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ABSTRACT : 

9-Aminoacridine forms a crystalline complex.with the dinucleoside mono- 

phosphate, 5-iodocytidylyl(3'-5')guanosine (iodoCpG). These crystals are mono- 

0 0 0 
clinic, spaceQ group P2 with a. = 13.98 A, b = 30.58 A, c = 22.47 A and f3 = 113. go. 

1' - - 

The structure has been solved to atomic resolution by Patterson and Fourier 

methods, and refined by a combination of ~ourier and sum function Fourier methods. 

The asymmetric unit contains four 9-aminoacridine molecules, four iodoCpG molecules 

and 21 water molecules, a total of 245 atoms. 9-Aminoacridine demonstrates two 

different intercalative binding modes and', along with these, two slightly differ- 

ent intercalative geometries in this model system. 

The first of these is very nearly symmetric, the 9-amino- group, lying in 

the narrow groove of the intercalated base-paired nucleotide structure. The second 

shows grossly asymmetric binding to the dinucleotide, the 9-amino- group lying in 

the wide groove of the structure. Associated with these two different intercalative 

binding modes is a difference in geometries in the structures. Although both 

structures demonstrate C3' endo (3'-5') C2' endo mixed sugar .puckering patterns 

(i.e., both cytidine residues have C3' endo sugar conformations, while both guano- 

sine residues have C2' endo sugar conformations), with corresponding twist angles 

0 
between base-pairs of about 10 , they differ in the magnitude of the helical screw 

axis dislocation accompanying intercalation (Sobell et al., 1977a, b). In the 

0 
pseudosymmetric intercalative structure, this value is about W.5 A, whereas in 

0 
the asymmetric. intercalative structure this value is about +2.7 A. These conforma- 

tional differences can be best described as a "sliding" of base-pairs on the 

intercalated acridine molecule. 

Although the pseudosymmetric intercalative structure can be used in 9-amino- 

acridine-DNA binding, the asymmetric intercalative structure cannot since this poses 



ABSTRACT : . (continued) 

stereochemical difficulties in connecting neighboring sugar-phosphate chains to 

the intercalated dinucleotide. It is possible, however, that the asymmetric bind- 

ing mode is related to the mechanism of 9-aminoacridine induced frameshift muta- 

genesis (Sakore et al., 1977), .and we discuss this possibility here in further 

detail. 

RUNNING TITLE : 

DRUG-NUCLEIC ACID INTERACTIONS IV . 



1. Introduction. 

9-Aminoacridirie (Fig. 1) is one in,a class of aminoacridines that has long 

been known.to be a potent frameshift mutagen.in viruses and bacteria. The mole- 

cule is known to' bind to DNA by intercalation (Lerman,, 1961, 1963). Its mutagenic 

activity, however, has been postulated to reflect the stabilization of transiently 

looped-out single-stranded regions of DNA during DNA replication or repair. Sub- 

sequent events (such as musmatch repair or DNA replication) can then give rise to 

addition- or deletion- type frameshift mutations (Streisinger et al., 1966). 

The Streisinger model accounts for the general tendency for frameshift 

mutations to arise in areas of local base-sequence redundancy, and for frameshift 

mutational hot spots to occur in DNA regions that have short repetitive base se- 

quences (Streisinger et al., 1966; Okada et al., 1972). It also accounts for the 

general tendency for frameshift mutations to arise in the vicinity of strand dis- 

continuities (as occurs, for example, at the ends of chromosomes or near replica- 

tion forks) (Linstrom & Drake, 1970; Newton et al., 1972). According to this 

model, however, the mutagenicity of intercalating agents (such as 9-aminoacridine) 

reflects an indirect effect of stabilizing looped out base configurations through 

stacking interactions with individual bases, rather than by intercalation into 

double-helical DNA per se. 

This paper describes the structure of a crystalline complex containing 

9-aminoacridine and the self-complementary dinucleoside monophosphate, 5-iod0- 

cytidylyl(3'-5')guanosine (Fig. 2). The structure demonstrates two intercalative 

binding modes in this model system. The first of these involves a pseudosymmetric 

stacking interaction between 9-aminoacridine molecules and guanine-cytosine base- 

pairs. The second configuration is an asymmetric interaction, governed largely 



by stacking forces between acridine and guanine rings. We postulate this second 

type of association to play an important role in the origin of frameshift muta- 

genesis and advance a possible mechanism. A preliminary account of this work 

has' appeared elsewhere (Sakore et a1 . , 1977). . 
2. Materials and Methods. 

