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The 2.40 AÊ resolution crystal structure of a side-by-side

binding of distamycin A molecules to a DNA octamer

d(GTATATAC)2 with an extended alternating TA sequence

has been determined. The unit-cell parameters are a = 29.55,

b = 42.18, c = 43.38 AÊ , � = 96.56�, space group P21, with two

molecules in the asymmetric unit, in contrast to all previous

side-by-side distamycin±DNA complexes which have only a

single DNA strand and one drug molecule in the asymmetric

unit. The structure was solved by the molecular-replacement

method and re®ned to an R index of 21.0% using 3467

re¯ections [� 2�(F)]. The minor grooves of the DNA

molecules bind two side-by-side antiparallel staggered dista-

mycins spanning about ®ve base pairs and virtually covering

the entire length of the DNA. The octamer duplexes exhibit

low±high alternations in the helical twist, sugar puckering and

the CÐO30 and O30ÐP torsion angles, similar to the earlier

side-by-side complexes containing inosine bases. The mole-

cules are stacked one over the other along the ac diagonal in

an in®nite pseudo-continuous helical column with no lateral

interactions.
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1. Introduction

Minor-groove binding drugs prevent the in vitro synthesis of

DNA and RNA by inhibiting the corresponding polymerase

reaction through their interaction with the DNA template

(Wahnert et al., 1975; Burckhardt et al., 1989). Various drug±

DNA complexes have been studied for 15 years as targets for

designing effective antitumor agents. Studies have been

conducted to gain a knowledge of the structure, the thermo-

dynamics of complex formation and the binding speci®city of

minor-groove drugs (Wartell et al., 1974; Zakrzewska et al.,

1983; Patel & Shapiro, 1985; Zimmer & Wahnert, 1986). The

natural drugs netropsin and distamycin (Fig. 1) are known to

bind to the minor groove of B-DNA with sequence speci®city

to A±T/I±C regions, while steric hindrance of the 2-amino

group of G prevents the binding of these drugs to G±C base

pairs (Wartell et al., 1974). The crystal structure analysis of a

1:1 netropsin±d(CGCGAATTBrCGCG) complex (Kopka et

al., 1985a) con®rmed the binding speci®city of netropsin to the

A±T/T±A region of DNA and prompted other studies of

minor groove drug±DNA complexes both in solution

(Portugal & Waring, 1987) and in the solid state (Coll et al.,

1987; Wang & Teng, 1990; Kopka & Larsen, 1992). In the 1:1

complexes, the hydrogen bonding of the DNA strands to the

drugs and van der Waals interactions between the sandwiching

backbones play crucial roles in stabilizing the complexes. The

synthetic lexitropsin drugs, in which the N-methyl pyrrole

rings of netropsin are replaced by N-methyl imidazole rings



(Fig. 1), were designed to recognize G±C base pairs speci®cally

(Kopka et al., 1985a,b; Lown et al., 1986), but in the 1:1 binding

mode indiscriminately bind to both G±C/C±G and A±T/T±A

base pairs (Kopka & Larsen, 1992; Goodsell et al., 1995). A

major breakthrough came after the 2:1 side-by-side binding of

distamycin was demonstrated by solution NMR (Pelton &

Wemmer, 1989) and X-ray crystallography (Chen et al., 1994).

The side-by-side drug binding led to new design principles for

recognition of G±C/C±G base pairs with sequence speci®city

(Mrksich & Dervan, 1993; Geierstanger et al., 1994; Geier-

stanger & Wemmer, 1995) and provided sequence-reading

rules for the imidazole±pyrrole pair, which can differentiate

G±C from C±G (White et al., 1997). In contrast, the pyrrole±

pyrrole pair binds A±T and T±A indiscriminately, while the

imidazole±imidazole pair appears to favor G±C/C±G pairs

(White et al., 1997; Kopka et al., 1997). Indeed, the synthetic

drug di-imidazole lexitropsin (Kopka et al., 1997) and a

pyrrole±imidazole polypeptide (Fig. 1) (Kielkopf et al., 1998)

differentiate G±C from C±G and also from A±T and T±A in

this binding mode. Recently, a third ring, hydroxypyrrole, was

added to break the A±T/T±A degeneracy (White et al., 1998).

