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2-Methyl-4-nitroaniline ethylene dimethylammonium hydrobromide 
forms a crystalline complex with the self-complementary dinucleoside 
monophosphate, 5-iodocytidyly1(3:-5')guanosine. 

8 
he crystals are 

tetragonal, with a = b = 32.192 A and c = 23.964 space group 
The structure has-been solved to atomic resolution'by Patterson 

P4 2I2. 
an a 

Fourier methods, and refined by full matrix least squares. 5-Iodo- 
cytidylyl(3'-5')guanosine molecules are held together in pairs through 
Watson-Crick base-pairing, forming an antiparallel duplex structure. 
Nitroaniline molecules stack above and below guanine-cytosine pairs 
in this duplex structure. In addition, a third nitroaniline molecule 
stacks on one of the other two nitroaniline molecules. The asymmetric 
unit contains two 5-iodocytidylyl(3'-5')guanosine molecules, three - 
nitroaniline molecules, one bromide ion and thirty-one water molecules, 
a total of 160 atoms. 

-. 
Details of the structure are described. 

In his series of classic studies, Gabbay (l-4) synthesized a large 

number of organic compounds that contain different aromatic ring systems 

linked to a variety of side chains to investigate their ability to bind to 

DNA. These molecules -- called "reporter" molecules -- were synthesized to 

study dynamic aspects of DNA structure and, in particular, to investigate 

the relationship between DNA breathing phenomena and drug intercalation. 

For this purpose, Gabbay synthesized three different classes of intercalators. 

The first -- called "partial" intercalators -- bind between oartially unstacked 

base-pairs in DNA. Examples include several nitroaniline derivatives, aroma- 

tic polypeptides and steroidal diamines. The second -- correspond to 

"classic" intercalators -- molecules that, like ethidium and acridine orange, 

intercalate fully into DNA without necessitating the transient disruption of 

hydrogen bonds connecting base-pairs. Examples include a series of phenanthro- 
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Figure 1. Chemical structure Of the 2-methyl-4-nitroaniline ethylene 
dimethylammonium ion. 

line and naphthylimide derivatives. The third -- which we call "breather" 

intercalators -- provide probes that relate DNA breathing motions with the 

intercalation process. These molecules contain bulky side chain substituents 

whose presence might be expected to interfere with the intercalation process 

(one example is N,N-[N-benzyl-N,N-dimethylethylammonium]-1,8,4,5-naphthyldi- 

imide). For steric reasons, intercalation by this class of compounds must be 

preceded by the transient rupture of hydrogen-bonds connecting base-pairs -- 

events termed, DNA breathing. The ability of these compounds to intercalate 

into DNA provides convincing evidence that drug intercalation and DNA breath- 

ing are related phenomena. 

Here, we describe the results of an X-ray crystallographic study of a 

complex containing 2-methyl-4-nitroaniline ethylene dimethylammonium hydro- 

bromide (MNAED, shown in Figure 1) and 5-iodocytidylyl(3'-5')guanosine 

(iodoCpG). The structure is of interest since it demonstrates an unusual 

type of association between this reporter molecule and the nucleic acid com- 

ponent. Other interesting features of this crystal structure are presented. 

Materials and Methods 

2-Methyl-4-nitroaniline ethylene dimethylammonium hydrobromide (MNAED) 
was a gift from Professor Edward J. Gabbay, and was used without further 
purification. The dinucleoside monophosphate, cytidylyl(3'-5')guanosine (CpG), 
was purchased as the ammonium salt from Sigma Chemical Company and converted 
to the iodinated form using methods described previously (5). Deep yellow 
pyramidal shaped crystals were obtained by slow evaporation of equimolar 
mixtures of MNAED and iodoCpG. The crystal density was estimated by the 
floatation method to be 1.545 gm/cm3. 