9-Aminoacridine was purchased from K & K Laboratories, Inc., Plainview, 

New York and used without further purification. The dinucleoside monophosphate, 

cytidylyl(3'-5')guanosine, was obtained as the ammonium salt from Sigma Chemical 

Co. and then iodinated using a synthesis described previously (Tsai et al., 1977). 

Plate-like yellow crystals were obtained by slow evaporation over several days of 

equimolar mixtures of 9-aminoacridine and 5-iodocytidylyl(3'-5')guanosine dissolved 

in a 50% waterlmethanol (vol/vol) solvent system. Spectral studies indicated a 

complex containing equimolar quantities of both compounds. Space group and unit 

cell dimensions were initially obtained from precession photographs with nickel- 

filtered CuKa radiation, and then refined by least squares from 12 independent 

reflections measured on a Picker FACS-1 automatic diffractometer. The crystals are 

0 0 
monoclinic, space group P21, with - a = 13.98 k 0.02 A, b = 30.58 f 0.04 A, - c = 

Data were collected at room temperature with Ni-fi'ltered CuKa radiation 

out to a two-theta angle of 72'..' , using the theta-two theta scan method. For 

this purpose, a single crystal of the complex.(0.2 mm x 0.3 mm x 0.5 mm) was 

mounted along the 5 axis in a 1.0 mm glass capillary with some mother liquor. 

Of 4418 measured reflections, 2251 were significantly above background (i.e., 1.50). 

The intensities were corrected for the Lorentz and polarization factors. No 

absorption corrections were used. The overall isotropic temperature factor and 

scale factor were derived by Wilson (1942) statistics. Normalized structure 



factors were then calculated using the K-curve method (Karle & Hauptman, 1953) 

and used to calculate an (EL-1) map. The initial interpretation of this map gave 

only two iodine positions unambiguously. These were then used to calculate a 

Patterson superposition map using a minimum function -- this gave two additional 
iodine positions that were consistent with the (E2-1) Patterson map. All four 

iodine positions were then reconfirmed by calculating additional Patterson super- 

position maps using two iodines at a time. This method also revealed the positions 

of two-cytosine rings, three phosphorous atoms and fragments.of several ribose 

sugars. Phases calculated from this partial structure were then used in a SUB- 

function Fourier synthesis (where amplitudes are 2 - [ F ) and the phases are 

the calculated phases to generate additional information. The complete structure 

was eventually developed af ter computing a large .number of Fourier, difference 

Fourier and sum-function Fourier syntheses, often leaving out portions of the 

structure that were either unclear or in doubt and allowing. them to reappear in 

later Fourier maps. This minimized bias iri the structure analysis and assisted 

the Fourier refinement. The final structure contains 245 atoms in the asymmetric 

unit: four aminoacridines, four iodoCpG molecules, and 21 water molecules. 

Individual isotropic temperature factors for carbon, nitrogen and oxygen atoms 

and anisotropic temperature factors for iodine atoms were then refined using several 

cycles of block diagonal least squares. The final residual is 14.7% for 2251 

reflections. 

The observed and calculated structure factors have been microfilmed and 

stored at ASIS/NAPS c/o Microfiche Publications, P.O. Box 3513, Grand Central 

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



3. Results. 

Tables 1 and 2 summarize final coordinates and temperature factors 

obtained from this crystal structure analysis. Estimated standard deviations 

n 
for 5, y and - z coordinates of light atoms lie between 0.04 and 0.05 A. This 

results in rather large standard deviations for bond lengths and angles in this 

c) 

structure analysis (estimated standard deviations for bond lengths is f 0.1 A; 

for bond angles, f 5'1, probably reflecting the size of the structure and the 

limited data available. 

(a) 9-aminoacridine demonstrates two different drug-nucleic acid intercalative 

binding modes. 

Figures 3-10 show portions of the asymmetric unit of the g-aminoacridine- 

5-iodocytidylyl(3'-5')guanosine crystal structure as determined by this study. 

The structure contains two 2:2 aminoacridine-iodoCpG complexes, each forming 

miniature Watson-Crick intercalated structures that stack along the - a axis to 

form infinite sandwich-like columns of acridine molecules and guanine-cytosine 

base-pairs. 