The work of Kopka et al. (1985a) inspired us to study more

examples of crystal structures of various DNA sequences

complexed to minor-groove binding

drugs. We have previously reported

the crystal structure of the 1:1

complex of netropsin and a DNA

dodecamer d(CGCGTTAACGCG)

(Balendiran & Sundaralingam, 1991;

Balendiran et al., 1995), the 2:1 side-

by-side binding of distamycin to the

DNA octamer with unnatural

inosine bases d(ICICICIC) (Chen et

al., 1994), the same octamer with

mixed ribose and deoxyribose sugars

(IcICICIC) and (IcIcICIC), where c

represents ribo-cytidine (Chen et al.,

1995), and with the central I±C base

pairs replaced by A±T base pairs

(Chen et al., 1997). In this article, we

report the crystal structure of the 2:1

side-by-side distamycin complex

with an alternating DNA octamer

containing only natural bases

[d(GTATATAC)] and an extended

TA stretch; this work has previously

been reported in conferences (Mitra

et al., 1996, 1997).

2. Materials and methods

2.1. Synthesis and crystallization

The self-complementary DNA

octamer d(GTATATAC) was

synthesized by the solid-phase

phosphoramidite method using an

Applied Biosystems 381 DNA

synthesizer. The DNA was cleaved from the column by 2 ml of

37% ammonium hydroxide and deprotected in a 328 K water

bath overnight. The lyophilized sample was suspended in 25 ml

of 2.5 M ammonium acetate and precipitated by 2 ml absolute

ethanol at 248 K. The precipitate was isolated by centrifuga-

tion and further lyophilized before preparing stock solutions

for crystallization. The drug±DNA complex was crystallized

by the hanging-drop vapor-diffusion technique. The best

crystals were obtained from a drop containing 1 mM DNA

(single strand concentration), 20 mM sodium cacodylate

buffer (pH 7.0), 1 mM distamycin A hydrochloride and 20 mM

magnesium chloride equilibrated against 40% 2-methyl-2,4-

pentanediol (MPD) in a reservoir at 293 K. Crystals appeared

in a few days and grew to maximum dimensions of 0.25 � 0.25

� 0.60 mm.

2.2. Data collection and structure solution

A crystal measuring 0.25 � 0.25 � 0.60 mm was mounted in

a thin-walled glass capillary with mother liquor at one end and

sealed for intensity-data collection. Three-dimensional inten-

sity data were collected on our Siemens±Nicolet area detector

using Cu K� radiation from a MacScience rotating-anode
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Figure 1
Molecular structure of distamycin, netropsin, di-imidazole lexitropsin and ImImPyPy-�-Dp polyamide
(Im, N-methylimidazole carboxamide; Py, N-methyl pyrrole carboxamide; Dp, dimethylaminopropyl-
amide).
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X-ray generator operating at 40 kV and 100 mA. A 0.3 mm

collimator was used and the crystal-to-detector distance was

12.0 cm. The data were collected from one ' scan and two

0.25� width ! scans with an exposure time of 60 s per frame.

The data were processed with the XENGEN2.1 software

(Howard, 1990). In all, 3588 independent re¯ections (F � 2�)

were observed between 25.70 and 2.40 AÊ and the data

completeness was 84.7%. The highest resolution bin, 2.51±

2.40 AÊ , had 53.7% of the data.

The structure was solved by the molecular-replacement

method using the program package AMoRe (Navaza, 1994).

