
VISUALIZATION OF DRUG-NUCLEIC ACID INTERACTIONS AT ATOMIC RESOLUTION 

VI . STRUCTURE OF TWO DRUG/ DINUCLEOSIDE MONOPHOSPHATE CRY STAI,LINE COMPLEXES, 
ELLIPTICINE: 5-IODOCYTIDYLYL(3'-5')GUANOSINE AND 3,5,6,8-~~-=- 

N-METHYL PHENANTHROLINIUM: 5-IODOCYTIDYLYL(~'-~')GUANOSINE 

S. C. Jain, K. K. Bhandary and Henry M. Sobell 

Department of Chemistry 
River Campus Station 
The University of Rochester 
Rochester, New York 14627 

Department of Radiation Biology 
aria Biophysics . 

The University of Rochester School. 
of Medicine and Dentistry 

Rochester, New York 14642 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



\ .J 
I ,  * 

ABSTRACT : 

Ellipticine and 3,5,6,8-tetramethyl-N-methyl phenanthrolinium (TMP) form 

complexes with the dinuc1.eoside monophosphate, 5-iodocytidylyl(3'-5')guanosine 

(iodoCpG). These crystals are isomorphous: ellipticine-iodoCpG crystals are 

0 b7 
monoclinic, space group P2 with 5 = 13.88 A, b = 19.11 8, = 21.42 A, B = 

1 ' 
r. r:) 

105.4 ' ; TMP-iodoCpG crystals are monoclinic, space group P21, with a = 13.99 A, 
.'! 

b = 19.12 A, 2 = 21.31 A, B = 104.9 ' . Both structures have been solved to atomic - 

resolution by Patterson and Fourier methods, and refined by full matrix least 

squares. 

The asymmetric unit in the ellipticine-iodoCpG structure contains 

ellipticine molecules, two iodoCpG molecules, 16 water molecules and 2 methanol 

molecules, a total of 140 atoms, whereas, in the tetramethyl-N-methyl phenanthro- 

linium-iodoCpG complex, the asymmetric unit contains two TMP molecules, two 

iodoCpG molecules, 17 water molecules and 2 methanol molecules, a total of 141 

atoms. In both structures, the two iodoCpG molecules are hydrogen bonded .together 

by guanine-cytosine Watson-Crick base-pairing. Adjacent base-pairs within this 

. ? 
paired iodoCpG structure are separated by about 6.7 A; this separation results 

from intercalative binding by one ellipticine (or TMP) molecule and stacking by 

the other ellfpticine (or TMP) molecule above or below the base-pairs. Base-pairs 

within the paired nucleotide units are related by a twist of 10-12.'. The magnitude 

of this angular twist is related to conformational changes -in the sugar-phosphate 

chains that accompany drug intercalation. These changes partly reflect the mixed 

sugar puckering pattern observed: C3 ' endo (3 ' -5 ' ) C2 ' endo (i .e., both iodo- 

cytidine residues have C3' endo conformations, whereas both guanosine residues 

have C2' endo conformations), and additional small but systematic .changes in tor- 

sional angles that involve the phosphodiester linkages and the C4'-C5' bond. 



ABSTRACT: . (continued) 

The stereochemistry observed in these model drug-nucleic acid intercalative 

complexes is almost identical to that observed in the ethidi&-iodoupa and -iodo 

CpG complexes determined previously (~sai et al., 1975a, b; 1977; Jain et al., 

1977). This stereochemistry is also very similar to that observed in the 9-amino- 

acridine-iodoCpG and ,acridine orangk-iodocp~ complexes described in .the accompanying 

papers (~akore'et al., 1979; Reddy et al., 1979). We have already proposed this 

stereochemistry to provide a unified understanding of a large number of intercala- 

tive drug-DNA (and RNA) interactions (Sobell et al., 1977a, b), and discuss this 

aspect of our work further in this paper. 

RUNNING TITLE: 

DRUG-NUCLEIC ACID INTERACTIONS VI 
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1. Introduction. 