In the first part of the asymmetric unit, the intercalated 9-aminoacridine 

molecule is oriented such that its amino- group points towards the narrow groove 

of the miniature double helix. The stacked 9-aminoacridine molecule, however, is 

oppositely oriented and lies above and below guanine-cytosine base-pairs of the 

intercalated dinucleoside monophosphate. A different situation exists in the 

second part of the asymmetric unit. Here, the intercalated 9-aminoacridine mole- 

cule is oriented such that its amino- group lies in the wide groove of the double 

helix. The stacked 9-aminoacridine molecule is similarly oriented, its amino- 

group again pointing towards the wide groove. 

An important additiorial difference between these 2:2 complexes is the 



stacking mode-that is observed between the'acridine molecules and guanine- 

cytosine base-pairs. In the first complex, the intercalated aminoacridine 

molecule is pseudo-symmetric with respect to the base-pairs, while in the 

second complex a distinctly asymmetric stacking pattern exists. Accompanying 

this second asymmetric intercalative binding mode is a large shift in ring 

overlap between guanine-cytosine base-pairs, as viewed in projection (compare 

Fig. 3, 4 and 7, 8). This conformational difference is best described as a 

'sliding' of base-pairs upon the intercalated acridine molecule. 

(b) Sugar-phosphate conformations accompanying drug intercalation. 

Table 3 summarizes the values of torsional angles that describe the 

sugar-phosphate conformations in the structure. In both the symmetric and 

asymmetric intercalative complexes, the iodocytidine ribose sugar residues 

are best described by C3' endo and the guanosine sugar residues as C2' endo 

(Sundaralingam, 1965). In each case, the conformation around the C4'-C5' bond 

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

low anti range for iodocytidine residues, while these fall in the high anti 

range for guanosine residues. This correlation between the glycosidic torsional 

angles and the sugar puckering has been observed in a large number of crystal 

structures of individual nucleosides and nucleotides (Sundaralingam, 1969), 

and has,also be observed in a detailed s.tudy of transfer RNA.(Jack et al., 1976). 

A similar. correlation exists in the refined structures of A and B DNA (Arnott 

and Hukins, 1972). 

Our data does not.allow us to specify the specific changes in to.rsiona1 

angles in the sugar-phosphate backbone that allow the 'sliding' of base-pairs 

upon the intercalated acridine molecule, a feature observed in the asymmetric 

acridine-iodoCpG complex. Model building studies, however, suggest this con- 



formational difference to primarily reflect changes in the glycosidic torsional 

angles of both guanosine and iodocytidine residues (X values for both nucleosides 

decrease; guanosine, from about 110 to 80 , .iodocytidine, from,about 35 to 10 ). 

We hesitate to be too confident on this point, however. 

We have also calculated the twist angle relating base-pairs above and 

below the intercalative 9-aminoacridine molecule in both pseudosymmetric and 

asymmetric complexes (this value has been calculated by projecting the inter- 

glycosidic carbon vectors on a common plane and then measuring the angle between 

them). These values are both very similar: 10 k 2 for the pseudosymmetric 

structure, 8 f 2 for the asymmetric structure. The small magnitude of this 

angular twist reflects the presence of the intercalative aminoacridine molecule and 

the detailed nature of the sugar-phosphate geometry. The value is close to that 

obsemed in other drug-dinucleoside monophosphate crystalline complexes (Tsai et 

al., 1977; Jain et al., 1977; Wang et al., 1978; Reddy et al., 1979; Jain et al., 

1979) 

Stereo- pairs of the pseudosymmetric and asymmetric intercalative geometries 

are shown in Fig. 11 and 12. 

(c) Lattice structure. 

Fig. 13 shows the 9-aminoacridine-iodoCpG structure viewed down the - a 

axis. The structure consists of separate columns of 9-aminoacridine-iodoCpG 

pseudosymmetric .and asymmetric intercalative complexes related by a pseudo- 2-fold 

screw at y = 114 and 314 stabilized through hydrogen bonding with numerous water 

molecules. A total of 21 water molecules have been located in the asymmetric 

unit, many of these forming water-water tetrahedral-like structures. Other 

water molecules form water-hydroxyl linkages to the sugar-phosphate chains and 

hydrophillic groups of base-pairs and 9-aminoacridine molecules. 



The relevant hydrogen bonding contacts observed in this structure have 

been summarized in Table 4. 

4. Discussion. 

The mechanism of aminoacridine induced frameshift inutagenesis is a 

subject that has attracted .a great deal of interest over' the years (see Drake 

& Baltz, 1976, for a review). Frameshift mutations consist of addi,tions and 

deletions of varying numbers of base-pairs (not integral multiples of three, 

however) . Although usually of the +1 or -1 type, larger additions . and deletions 

occur with reasonable frequency (Terzaghi et al., 1966; Okada et al., 1969; 

Imada et al., 1970; Ocada et al., 1970). 