The cell volume indicated that the asymmetric unit probably

contained two molecules of B-DNA with a volume per base

pair of 1679 AÊ 3; known B-DNA structures have volume per

base-pair ratios in the range 1100±1650 AÊ 3. The atomic coor-

dinates of a related drug±DNA complex, distamycin±

d(ICATATIC) (Chen et al., 1997), without the distamycins,

were used as the search model in the calculation of the rota-

tion±translation function. The rotation search was performed

using 3208 re¯ections between 8 and 2.5 AÊ and an integration

radius of 12 AÊ . The top 15 peaks from the rotation search were

used for the translation search and in the rigid-body re®ne-

ment using the FITTING subroutine. The position of the

second molecule was determined by an n-body (where n � 4

molecules in the asymmetric unit) translation search, as

implemented in AMoRe (Navaza, 1994), keeping the ®rst

position ®xed. A rigid-body re®nement, using FITTING for

the two positions yielded a correlation coef®cient of 72.7%

and an R index of 45.8%. Packing considerations reinforced

the correctness of the structure.

2.3. Re®nement

The trial structure was re®ned using X-PLOR (BruÈ nger,

1992). The structure re®nement was monitored by calculating

Rfree with 10% of the re¯ections (Kleywegt & BruÈ nger, 1996).

A few cycles of rigid-body re®nement using data between 8

and 2.40 AÊ and treating the duplexes as rigid units, brought

the Rindex down to 0.42 and Rfree to 0.46. A round of positional

re®nement gave an Rindex and Rfree of 0.34 and 0.40, respec-

tively. The correct bases [d(GTATATAC)] were assigned from

the omit |Fo| ÿ |Fc| maps, and positional re®nement gave an

Rindex and Rfree of 0.33 and 0.38, respectively. A 2|Fo| ÿ |Fc|

Figure 2
Final omit |Fo| ÿ |Fc| electron-density maps (contoured at 2.0�) of the
four distamycin molecules superimposed on their ®nal coordinates. (a)
A1, (b) A2, (c) B1 and (d) B2.

Table 1
Crystal data and re®nement statistics for the two independent
d(GTATATAC)2±distamycin molecules.

Crystal data

Crystal system Monoclinic
Space group P21

Unit-cell parameters
a (AÊ ) 29.55
b (AÊ ) 42.18
c (AÊ ) 43.38
� (�) 96.56

Asymmetric unit 2 octamer duplexes
+ 4 distamycin A

Volume per base pair (AÊ 3) 1679
Resolution (AÊ ) 2.40
Number of unique re¯ections 3588
Data completeness (%) 84.7
Rsym (%) 7.0

Re®nement statistics

Resolution range used (AÊ ) 8-2.40
Number of re¯ections used 3467 (�2�)
Number of water molecules 55
R (%) 21.0
Rfree (%) 28.6
R.m.s. deviation from ideal geometry

Parameter ®le param_nd.dna
Bond length (AÊ ) 0.004
Bond angle (�) 1.09
Dihedral angle (�) 17.3



map clearly showed the densities for the side-by-side binding

of distamycin molecules in the minor groove of DNA.

However, the distamycin molecules were not included in the

re®nement at this stage. A simulated-annealing re®nement

was performed by heating the system to 3000 K and slowly

cooling to room temperature (300 K) with intervals of 0.5 fs

(BruÈ nger, 1988). The Rindex and Rfree dropped to 0.29 and 0.34,

respectively. At various steps of the re®nement 51 water

molecules were added. Only those water peaks close to 3� in

the |Fo| ÿ |Fc| electron-density map and 1� in the 2|Fo| ÿ |Fc|

map and at hydrogen-bonding distance (�3.4 AÊ ) to DNA

atoms were considered. The water molecules were assigned

initial B factors of 40 AÊ 2 and positional re®nement gave an

Rindex and Rfree of 0.26 and 0.32, respectively. At this point, the

four independent distamycin molecules in the two duplexes

were ®tted into the difference electron-density maps and their

positions and B factors were re®ned to an Rindex and Rfree of

0.22 and 0.29, respectively. Strings of water molecules were

also tried for the side-by-side distamycins which gave large

residual electron densities and the Rindex and Rfree were also

much higher (0.25 and 0.31, respectively), thereby con®rming

the presence of distamycins in the minor groove. An abnor-

mally low temperature factor and a large residual difference

electron density for one of the water molecules in the

re®nement indicated that it might be a metal ion. A sodium

ion satis®ed the electron density at this site, which was

surrounded by a tetrahedral arrangement of four water

molecules. Further cycles of positional and B-factor re®ne-

ment gave a ®nal Rindex and Rfree of 21.0 and 28.6%, respec-

tively. The average B factors for the DNA atoms, distamycin A

molecules and the solvent water were 21.8, 22.0 and 38.7 AÊ 2,

respectively. The asymmetric unit consists of two independent

octamer duplexes, four distamycin molecules, a sodium ion

and 55 water molecules. Table 1 summarizes the crystal data

and the re®nement statistics for the structure.