Ellipticine (Fig., 1) is a plant alkaloid that possesses pharmacological 

activity in the treatment of an experimental mouse leukemia, L 1210. (Hartwell 

and Abbott, 1969; Svoba et al., 1969). This compound (as well as other rela- 

ted chemical derivatives) has been studied by Le Pecq et al. (1974) and Kohn 

et al. (1975) and established to bind to DNA by intercalation. It is possible 

that the biological activity of ellipticine and its.chemica1 derivatives reflect 

their' DNA binding properties. 

3,5,6,8-tetramethyl-N-methyl phenanthrolinium (Fig. 2) is one in a series 

of phenanthrolinium compounds that has been synthesized by Gabbay et al. (1973) 

to probe the dynamic structure,of DNA in solution. Although these compounds' 

have no known biological activity, Gabbay has shown many of these compounds to 

bind to DNA by intercalation. His studies have helped to establish stereochemi- 

cal features of the intercalation process and point to a possible relationship 

between drug intercalation and DNA breathing phenomena (Gabbay, 1976). 

This paper describes the structures of two drug-nucleic acid crystalline 

complexes: ellipticine-5-iodocytidylyl(3'-5')guanosine (ellipticine-iodoCpG) 

and 3,5,6,8-tetramethyl-N-methyl phenanthroliniwn-5-iodocytidylyl(3'-5')guanosine 

('i'MP-iodoCpG). These are isomorphous crystals and therefore demonstrate common 

intercalative geometries. We describe these in detail in this paper. 

A preliminary account of this work has already been presented at the 

American Crystallographic Association Meetings at the University of Oklahoma, 

Norman, Oklahoma (Jain, Bhandary & Sobell, 1978) and at the University of 

Hawaii, Honolulu, Hawaii (Bhandary, Jain & Sobell, 1979). 

2. Materials and Methods. 

Ellipticine and 3,5,6,8-tetramethyl-N-methyl phenanthrolinium were gifts 



from Dr. :Kurt Kohn, National Institutes of Health, and from Dr. Edward Gabbay, 

The University of Florida at.Gainsville, respectively, and were used directly., 

The dinucleoside monophosphate, cytidylyl(3'-5')guanosine, was obtained as the 

ammonium salt from Sigma Chemical Company and then. iodinated using the procedure 

we have. described previously (Tsai et al., 1977). Plate-like crystals of both 

complexes were obtained by slow evaporation over several days. of equimolar mix- 

tures of ellipticine (or TMP) and 5-iodocytidylyl(3'-5')guanosine' (see Fig. 3) 

adjusted to pH 5.5 in aqueous solution containing a few.drops of ethanol and 

methanol. These crystals were initially characterized from precession photographs 

using Ni-filtered CuKa radiation, and the unit cell dimensions then refined by 

least squares using 12 independent reflections measured on a Picker FACS-1 auto- 

matic diffractometer. 
. 8  

The ellipticine-iodoCpG crystals are monoclinic, P21, with - a = 13.88 2 0.02 A, 

b = 19.11 + 0.03 A, c = 21.42 f 0.03 A, = 105.4 f 0.4 . The TMP-iodoCpG crystals - - 

are isomorphous to these, with - a = 13.99 2 0.02 A, - b = 19.12 f 0.03 A, c = 21.31 

f 0.03 A, B = 104.9 f 0.4 . Single crystals of the ellipticine-iodoCpG complex 

measuring 0.08 mm x 0.06 mm x 0.04 mm were mounted with some mother liquor in 

0.5 mm quartz capillaries; larger crystals of the TMP-iodoCpG complex could be 

obtained (0.11 mm x 0.16 mm x 0.33 rum), and these were mounted with mother liquor 

in 0.5 mm quartz capillaries. Data for both structures were collected at room 

temperature with Ni-filtered CuKa radiation on a FACS-1 automatic diffractometer 

using the theta-two theta scan method out to a maximum angle of 60 for the ellipti- 

cine structure and 70' for the TMP structure. Of the 1669 and 2513 reflections 

theoretically accessible, 1191 and 1409 reflections were considered to be signi- 

ficantly above background (i.e., 1.50) in the ellipticine and TMP structures, 

respectively, and used for the analyses. These were corrected for the Lorentz 



and polarization factors; however, absorption effects were ignored. The 

structure factors were put on an absolute scale and the overall temperature 

- factors estimated by the Wilson (1912) method. These were then converted 

into quasi-normalized structure factors (Karle and Hauptman, 1953). 