The most plausible model to explain frameshift mutagenesis is a model 

proposed by Streisinger and his colleagues several years ago to explain the 

amino acid changes in a variety of plus-minus intragenically suppressed mutants' 

of phage T4 lysozyme (Streisinger et al., 1966). .1n'this model (shown schemati- 

cally in Fig. 14A), looped-out single stranded DNA regions arise transiently 

during DNA replication and repair through local melting and reannealing of DNA 

chains in regions having short repetitive base' sequences or local base-sequence 

redundancies -- such transient structures can then be stabilized through further 
DNA synthesis. Addition- or deletion- type frameshift mutations arise through 

subsequent DNA replication or mismatch' repair. 

How then do the aminoacridines induce frameshift mutagenesis? 

Streisinger et al., 1966 have suggested these agents to bind to looped-out 

single stranded DNA regions that arise spontaneously during DNA replication or 

repair -- this would tend to stabilize these regions and promote the series of 

events described above. According to this model, therefore, the mutagenicity of ' 

these intercalating agents reflects the secondary effect of stabilizing preexisting 



single-stranded DNA regions through stacking interactions with individual bases 

rather than by intercalation into double-helical DNA per se. 

Our studies of drug intercalation, however, have suggested an alternative 

(although similar) mechanism to understand aminoacridine induced.frameshift muta- 

genesis. This model postulates DNA to exist in a second prereplicative form 

during DNA replication or repair --'this structure (denoted 5 kinked DNA) is one 

of a'series of DNA unwinding structiral intermediates that exist at the replication 

fork during DNA synthesis ahead of the DNA polymerase enzyme (Sobell et al., 1978; 

Sobell, 1978). As DNA unwinds, kinks open to assume intercalative geometry and 

this results in the appearance of tight binding sites for intercalative drugs and 

dyes. In the case of the aminoacridine dyes, these molecules begin by first binding 

to these sites asymmetrically (the reader should study the acridine orange- and 

proflavine- DNA binding models presented in the accompanying paper (Reddy et al., 

1479)). These then slide over to bind to single-stranded premelted DNA. regions as 

unwinding continues (see Fig. 14B). The presence of dye molecules transiently 

bound to single-stranded DNA immediately in front of,the DNA polymerase enzyme 

causes slippage of the enzyme upon the template -- this results.in the formation 
of looped-out single stranded DNA regions that can be stabilized through further 

DNA synthesis. Again, addition- or deletion- type frameshift mutations arise 

through subsequent DNA replication or mismatch repair. 

It is important to note that our model predicts the formation of these 

looped-out regions to be caused'by frameshift mutagens -- and, for this reason, 
directly relates the phenomenon of drug intercalation to.frameshift mutagenesis. 

Our model makes the fundamental physical prediction that frameshift mutagens bind 

double helical DNA asymmetrically, remaining attached to single-stranded DNA as 

DNA unwinds. Covalently attached intercalating chemical carcinogens could have 



similar pharmacological action (Levine et al., 1974; Cole, 1970). 

This study has provided evidence for two different intercalative binding 

modes in the 9-aminoacridine-iodoCpG model drug-nucleic acid interaction (see 

Fig. 15A and B). The pseudosyrmnetric intercalative configuration can be readily 

utilized by 9-aminoacridine when it intercalates into double-helical DNA. The 

asymmetric intercalative structure, on the other hand, cannot be utilized for 

drug intercalation into the double helical DNA polymer -- this reflects the 
magnitude of the helical screw axis dislocation that would have to accompany 

this binding mode (i.e., 2.7 A for the asymmetric binding mode, compared to 

0.5 A for the pseudosymmetric binding mode) (Sobell et al., 1977a, b), and the 

resulting difficulties in connecting neighboring sugar-phosphate chains with 

the inrercalated dinucleotide structure. 

How then do we envision 9-aminoacridine'to cause frameshift mutagenesis? 