Figs. 2(a)±2(d) show omit |Fo| ÿ |Fc| electron-density maps

(contoured at 2.0�) associated with the four independent

distamycin A molecules. The root-mean-square deviations of

bond lengths and bond angles from the ideal values are

0.004 AÊ and 1.09�, respectively. The coordinates and structure

factors have been deposited with the NDB (Berman et al.,

1992; accession code GDH060).

3. Results and discussion

The 2:1 complex crystallizes with two independent DNA

octamer molecules (A and B) in the asymmetric unit with side-

by-side binding of distamycins A1 and A2 (molecule A) and

B1 and B2 (molecule B) in the minor groove. Both DNA

molecules are similar; the r.m.s. deviation on superposition is

0.43 AÊ . A stereoview of the DNA octamer (molecule A) with

the bound distamycins is shown in Fig. 3. The 50-terminal G±C

pair does not interact with the drug. This monoclinic P21

complex contains two independent molecules in the asym-

metric unit without an internal dyad. In contrast, the asym-

metric unit of both the inosine side-by-side complexes in the

tetragonal P4122 space group (Chen et al., 1994, 1995) and the

monoclinic C2 side-by-side IC/AT octamer complexes (Chen

et al., 1997) contain only one DNA strand and one drug.

3.1. Conformation of the DNA octamers

The alternating octamer d(GTATATAC) with a purine start

crystallizes as B-DNA, probably owing to drug binding (Chen

et al., 1995). Molecule A has 10.1 residues per turn while

molecule B has 10.3 residues per turn, which is close to the

non-integral number (10.3 to 10.6)

observed in nucleosomal DNA (Wang,

1979; Rhodes & Klug, 1980; Wing et al.,

1980). The helical parameters were

calculated using the NEWHEL92

program (Fratini et al., 1982; Table 2). All

the backbone torsion angles O50ÐP (�)

and C40ÐC50 () are in the preferred

gÿg+ conformation, except T6 (molecule

A) and C8 (molecule B), which were

initially built with the next-preferred tt

(trans±trans) conformation, but were

changed on re®nement to the least

preferred g+gÿ (gauche+±gaucheÿ)

conformation (Yathindra & Sundar-

alingam, 1976). The helical twist angles

for both molecules exhibit a regular

alternation (averages 26.6 and 42.5�) with

the purine±pyrimidine steps under-

wound and the pyrimidine±purine steps

over-wound, as found in similar alter-

nating AT structures (Klug et al., 1979;

Yoon et al., 1988). In Z-DNA, starting

with either the 50-pyrimidine (Wang et al.,
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Figure 3
Stereo diagram of the d(GTATATAC)±distamycin complex (molecule A); molecule B is similar.
Color coding: DNA, cyan; two distamycin drugs, purple and green. Note that the terminal G±C/
C±G base pairs do not interact with the distamycins.
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1979) or the 50-purine (Ban et al., 1996), the reverse situation is

observed: the pyrimidine±purine steps are under-wound and

the purine±pyrimidine steps are over-wound. The base-

stacking distances are correlated to the twist angles; the low

twist angles, e.g. C16±G1/A15±T2 and T14±A3/A13±T4,

increase the intrastrand base stacking while the high twist

angles A13±T4/T12±A5 decrease the intrastrand base stacking

(Fig. 4). The twist angle increases to 47� at the middle of the

duplex in molecule A and tapers off at the termini. Similarly,

the roll angle is ÿ19� in the middle of the helices and falls off

at their termini. Also, in molecule B the twist (49�) and roll

values (ÿ15�) peak in the center and fall off at the termini

(Table 2b). The central base pairs have higher inclinations and

one of them is associated with high propeller twist. The torsion

angles " (C±O30) and � (O30±P) systematically alternate

between tgÿ and gÿt. These are referred to as BI-DNA and

BII-DNA conformations, respectively. Also, the sugar puck-

ering alternates between C20-endo and C10-exo.

