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Modified bases are not uncommon in DNA, and they play
important biological roles.C5-Methylcytosine (AC) or N6-
methyladenine (§A) are used in bacteria for the restriction-
modification system. In eucaryotic systems Y& may be
involved in transcriptional repressidninterestingly, unusual
bases including 5-hydroxyuraéfluracil 2 a-putrescinylthyminé®
2-aminoadeninéd N4-methylcytosinéef N7-methylguaninég
N6-(carbamoylmethyl)adenirfé and finally hexosylated basés
are found in the DNA of many bacteriophages. Glucosylated
5-(hydroxymethyl)cytosines and 5-hydroxycytosines are found
in Escherichia coliphage T3, T4, and T6, and Rhizobium
phage RL38J%respectively. Another interesting case involves
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Figure 1. Stereoscopic drawings of the 2:1 DNRG[¢PT]ACG
complex. The glucoses and the hydratec®Mign are shaded in thick
lines, and the bridging water is shown as a dark circle. Relevant
hydrogen bonds are indicated by dashed lines. THeoOe ordered
glucose is hydrogen bonded to the O2P of C5 from the neighboring
complex.

We have undertaken a structural study in which the interca-
lator anticancer drug daunorubicin was added to the glucosylated
DNA hexamer CG[8T]JACG.2 The 3D structure of the 2:1
complex (Figure 1), determined at 1.5 A resolution by X-ray
diffraction analyses, is very similar to the DNREGTACG
comple® with a rmsd of 0.51 A between the two structures

glucosylated-T at the C5 position of the bases in protozoa from different crystal lattices (Figure 2). In the complex, two

Trypanosoma brucéi Those modified bases may be involved

DNR molecules are intercalated in two symmetry-equivalent

in the regulation of gene expression. In the long telomeric repeat CpG steps with the drug aglycon chromophores lying in the

(GGGTTA), of T. brucei about 13% of T is replaced by
b-glucosyl(hydroxymethyl)uracil (denoted®; this is compared

to 0.8% modification in total DNA. How these DNA molecules
with bulky substituents occupying the major groove interact with

relevant proteins remains an intriguing question to be answered.

(8) Oligonucleotide d(CGRF]ACG) was synthesized according to the
procedure of Wijsman et &k and purified by Sepharose G50 column
chromatography. Crystals of the 2:1 complexes of DNR and the glucosylated
DNA hexamer were obtained from a mixture containing 1.2 mM DNA
hexamer (single strand), 4 mM MgCB5 mM sodium cacodylate (pH 6.0),
2.5 mM spermine, 1.2 mM drug, 0.02% dioxane, and 5% (v/v) 2-methyl-

As a first step to address these questions, we probe the2 4-pentanediol (2-MPD). The solution was equilibrated with’ 30 mL of

accessibility of the glucosylated DNA duplex using the anti-
cancer intercalator drug daunorubicin (denoted DNR). The
modified DNA chosen was that of th€Tgcontaining DNA from

T. brucei It is of interest to note that ethidium bromide and

chloroquine, two commonly used intercalators, have been shown

to have a cytotoxic effect toward trypanosoniedf the

cytotoxic effect would be related to certain specific interactions
between the intercalator and the glucosylated region of th
trypanosome DNA, it would be of interest to investigate other
clinically available drugs as potential anti-trypanosome drugs.
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50% 2-MPD reservoir at room temperature20 °C) by vapor diffusion
according to the procedure of Wang and Ga@range-red crystals in the
form of irregular clusters appeared after several weeks. Crystal data: space
groupP1, a = 18.62 A,b =20.10 A,c = 26.55 A, a. = 69.09, 5 =
90.04, y = 108.03, R-factor 17.3%, 4678 reflections ab@,) (Table 1S

in the Supporting Information). A crystal with the size of 6c<20.2 x 0.3

mm was selected and mounted in a sealed glass capillary with a droplet of
mother liquor for data collection to 1.5 A resolution. A Rigaku R-Axis llc
image plate area detector system mounted on a RU200 rotating anode X-ray