According to our model, 9-aminoacridine begins by intercalating into DNA 

at the replication fork either pseudosymmetrically or asymmetrically -- the latter 
resembling acridine orange- or proflavine- DNA binding (Reddy et al., 1979). As 

DNA continues to unwind, the asymmetric intercalative binding mode tends to persist, 

becoming even more asymmetric as DNA chains begin to separate -- it is possible 

that the geometry observed for the asymmetric 9-aminoacridine-iodoCpG complex is 

relevant here. Finally, 9-aminoacridine molecules slide over to single-stranded 

premelted DNA regions -- held transiently through stacking interactions with bases 
and electrostatic interactions with phosphate oxygens. Other steps in our mechanism 

remain the same as described earlier. 

We are continuing to study other aminoacridine-dinucleoside monophosphate 

interactions in an effort to obtain further information concerning symmetric or 

asymmetric binding. We will report on these at a later time. 
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FIGURE CAPTIONS: 

Figure 1. Chemical structure of 9-aminoacridine. 

Figure 2. Chemical structure of 5-iodocytidylyl(3'-5')guanosine. 

Figure 3. A computer drawn illustration of the first part of the asymmetric unit 
of the 9-aminoacridine-iodoCpG crystal structure viewed approximately 
parallel to the planes of the guanine-cytosine base-pairs and 9-amino- 
acridine molecules. IodoCpG molecules are drawn with dark solid bonds; 
intercalative and stacked 9-aminoacridine molecules are drawn with 
light open bonds. A pseudosymmetric intercalating binding mode is 
observed in this portion of the asymmetric unit. Bond distances of 
sugar-phosphate chains are shown in this figure. 

Figure 4. Same as Fig. 3, but showing bond angles of sugar-phosphate chains. 

Figure 5. Illustration of the first part of the asymmetric unit of the 9-amino- 
acridine-iodoCpG crystal structure viewed perpendicular to the planes 
of the guanine-cytosine base-pairs and 9-aminoacridine molecules, show- 
ing bond distances of base-pairs and 9-aminoacridine molecules. For 
simplicity, the bond distances of only one base-pair are shown; the 
other base-pair has very similar bond distances and angles. 

Figure 6. Same as Fig. 5 but showing bond angles of base-pairs and 9-aminoacridine 
molecules. 

Figure 7. A computer drawn illustration of the second part of the asymmetric unit 
of the 9-aminoacridine-iodoCpG crystal structure viewed approximately 
parallel to the planes of the guanine-cytosine base-pairs and 9-amino- 
acridine molecules. IodoCpG molecules are drawn with dark solid bonds; 
intercalative and stacked 9-aminoacridine molecules are drawn with 
light open bonds. An asymmetric intercalation binding mode is observed 
in this portion of the asymmetric unit. Bond distances of sugar-phosphate 
chains are shown in this figure. 

Figure 8. Same as Fig. 7, but'showing bond angles of sugar-phosphate chains. 

Figure 9. Illustration of the second part of the asymmetric unit of the 9-amino- 
acridine-iodoCpG crystal structure viewed perpendicular to the planes 
of the guanine-cytosine base-pairs and 9-aminoacridine molecules, show- 
ing bond distances of base-pairs and 9-aminoacridine molecules. For 
simplicity, the bond distances of only one base-pair are shown; the 
other base-pair has very similar bond distances and angles. 

Figure 10. Same as Fig; 9, but showing bond angles of base-pairs and 9-aminoacridine 
molecules. 

Figure 11. Stereo- pairs of the pseudosymmetric 9-aminoacridine-iodoCpG intercala- 
t ive binding mode. 



FIGURE CAPTIONS: (continued) 

Figure 12. Stereo- pairs of the asymmetric 9-aminoacridine-io,doCpG intercalative 
binding mode. 

Figure 13. A lattice picture of the 9-aminoacridine-iodoCpG crystalline complex. 
viewed down the a crystallographic direction to show relationships 
between columns of 9-aminoacridine: iodoCpG complexes and the 
surrounding water structure. 

Figure .14. (a) Streisinger model to explain the origin of aminoacridine induced 
frameshift mutagenesis. Mutagens, such as the aminoacridines, are 
postulated to stabilize transiently looped-out single stranded DNA 
regions that arise spontaneously during. replication ,or repair. Sub- 
sequent events (such as mismatch repair or DNA replication) can then 
give rise to addition- or deletion- type frameshift mutations. 