3.2. Side-by-side versus 1:1 drug±DNA complexes

In both complexes, the distamycin molecules twist and turn

to ®t the curvature of the B-DNA minor groove. To accom-

modate two drugs in the 2:1 side-by-side complexes, the minor

groove expands compared to that in the 1:1 single-drug

complexes. The average width of the I±C/A±T segment

expands to �7.7 AÊ in the side-by-side complexes (Chen et al.,

1994, 1995, 1997) compared to the average width of 4.1 AÊ in

the 1:1 complexes. In the 1:1 binding mode, one strand is

parallel to the drug and the other strand is antiparallel, and the

drug interacts with both strands. In the side-by-side complexes

the proximal DNA strand is parallel to each drug. (Note that

the CONH groups of the drugs are parallel to the 50!30

direction of the DNA.) In the side-by-side complexes, dipole±

dipole interactions and �±� interaction between the N-methyl

pyrrole ring and the peptide group stabilize the drugs (Chen et

al., 1997). The drugs are 3.3 AÊ apart and stack with the

Table 2
Torsion angles (�) and helical parameters.

(a) The six torsion angles of the backbone, the base sugar glycosyl bond and the sugar pseudorotation

Molecule A

Residue � �  � " � � P

G1 171 149 168 265 247 170
T2 284 203 54 151 240 186 265 161
A3 296 153 44 142 191 259 263 172
T4 298 171 44 135 252 167 261 146
A5 290 135 54 139 187 260 261 166
T6 34 188 297 143 196 250 261 170
A7 319 151 49 137 199 244 257 150
C8 304 163 46 136 265 145
G9 62 146 185 261 234 168
T10 291 183 58 147 242 184 253 156
A11 298 152 35 142 182 274 154 177
T12 292 192 34 144 259 154 276 154
A13 292 144 42 143 171 269 265 172
T14 302 192 39 136 182 248 164 156
A15 322 166 54 131 169 281 261 148
C16 287 198 43 108 266 127
Average (sd) 291 (71) 171 (22) 71 (69) 139 (10) 202 (32) 236 (43) 260 (10) 158 (13)

Molecule B

Residue � �  � " � � P

G1 183 145 185 260 245 161
T2 293 185 47 144 241 180 262 155
A3 305 144 40 140 186 268 251 164
T4 300 187 32 144 249 158 281 155
A5 298 141 46 145 180 263 269 177
T6 304 173 48 131 196 235 260 143
A7 321 156 44 131 192 246 154 145
C8 28 180 306 152 261 167
G9 290 145 172 267 245 169
T10 290 197 49 147 223 192 254 155
A11 302 157 46 145 188 271 250 173
T12 297 182 37 138 242 161 272 150
A13 301 136 50 144 179 269 268 173
14 307 185 34 136 184 232 272 151
A15 327 153 50 135 195 256 253 152
C16 300 172 43 139 266 149
Average (sd) 283 (74) 168 (20) 84 (91) 141 (6) 201 (26) 233 (42) 260 (11) 159 (11)



N-methyl pyrrole ring of one with the peptide (CONH) group

of the other, giving six pyrrole±peptide stacks (Fig. 5). Each

drug spans about ®ve base pairs and is sandwiched by the

sugar±phosphate backbone on one side and the second drug

on the other. The stacking of the two distamycin molecules is

staggered and covers the entire octamer length, with the

exception of the terminal base pairs.

