fragments,  removal and 
r e v e r s a l  of t he  supe rco i l ing  of c losed c i r c u l a r  DNA, and e l e c t r i c  d i -  
chroism measurements. 
c ine  with 5-iodocytidylyl(3'-5')guanosine, and have solved t h e  three-  
dimensional s t r u c t u r e  of t he  complex by X-ray c rys ta l lography.  The 
s t r u c t u r e  of t h i s  c o c r y s t a l l i n e  complex has  allowed the  v i s u a l i z a t i o n  of 
t h e  i n t e r c a l a t i v e  binding by t h i s  drug t o  Watson-Crick-type double he l ix .68  

Recent ly  J a i n  e t  a1,68 have c o c r y s t a l l i z e d  e l l i p t i -  

major groovo 

Fig.  6. S t ruc tu re  of e l l ip t ic iner iodoCpG complex. (A) Viewed down t h e  
dyad a x i s  and p a r a l l e l  t o  t he  planes of e l l i p t i c i n e  and base-pairs .  
( B )  Viewed perpendicular  t o  t h e  planes of e l l i p t i c i n e  and base-pairs .  
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