(b) Alternate model to explain the origin of aminoacridine induced 
frameshift mutagenesis. DNA is postulated to exist in a second pre- 
replicative form during DNA replication or repair -- this structure 
(denoted B kinked DNA) is one of a series of DNA unwinding structural 
intermediates that exist at the replication fork during DNA synthesis 
ahead of the DNA polymerase enzyme. As DNA unwinds, kinks open to 
assume intercalative geometry and this results in the appearance of 
tight binding sites for intercalative drugs and dyes. In the case of 
the aminoacridine dyes, these molecules begin by first binding to 
these sites asymmetrically -- these then slide over to bind to single- 
stranded premelted DNA regions as unwinding continues. The presence 
of these dye molecules transiently bound to single-stranded DNA immedi- 
ately in front of the DNA polymerase enzyme causes slippage of the 
enzyme upon the template -- this results in the formation of looped- 
out single stranded DNA regions that can be stabilized through further 
DNA synthesis. Again, addition- or deletion- type frameshift mutations 
arise through subsequent DNA replication or mismatch repair. 

See text for additional discussion. 

Figure 15. Illustration summarizing the two different intercalative binding 
modes observed in the 9-aminoacridine-iodoCpG crystalline complex. 

(a) Bscudo~~ymmetric intercalsfive binding mode. 

(b) Asymmetric intercalative binding mode, 



Table 1. Final coordimates and temperature factors for 9-aminoacridine-iodo~~~ 
crystal structure. 5-iodocytidylyl(3'-5')guanosine molecules. 

NO.  ATO*  I I A  Y I B  Z I C  B NO. A T O *  X I 1  Y / 8  Z I C  B 

I 5 C 1  
N l C l  
C 2 C l  
N 3 C 1  
C 4 C 1  
C S C l  
C 6 C 1  
0 2 C 1  
N 4 C l  
C l ' C 1  
C 2 ' C l  
C 3 ' C l  
C I B C l  
01 ' C 1  
C 5 '  C l  
0 5 ' C l  
0 2 ' C l  
0 3 ' C l  

P 1  
O l P 1  
O l P 2  
0 5 ' G l  
C 1  ' G 1  
C 2 ' G l  
C 3 ' G l  
C 4 ' G l  
01 ' G 1  
C 5 ' G l  
0 2 ~ ~ 1  
O J ' C 1  
N l C l  
C 2 6 1  
N 3 G l  
C 4 6 1  
C S C l  
C 6 6 1  
0 6 6 1  
N 2 G 1  
N 7 G 1  
C 8 G l  
N 9 6 1  

1 5 C 3  
N 1 C 3  
C 2 C 3  
N 3 C 3  
C 4 C 3  
C S C 3  
C 6 C 3  
0 2 C 3  
N 4 C 3  
C 1  ' C 3  
C Z ' C 3  
C 3 . C )  
C b ' C 3  
O l ' C 3  
C S ' C 3  
O S ' C J  
0 2 ' C 3  
0 3 * C 3  



Table 1. (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 2. F inal  coordinates and temperature f a c t o r s  f o r  9 - a r n i n o a c r i d i n e - i o d o ~ ~ ~  
c r y s t a l  s t r uc tu r e .  . 9-Aminoacridine molecules. 

NO. 

165 
166 
167 
168 
169 
170 
171 
172 
173 
176 
175 
176 
177 
178 
179 

X I A  

9-AIIINOA( 

-0.0362 
-0.0085 

0.0082 
-0.0029 
-0.0831 
-0.1109 
-0.1305 
-0.11 65 
-0.0767 , 

-0.0001 
-0.0722 
-0.0861 
-0.0472 
-0.0333 
-0.091 7 

NO. 

180 
181 
182 
183 
184 
185 
186 
187 
188 
189 
190 
191 
192 
193 
194 

SOLVENT 

0.8494 5.9 
0.7139 12.8 
3.5516 13.1 
0.0018 11.8 
0.9695 19.0 
0.6632 17.0' 
0.5674 9.9 
0.1210 16.5 
J.4534 17.4 
G.9561 10.8 
0.6211 8.8 



Table 3. Torsional angles describing conformations of sugar-phosphate chains 
in 9-aminoacrldine-iodoCpG crystalline complex., ' 

* 
Torsional. Angle Greek symbol I-CpG (1) I-CpG (2) I-CpG (3) I-CpG (4) 

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

positive sense of rotation is clockwise from A to D while looking down the BC bond. 



Table 4. Hydrogen bonding distances in 9-aminoacridine-iodoCpG crystal structure. 

Atoms Distance (A) Atoms Distance (A) 

OW19 - 01P2 ( 7) 
OW19 - OlPl ( 6) 

ow10 - 02P2 ( 2) 
owao - ow12 (11) 
OW10 - N3G2 ( 9) 
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Figure 10. 