2 An (E -1) Patterson function was calculated for the ellipticine-iodoCpG 

structure using all the reflections and this gave the position of both iodine 

atoms. Using this in£ ormatioh a. Patterson superposition function was .'calculated 

and this revealed the possible positions of both guanine-cytosine base-pairs. 

Phases calculated from this partial structure were used in a sum-function 

Fourier synthesis to generate addftional information. The complete structure 

was eventually developed using Fourier, sum function Fourier and difference 

Fourier methods. This includes - two iodoCpG molecules, two ellipticine molecules, 

16 water molecules and 2 methanol molecules, a total of 140 atoms. Two cycles 

of full matrix least squares were then carried out using 1191 observed reflections. 

The positional shifts were damped to 60%, while the isotropic temperature shifts 

were damped to 30%; iodine atoms, however, were allowed full shifts for both 

positional and temperature parameters. The refinement converged rapidly to 21.1%. 

At this stsgc ,  a final Fourier and sum-Fourier was calculated and these were 

reinterpreted in terms of chemical structures of iodoCpG molecules and ellipticine 

molecuies. This gave a final residual of 21.5% on 1191 observed reflections. 

The TMP-iodoCpG structure was deduced to be isomorphous with the ellipticine- '. 

2 iodoCpG structure since the (E -1) Patterson functions were almost identical. An 

initial Fourier map was computed using the phases based on the positions of two 

iodoCpG molecules from the ellipticine structure. This gave the positions of both 

TMP molecules. Refinement and additional structural informati.on was accomplished 
. . 

with several cycles of Fourier, gum-Fourier and difference Fourier syntheses 



interleaved with several cycles of full matrix least squares using 1409 observed 

reflections and the damping scheme described above, except that both iodine atoms 

were refined anisotropically with full shifts. At this time, it was observed that 

most atoms In the stacked TMP molecules had unrealistically high temperature factors 

and a difference Fourier synthesis was therefore computed leaving out this TMP mole- 

cule. This clearly indicated - two possible orientations for this stacked TMP molecule. 

with- equal probability (see Fig. 4). The final structure contains two iodoCpG mole- 

cules, = TMP molecules, 17 water molecules and 2 methanol molecules, a total of 
141 atoms. This gave a final residual of 14.1% on 1409 observed reflections. 

The observed and calculated structure factors for both structures have been 

microfilmed and stored at ASIS/NAPS c/o Microfiche Publications, P. 0. Box 3513, 

Grand Central Station, New York, New York 10017 under document number 00000. 

3. Results. 

Tables 1 and 2 summarize final coordinates and temperat3re factors 

obtained from these crystal structure analyses. Estimated standard deviations 

of x, 2 and - z coordinates of light atoms lie between 0.04 A and 0.05 A in the 

ellipticine-iodoCpG complex and between 0.02 A and 0.04 A in the TMP-iodoCpG 

complex. This results in standard deviation3 for Lo~lll lengrhs between light 

atoms of about 2 0.10 A, and for bond angles of about + 5.0 in the ellipticine 

structure, and about 5 0.06 A and f 3.6 for the TMP structure. The enhanced 

accuracy of the TMP-iodoCpG analysis probably reflects the quality and quantity 

of the diffraction data available. 

(a) Drug-nucleic acid intercalative binding. 

Figures 5-12 show the ellipticine-iodoCpG and TMP-iodoCpG complexes 

viewed approximately parallel and perpendicular to the planes of guanine- 

cytosine base-pairs and drug molecules. Both structures are very similar 



to each other and to the ethidium-iodoUpA and ethidium-iodoCpG structures 

described previously (Tsai et al., 1977; Jain et al., 1977). They also are 

quite similar to the acridine orange-iodoCpG and 9-aminoacridine-iodoCpG 

complexes described in the accompanying papers (Reddy et al., 1979; Sakore 

et al., 1979). Each contains a 2:2 ellipticine (or TMP) -iodoCpG complex 

and involve two drug molecules interacting with two dinucleoside monophosphates. 