e generator at 20C with CuKo radiation was used. Data were processed

with the Molecular Structure Corporation programs to obtain the structure
factor amplitudes hkl). The crystal structure was solved by the molecular
replacement method using ULTIME. The atomic coordinates from the
structure of the DNRCGTACG complef were used as the starting search
model. The Patterson map showed that the base stacking direction is nearly
along thea-axis, and such information facilitates the placement of the
complex in the unit cell. A clear solution was obtained from the rotation
search. No translation search was needed foPihgpace group. The crystal
structure was refined by the simulated annealing procedure using X-PLOR.
A series of refinement stages located the two glucoses. One glucose is well-
defined as shown in thé=f — F¢) omit electron density map (Figure 1S),
but the other one that is associated with the T9 base is disordered. The
latter glucose was placed in the electron density at half-occupancy. The
possibility that one of the glucoses was deglycosylated from DNA due to
the influence of the crystallization condition, lattice forces, binding of
daunorubicin, or a combination of the above factors was considered. We
washed and dissolved several crystals and subjected the solution to
electrospray mass spectrometry. Only the peak of mass 1971 from the intact
CG[¢PT]ACG could be detected. The results suggested that both glucoses
are intact in the crystal lattice, but one on the T9 is disordered. Careful
examination of the B, — F. map permitted the identification of three
hydrated M§" ions. Inclusion of the DNA, drug, magnesium ions, and 89
water molecules in the refinement produced a fiRdiactor of 17.3% with
root mean square deviations (rmsd) in bond distances of 0.017 A from the
ideal values. The final atomic coordinates of the structure have been
deposited in the Nucleic Acids Database (ID No. DDFB70). For the
discussion of the structures, nucleotides are humbered from C1 to G6 in
one strand; and C7 to G12 in the other strand, the two daunorubicin
molecules are numbered D13 and D14.
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1987 26, 1152-1163.

© 1997 American Chemical Society



Communications to the Editor

J. Am. Chem.

Soc., Vol. 119, No. 6, 19997

Figure 2. Stereoscopic skeletal drawing of the least square fits between
the DNR-CG@TACG (from crystal space groupl) and DNR-
CGTACG (from crystal space group4:2,2) complexes. The rmsd
between them is 0.51 A, indicating very similar structures despite
different DNA and different space groups.

Figure 3. Stereoscopic skeletal drawing of the interactions between
the two pentahydrated Mg ions and the drugDNA complex. The
DNA strand of G12* is from the symmetry-related moleculexat/(—

1, 2.

helix with the ring D protruding into the major groove and the
daunosamine in the minor groove. The glucose moiety did not Figure 4. Stereoscopic skeletal drawing of the models of the fully-
interfere with the binding of DNR to DNA. The detailed torsion glucosylated d(@-A), and d(dT)..d(A), duplexes. Both glucose
angles and helix parameters of the complex are listed in Tablesconformations that were seen in the crystal structure could be used as
2S and 3S in the Supporting Information. the starting conformation to generate the fully-glucosylated DNA. The
Both glucoses adopt the chair conformation, and they have glucoses_ can be accommodated in the major groove of B-DNA without
different glycosidic C5-M5—01G—C1G torsion conformations &1 Steric hindrance. _ _
with respect to the thymine base. The well-ordered glucose of In conclusion, our X-ray crystallographic structural studies
¢°T3 is anchored firmly to the DNA surface using hydrogen reveal for the first time that glucoses attached at the C5 of
bonds both directly and via a bridging water and a hydrated Pyrimidine sites adopt certain multiple, but preferred, conforma-
Mg?* ion (Figure 1). The other disordered glucose &Tg tions, covering about 3 base pairs toward thHedBection.
occupies two positions without specific hydrogen bonds to the Binding of an intercalator close to, but probably not at, the
DNA surface. Both glucoses extend from the hydroxymethylene 9lucosylated site is possible. Further studies of other types of
tail of g°T toward the 3direction, covering the major groove ~ glucosylated (e.gq- vs j-linked glucose, fully-glucosylated,
of the next two base pairs (A4/C5 and A10/C11, respectively). Other hexosylated, or oligosaccharide-attached) DNA duplexes
There is no direct interaction between DNR and the glucose Will shed light on the pqssméle biological roles of those highly
moieties. However, inspection of the structure suggests thatUnusual DNA modificationst

binding of an intercalator at the {G)pA or (g°C)pG site will
have a profound effect on the structure of the DNA. In the
case of DNR binding to glucosylated DNA the protrusion of
its ring D into the major groove may cause it to clash and
interfere with the movement of the glucoses. Moreover, it is
not clear what will be the effect on the juxtaposition of glucose
and DNA caused by the helix unwinding associated with the
intercalationt> (A helix unwinding would bring the glucose
closer to the next'dase.) It would be of interest to investigate
the binding of intercalators to fully-glucosylated DNA.

The complex was crystallized in a new P1 lattice (Figure 2S
in the Supporting Information). In addition to the hexahydrated
Mg?* ion already mentioned (Figure 1), two pentahydrated
Mg?* ions were found to bind directly to non-ester phosphate
oxygens (Figure 3). Interestingly one (Mg3) is directly bound
to thepro-Sof A401P, while the other (Mg2) to thero-R of
T302P oxygen atoms, respectively. These two hydratetiMg
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phosphates in a manner that might be relevant in the cleaving/
joining of phosphodiester bond by enzymes (polymerases or

ribozyme)10

(16) We have constructed models of the fully-glucosylatePTH@&)n
and d(§T)n.d(A), duplexes and showed that the glucoses can be accom-
modated in the major groove of B-DNA without any steric hindrance (Figure
4).