Apart from the sandwiching van der Waals interactions

mentioned above, the stability of the complex is maintained by

the hydrogen-bonding interaction between the drugs and the

DNA bases (Fig. 6). The four peptide NH groups of the drugs

are involved alternately in hydrogen bonding to the purine

base N3 and the pyrimidine base O2 of the proximal DNA

strand. In contrast, in 1:1 complexes bifurcated hydrogen

bonds are formed between adenine N3 and cytosine O2 on

opposite strands. The propylamidinium tail of the drug is also

hydrogen bonded to O2 of cytosine of the distal strand. The �
lone-pair orbitals of the backbone sugar O40 are 3.2±3.5 AÊ

distant from the �-electron clouds of their nearest N-methyl

pyrrole rings. Even though the sugar O40 atoms are at

hydrogen-bonding distances from the peptide NH groups of

the drugs, their NÐH� � �O40 angles (average 78�) are not
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(b) Helical parameters of molecule A and molecule B

Molecule A

Residue Twist Roll Rise Inclination
Propeller
twist

G 2 ÿ3
26 0 3.8

T 6 ÿ10
39 ÿ3 3.5

A 4 ÿ8
29 4 3.7

T 6 ÿ6
47 ÿ19 2.8

A 4 ÿ10
26 ÿ4 3.9

T 4 ÿ10
39 0 3.3

A 4 ÿ5
27 ÿ3 3.9

C 1 5

Molecule B

Residue Twist Roll Rise Inclination
Propeller
twist

G 2 ÿ1
28 2 3.9

T 5 ÿ6
40 2 3.2

A 5 ÿ11
26 ÿ2 3.8

T 9 ÿ16
49 ÿ15 3.0

A 9 ÿ9
25 0 3.8

T 5 ÿ11
40 2 3.4

A 4 ÿ4
26 0 3.8

C 2 4

Table 2 (continued)

Figure 4
Base stacking at (a) low-twist step of C16±G1 (thick lines)/A15±T2 (open
lines) and at (b) high-twist step of A13±T4 (thick lines)/T12±A5 (open
lines).

Figure 5
End-on view of the pyrrole/carboxamide stacking interactions of the two
distamycin molecules. Short contacts (AÊ ) are indicated by broken lines.
Thick line, distamycin A1; open line, distamycin A2. The bases involved
in hydrogen-bonding interactions with the distamycin molecules are also
shown. Similar interactions are observed in molecule B.
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Figure 6
Hydrogen bonding for the drug±DNA complexes in (a) molecule A, (b) molecule B. The short contacts (not hydrogen bonded; see text) involving the
O40 of the sugars with the NH groups of the distamycins are also shown.

Figure 7
Stereo diagrams of crystal packing in the d(GTATATAC)±distamycin complex. (a) Stacking of the molecules parallel to the ac diagonal. The origin is at
the top left-hand corner, the a axis is from the left to the right, the b axis is away from the plane of the paper towards the viewer and the c axis is from top
to bottom. (b) The pseudo-hexagonal packing of the molecules. The origin is at the bottom left-hand corner, the a axis is vertically up, the b axis is from
left to right and the c axis is from the bottom to the top inclined to the a axis.



pointed in the forward direction for hydrogen bonds (Jeffrey

& Saenger, 1991) and hence cannot be properly described as

hydrogen bonds.

3.3. Crystal packing and hydration

The crystal packing is shown in Fig. 7. The volume per base-

pair ratio of 1679 AÊ 3 indicates that the molecules are not as

tightly packed as in other 2:1 distamycin complexes, in which

the volume per base-pair ratio is 1280±1425 AÊ 3 (Chen et al.,

1994, 1995, 1997). The octamer duplexes are stacked on top of

each other to form pseudo-continuous helical columns

displaced by 5.8 AÊ from the ac diagonal of the unit cell

(Fig. 7a). The global helix axis of molecule A and molecule B

are inclined to each other at an angle of 19�. The helical

columns of the 21 screw-related molecules do not interact

laterally. Each column of helices is surrounded by six neigh-

boring columns in a pseudo-hexagonal packing arrangement

(Fig. 7b); the 21 screw-related columns are 22.1 AÊ apart and

the translation-related columns are 25.1 AÊ apart. A hydrated

sodium ion bridges the screw-related columns. In all, 55 water

molecules have been found, and the main hydration involves

the major groove and the backbone phosphate atoms. The

minor groove of the complex is not heavily hydrated because

of the presence of the distamycins.
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