This reflects'intercalation by one drug molecule and stacking by,the other 

drug molecule with Watson-Crick base-pairs formed by the iodoCpG miniature 

doubie helices. 

The near,identity of the ellipticine- and TMP- iodoCpG structures is 

particularly interesting in view of the completely different chemical .struc- 

tures of these drugs. Ellipticine is an asymmetric structure having an extended 

conjugated ring system, whereas TMP is very nearly 2-fold symmetric and has a 

smaller conjugated system. The different stacking patterns that are observed 

between these drug molecules and guanine-cytosine base-pairs argues that van 

der Waals' stacking interactions are relatively unimportant in determining the 

intercalative nucleotide geometry in these structures. We will return to this 

pnint later - 

(b) Sugar-phosphate conformation and double-helix unwinding. 

Table 3 summarizes the torsional angles that define the sugar-phosphate 

con£ ormations in these structures. In both structures, 'iodocytidine ribose 

sugar. residues are best described as.C3' endo, while guanosine ribose sugar 

residues are C2' endo.. In each case, the conformation around'the C4'-C5' bond 

is gauche-gauche.. The glycosidic torsional.angles (denoted X )  fall in the Sow 

anti range for iodocytidine residues and in.the high anti range for guanosine 

residues. 



The torsional angles describing the sugar-phosphate conformations in this 

structure give rise to' a characteristic twist angle between base-pairs above and 

below the intercalative ellipticine (or TMP) mblecules. This value is estimated 

to be 10-12 in both structures and this leads to ,the unwinding observed for 

double-helical nucleic acid polymers at the immediate site of drug intercalation 

(i.e., estimated to be about -26 for ethidium-DNA binding (Wang, 1974)). We 

have not attempted to relate base-pairs above and below the ellipticine (or TMP) 

molecules'.by a helical screw operation; this reflects our fundamental realization 

that drug. intercalation gives rise to a helical screw axis dislocation in DNA 

and in RNA (Sobell et al., 1977a, b). 

Stereo- pairs of the ellipticine- and W- intercalative geometries are 

shown in Figures 13 and 14. 

(c) Crystal lattices. 

Figures 15-18 show the ellipticine- and TMP- iodoCpG crystal structures 

viewed down the a and b axes. Ellipticine (or TMP) -iodoCpG compl.exes form sand- 

wich-like hydrophobic stacks along the 5 axis, and this leaves hydrophillic channels 

containing water structure extending in the same direction. Both structures are 

heavily hydrated -- water molecules forming hydrogen bonds to hydrophillic groups 
on the sugar-phos?hate chains and base-pairs of nucleoside monophosphate residues. 

In addition, there is considerable water-water hydrogen bonding. The water structure 

differs somewhat in these two structures -- this probably reflects the differences 

tn chemical structurc3 and physical prupertles of the ellipticine and TMP molecules. 

Relevant hydrogen bonding contacts are summarized in Table 4. 

4. Discussion. 

Figures 19 and 20 compare structural infornution obtained from X-ray analyses 

of different drug-nuclei= acid crystalline complexes. In addition to the com- 



plexes described here, acridine orange -iodoCpG, ethidium -iodoCpG and -iodoUpA, 

and the platinum containing organometallic intercalator complex, 2-hydroxyethane- 

-thiolate-2,2',2"-terpyridine-platinum (11) -dCpG complexes are shown (Reddy et 

al., 1979; Jain et al., 1977; Tsai et al., 1977; Wang et al., 1978). It is.clear 

that there is a remarkable similarity in the sugar-phosphate backbone geometries 

in these structures -- and that, therefore, the stereochemistry of drug intercala- 

tion into these RNA- and DNA- like self-complementary dinucleotide sequences is 

relatively insensitive to the exact nature of the intercalative drug or dye. 

If one uses the information obtained from these model studies to understand 

the stereochemistry of drug intercalation into DNA and RNA, a common structural 

feature emerges: each sugar-phosphate chain contains the mixed sugar puckering 

pattern C3' endo (3'-5') C2' endo at the immediate site of drug intercalation. 
I 

Thus, drug intercalation into B DNA would require'the coordinate conversion (rela- 

ted across a 2-fold axis) of two C2' endo sugar residues into C3' endo conformations, 

whereas, with RNA, drug intercalation would require the opposite to happen (i.e., 

two C3' endo sugar residues would have to convert to C2' endo conformations). 