Crystals were initially characterized by rotation and precession 
photographs using nickel filtered CuKcc radiation, and the cell parameters then 
refined on a CA -4 automatic diffra tometer. Unit cell dimensions are: a = 
b = 32.192(10) 81 and c = 23.964(8) b space group P4a2a2. Data were coliected 
at low temperature (2'b C) by the Mol&ular Data Corp r tion on a CAD-4 
system out to a 2e Bragg angle of 85", using monochromatic CuKa radiation. 
A total of 4,942 unique reflections were collected, of which 2,002 were 
significantly above background (>301). Three standard reflections were 
monitored periodically during the course of data collection and no signi- 
ficant changes in intensity were observed. The data were corrected for 
Lorentz and polarization effects. In addition, absorption corrections 
were applied based on a series of $ scans. Structure factors were put on 
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an absolute scale and the overall temperature factor estimated by Wilson's 
method. These were then converted into quasi-normalized structure factors 
using the method of Karle and Hauptman (6). 

An (El-l) Patterson map was computed and this revealed the positions 
of two iodine atoms. A Fourier map based on these heavy atom positions 
showed another heavy peak, interpreted to be a bromide ion. Subsequent 
attempts to gain additional meaningful chemical information by Fourier methods 
were not successful. However, atomic superposition based on the positions of 
the heavy atoms gave about eighty peaks which, when combined with Fourier 
and sum-Fourier maps, eventually gave the complete structure. The asymmetric 
unit contains two iodoCpG molecules, three MNAED molecules and 31 water mole- - 
cules, a total of 160 atoms. This was then refined by full matrix least 
squares, using rigid groups for purine and pyrimidine bases and phosphate 
groups. Isotropic temperature factors were used for light atoms, while 
anisotropic temperature factors were used for the heavy atoms. The final 
residual based on 2,002 observed reflections is 11.4%. Coordinates and 
temperature factors are shown in Table 1. 

Results 

Figures 2a and b show the complex viewed approximately parallel to and 

perpendicular to the guanine-cytosine base-pairs and MNAED molecules. IodoCpG 

forms a miniature Watson-Crick duplex, with two MNAED molecules stacking imme- 

diately above and below. This 2:2 structure possesses approximate 2-fold 

symmetry -- the bromide ion lying very close to this Z-fold axis. In addition, 

a third MNAED molecule stacks on MNAED(l) with its side chain oppositely orien- 

ted. The overall complex is electrically neutral. Each MNAED molecule carries 

a positive charge and these are counterbalanced by the negatively charged phos- 

phate groups and bromide ion. 

The conformation of the iodoCpG base-paired structure is of particular 

interest for several reasons. The separation between least squares planes of 

the base-pairs is 3.7 1 -- a distance considerably larger than the normal 

separation (3.4 ii). This reflects an unusual buckling present within each 

guanine-cytosine base-pair. Least squares planes computations indicate that 

guanine and cytosine rings form a dihedral angle of about 19' -- hydrogen 

bonds connecting base-pairs are therefore bent this amount. The sugar-phos- 

phate backbone conformation is C3' endo (3'-5‘) C3' endo in iodoCpG(1) and 

C3' endo (3'-5') C2' endo in iodoCpG(2). The angular twist between the base- 

pairs is about 26" -- this is due in part to the mixed sugar puckering present 

in one of the two chains. Dihedral angles that define the overall conformation 

are summarized in Table 2. 

Duplexes are related by 2-fold symmetry and are held together by hydro- 

gen bonds (see Figures 3a and b). These involve the 2-amino- group and the 

N(3) ring nitrogen on one guanosine residue in the first duplex interacting 

with the O(2) carbonyl- and O(2)' hydroxyl- group on a cytidine residue in the 

second symmetry related duplex. In addition, the 2-amino- group of the other 
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Table 1. Final coordinates and isotropic temperature factors of MNAED- 
iodoCpG complex after least squares refinement. Occupancy 

factors for disordered water structure are indicated 

2: 

::: 

::: 

::: 
5.0 
4.7 
4.0 

guanosine residue in the first duplex hydrogen bonds to the furanose ring oxy- 

gen on its symmetry related counterpart. A total of six hydrogen bonds connect 

these symmetry related duplexes. 

Figure 4 shows a projection of the structure down the c axis. Bromide 

ions and iodine atoms cluster together around the 4-fold screw axis, forming 
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Figure 2. A portion of the MNAED-iodoCpG complex viewed approximately 
parallel to (a) and perpendicular to (b) base-pairs ard 
MNAED molecules. 