These concepts form major postulates in our models to understand drug-DNA 

(and -RNA) binding and, in addj.tion, have led us to propose the precise nature of 

dynamic DNA structure that leads to drug.intercaSation (Sobell et'al., 1976; Sobell 

et al., 1977a, b; Sobell et al., 1978; Lozansky et al., 1979). According to these 

concepts, drug intercalation is preceded by the transient formation of a second 

DNA structure, B kinked DNA. This structure -- an inelastically deformed DNA 

structure that contains an alternating pattern of sugar puckering down the sugar- 

phosphate backbone with the concommitant partial unstacking of alternate base-pairs 

-- arises due to a specific normal mode oscillation in DNA structure excited through 
Brownian motion of solvent molecules. Further normal mode oscil.lations in this 6 



kinked structure during its lifetime give rise to the stereochemistry 'required 

for mono- and bis- functional drug intercalation. 

More generally, we have proposed that different regions of DNA could have 

two discrete structures that coexist at equilibrium. That is, at any given tem- 
p 

perature, DNA may consist of Watson-Crick B DNA regions and other regions that 

are permanently B kinked. Here, B kinked DNA corresponds to a second order 

phase.transition in the polymer -- different regions of DNA undergoing this 

transition at different temperatures. We have suggested.these multiply-kinked 

premelted regions to be promoters (Sobell et al., 1978; Lozansky et al., 1979). 

Similar lines of reasoning can be advanced to understand drug intercalation 

into double helical RNA and to understand the possible nature of viral RNA pro- 

moters. 

The technique of molecular c~cr~stallization has provided an opportunity 

to obtain detailed structural information aboutra large number of drug interactions 

with nucleic acid components. For the most part, these studies have concentrated 

on crystalline complexes between drugs .and self-complementary ribo- and deoxyribo- 

dinucleoside monophosphates. It is clear that additional information with longer 

olignn~~cleotides would be valuable -- we are therefore continuing our efforts 

along these lines. 
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Table 4. Hydrogen bonding distances observed in the ellipticine- and TMP- iodoCpG 
crystal structures. .................................................................................. 

At oms 

ellipticine-iodoCpG 

Distance (A) Atoms 

OW1 - OW4 ( .1) 3.05 
OW1 - N4C2 ' (  1) 3.00 
OW1 - 02'C ( 2)  3 .26  

Distance (A) 
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FIGURE CAPTIONS: 

Figure 1.. Chemical structure of ellipticine. 

Figure 2. Chemical structure of 3,5,6,8-tetramethyl-N-methyl phenanthrolinium. 

- 
Figure 3. chemical stru'cture of 5-iodocytidylyl(3 ' -5 ' ) guanosine . 
Figure 4. Illustration to show the two different orientations observed for the 

stacked TMP molecule (TMP(2)) in the TMP-iodoCpG crystal structure. 
These two orientations occur with equal probability and reflect 
statistical disorder in the crystal. (a) stacking patterns of 
TMP(2) molecules on guanine-cytosine base-pairs, viewed from the top 
(i.e., compare with Fig. 8).. (b) stacking patterns of TMP(2) molecules 
on guanine-cytosine base-pairs, viewed from the bottom. 

Figure 5. A portion of the ellipticine-iodoCpG crystal structure-viewed approxi- 
mately parallel to the planes of the guanine-cytosine base-pairs and 
ellipticine molecules showing bond distances of sugar-phosphate chains. 
IodoCpG molecules are drawn with dark solid bonds; intercalative ellipti- 
cine molecules (ellipticine(1)) and stacked ellipticine molecules 
(ellipticine (2) ) have been drawn with light open bonds. 

Figure 6 .  Same as Fig. 5, 'but .showing bond angles of sugar-phosphate chains. 

Figure 7. Illustration of the ellipticine-iodo~p~ structure. viewed perpendicular 
to the planes of the guanine-cytosine base-pairs and ellipticine mole- 
cules, showing bond distances of base-pairs and ellipticine molecules. 
See text for discussion. 

Figure 8. Same as Fig. 7, but showing bond angles of base-pairs and ellipticine 
molecules. 

Figure 9. A portion of the 3,5,6, 8-tetramethyl-N-methyl phenanthrolinium (TMP) - 
iodoCpG'crysta1 structure viewed approximately parallel to the planes 
of the guanine-cytosine base-pairs and TMP molecules showing bond 
distances of sugar-phosphate chains. IodoCpG molecules are drawn with 
dark solid bonds; intercalative TMP molecules (TMP(1)) and stacked TMP 
molecules (TMP(2)) have been drawn with light open bonds. Only one 
of two statistically disordered orientations for this stacked TMP 
molecule has been shown. 

Figure 10. Saur as Pig. 9, but showing bond angles of sugar-phosphate chains. 

Figure 11. Illustration of the TMP-iodoCpG structure viewed perpendicular to 
the planes of the guanine-cytosine base-pairs and TMP molecules, showing 
bond distances of base-pairs and TMP molecules. See text for discussion. 

Figure 12. Same as Fig. 11, but showing bond angles of base-pairs and TMP molecules. 

Figure 13. Stereo- pairs of ellipticine-iodoCpG intercalative binding. 



FIGURE CAPTIONS : (continued) 

Figure 14. Stereo- pairs of TMP-iodoCpG intercalative binding. 

Figure. 15. A lattice picture of the ellipticine-iodoCpG crystalline complex 
drawn down the a crystallographic direction to show relations 
between columns of ellipticine-iodoCpG.complexes and the surrounding 
water structure. 

Figure 16.. A lattice picture of the TMP-iodoCpG crystalline complex drawn 
down the 5 crystallographic direction to show relations between 
columns of W-iodoCpG complexes and the surrounding water structure. 
The isomorphous nature of the ellipticine- and TMP- iodoCpG structures 
is apparent. 

Figure 17. View of. ellipticine-iodocp( structure down the b crystallographic 
directioiz. For simplicity, water structure has-been. ommitted in 
this Figure. 

Figure 18. View of TMP-iodoCpG structure down the b crystallographic direction. 
Water structure has been omitted for clarity. See text for discussion. 

Figure 19. Illustration to compare intercalative geometries observed in RNA and 
DNA-like dinucleoside monophosphates and different intercalative drug 
molecules. (a). ellipticine-iodoCpG (b) TMP-iodoCpG (c) acridine 
orange-iodoCpG. See text for discussion. 

Figure 20. Illustration to compare intercalative geometries observed in RNA and 
DNA-like dinucleoside monophosphates and different intercalative 
drug molecules (a) ethidium-iodoUpA (b) ethidium-iodoCpG (c) 
terpyridine platinum(I1)-dCpG. See text for discussion. 



Table 1. Final coordinates and temperature factors obtained from the ellipticine- 
iodoCpG crystal structure analysis. 

NO. ATOM . X I A  VIO ZIC B no. rron X I A  TIB ZIC B 

5-tODOCYTIOlLYL(3'-S')6UANOSINE 

8 7  C 1  . E l  
8 4  C 2  E l  
8 5  C3 E l  
86 C 4  E l  
8 7  C 5  F l  
88 C 6  E l  
8 9 .  N 7  E l  
9 ?  - C 8  E l  
9 1  CO E l  
9 2  C l O E l  
9 3  C l l E 1  
9 4  C l Z E l  
95 C l 3 E 1  
9 6  C l l E 1  

15 C? 
n i  c 2  
C 2  C 2  
0 2  c 2  
N 3  C 2  
C 4  C 2  
N 4  c 2  
C 1  C 2  
C 6  C 2  
C l ' C 2  
c z m c 2  
C 3 ' C Z  
C 4  ' C Z  
01 ' C Z  
c s e c 2  
0 5  'C?  
O Z ' C 2  

S O L V E N T  n O L E C U L E  A T O R S  



Table 2. Final coordinates and temperature factors obtained from the TMP- 
iodoCpG crystal structure analysis. 