Table 2. Torsional angles describing the conformations of the sugar- 
ohosohate chains in the MNAED-iodoCpG crystalline complex 

Torsional Angle iodoCpG(1) iodoCpG(2) 

Ol'C-Cl'C-NIC-C6C 12 
OI'G-Cl'G-N9G-C8G ii 
05'c-c5'c-c4'c-c3'c 61 :: 

c5'c-c4'c-c3'c-o3'c 80 C4'C-C3'C-03'C-P 221 2;: 
C3'C-03'C-P-05'G 273 283 
03'C-P-05'G-C5'G 305 299 
P-05'G-C5'G-C4'G 165 175 
05'G-C5'G-C4'G-C3'G ii 63 
C5'G-C4'G-C3'G-O3'G 143 
C4'C-Ol'C-Cl'C-C2'C 8 6 
Ol'C-Cl'C-C2'C-C3'C -27 -27 
Cl'C-C2'C-C3'C-C4'C 37 36 
C2'C-C3'C-C4'C-OI'C -34 -34 
c3'c-c4'c-o1'c-c1'c 
C4'G-Ol'G-Cl'G-C2'G -l: -:; 

Ol'G-Cl'G-CZ'G-C3'G -20 
Cl'G-C2'G-C3'G-C4'G -:i 

2: 
C2'G-C3'G-C4'G-OI'G 20 
C3'G-C4'G-Ol'G-Cl'G 31 1 

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. 
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Figure 3. Hydrogen bonding between 2-fold symmetry related iodoCpG 
duplexes (a) and these duplexes with stacked MNAEO molecules 
shown above and below (b). See text for discussion. 

a helical columnar arrangement in the z direction. MNAED molecules cluster - 

around a 2-fold screw axis, themselves related by additional 2-fold rotational 

symmetry along the diagonal. Hydrogen bonded pairs of 3:2 MNAED-iodoCpG com- 

plexes pack together in a zig-zag fashion in the crystalline lattice. The 

complex is heavily hydrated with water molecules hydrogen bonded to sugar 

Figure 4. Lattice figure showing the crystal structure of the MNAED- 
iodoCpG complex viewed down the c axis. For simplicity, 
water structure is omitted. See-text for discussion. 

193 



Vol. 121, No. 1, 1984 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

hydroxyl- groups and phosphate oxygen atoms. Additional hydrogen bonds form 

between water molecules and other hydrophillic groups on base-pairs and 

MNAED molecules. 

Discussion 

2-Methyl-4-nitroaniline ethylene dimethylammonium hydrobromide is one 

in a series of nitroaniline reporter molecules synthesized by Gabbay that 

intercalate -- either partially or fully -- into DNA structure. This class of 

molecules is of particular interest, since they resemble naturally occuring 

aromatic amino- acids such as tyrosine and phenylalanine. Their ability to 

intercalate into DNA raises the possibility that aromatic side chains in pro- 

teins might also intercalate when binding to DNA (7-9). 

Recent experimental evidence indicates the presence of nuclease hyper- 

sensitive sites in eukaryotic DNA, many of these located at 5' ends of genes 

(10,ll). These same sites are sensitive to cleavage by a l,lO-phenanthroline- 

copper(I) complex, a known intercalating agent. These data suggest the exist- 

ence of an altered DNA conformation in these regions recognized by nucleases 

and intercalators by a common intercalative mechanism (12). 

The current study was carried out to investigate the ability of 2-methyl- 

4-nitroaniline ethylene dimethylammonium hydrobromide to intercalate -- either 

partially or fully -- into the self-complementary dinucleoside monophosphate, 

iodoCpG. Although intercalation in the classic sense has not been observed, 

this nitroaniline derivative stacks above and below base-pairs in the miniature 

Watson-Crick type duplex structure. The absence of intercalation could reflect 

the smaller stacking energies associated with the aromatic ring system in MNAED 

and the base-pairs, along with other factors determining the energetics of the 

complex. We have repeatedly observed that molecules containing larger conjuga- 

ted ring systems form intercalation complexes with this same dinucleoside mono- 

phosphate (13-15). It is possible that longer oligonucleotides would provide 

better model systems to study the interaction of MNAED with DNA, and we are 

pursuing this further at the present time. 
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