NO. X I 1  1 1 8  Z IC B NO. A101 

I5 C1 
N1 C1 
C2 C1 
0 2  C1 
n3  c i  
C4 C1 
N4 c 1  
C5 C1 
C6 C1 
Cl  ' C l  
C2'Cl 
CS'C? 
Cb'C1 
O l ' C 1  
CSDC1 
0 s m c 1  
0 2 ' C l  
0 3 ' C l  
P1 
01 P1 
0 2  P1 
0 5 ' G l  
C5 '61  
CblC1 
C3'61 
C2'Gl 
C l  'G l  
01 'G1 
0 2 ' 6 1  
0 3 ' 6 1  
N1 5 1  
C2 6 1  
n2 t i  
N3 6 1  
c4 6 1  
c s  G1 
C6 6 1  
3 6  6 1  
N7 6 1  
C8 6 1  
N 9  6 1  

0.2354 14.6 
0.4144 1 1  - 3  
0 .2061 16.0 
0 .2927 15.0 
0.3473 26.4 
0 .3220 16 .8  
0 .2977 13.8 
0.1775 20.5 
0.1225 2.5 
0 .0649 9 .7  
9.0668 11 .8  
0 .1250 8.6 
0.1782 14.0 

SOLVENT 

0.7104 23.2 
0.4762 24.2 
0.7216 22 .7  
0.1318 23.6 
0.7885 16.7 
0.271A 21  .P 
0.3712 21.8 
0.3825 23.3 
0.7326 24.1 
0 .7930 15.2 
0 .5586 21.1 



Table 2. (continued) . 

Temperature factors shown for iodine atoms are the equivalent isotropic 
temperature factors calculated from the anisotropic temperature parameters ob- 
tained from full matrix least-squares. These are: 



  able 3. Torsional angles describing. conf ormations of sugar-phosphate chains 
in ellipticine- and 'TMP- iodoCpG crystalline complexes. 

ellipticine-iodoCpG TMP-iodoCpG 

* 
Torsional Angle Greek symbol I-CpG (1) I-CpG (2) I-CpG (1). I-CpG (2) 

01 ' C-C1 ' C-NlC-C6C X 25 14 2 2 13 

01 ' G-C1 'G-N9G-C8G X 80 7 4 8 6 6 9 

05'C-c5'C-c~'c-C~'C '4 3 6 3 4 8 2 3 5 

C~'C-C~'C-C~'C-O~'C '4 ' 91 . 104 9 3 95 

, * 
The torsional angle is defined in terms of 4 consecutive atoms, ABCD.; the 

pnsitive ~cnse of rotation is .clockwise fromA to D while.looking down the BC bond. 



Table 4. Hydrogen bonding distances observed in the ellipticine- and TMP- iodoCpG 
crystal structures. 

ellipticine-iodoCpG 

0 
Distance (A) Atoms 

0 
Distance (A) At oms 

OW6 - 02C2 ( 4) 
OW6 - 02'C2( 4) 

OW7 - OWlO ( 1) 
OW7 - OW14 ( 1) 

OWlO - OW14( 1) 

Atoms 
0 

Distance (A) Atoms 
0 

Distance (A) 

OW9 - OWlO ( 1) 
OW3 - OW12 ( 1) 



T a b l e  4. ( c o n t i n u e d )  , '  

0 0 ' 

At oms D i s t a n c e  (A) Atoms. D i s t a n c e  (A) 

OW13 - O M E 1 .  ( 3)  2.40 OMEl - 06G2 ( 1 )  2.75 
OMEl - 02'C2 ( 4)  2.53 

OW14 - OW15 ( 1 )  2.98 
OW14 - 01P2 ( 4) 3.14 O M E 2 - 0 2 ' C 1 . ( 5 )  . 2.62 

(1 )  X Y Z 

(2) l- x ++Y 1- z 
(3) X Y l+z  
(4) l - x  -%+y -z 
(5) l -x  -%+y 1-2 



Figure  1. F igure  2 .  

H\N<H 

,I CYTOSINE 

5' 
HOC H, -1' I 

RIBOSE 

0 

RIBOSE 

F i g u r e .  3 .  





F i g u r e  5. 



Figure 6 .  



Figure 7 .  



F i g u r e  8. 



Figure 9. 





Figure  11. 



Figu re  12. 



Figure  13.. 















Figure '20. 




