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Modified bases are not uncommon in DNA, and they play
important biological roles.C5-Methylcytosine (m5C) or N6-
methyladenine (m6A) are used in bacteria for the restriction-
modification system.1 In eucaryotic systems m5C may be
involved in transcriptional repression.2 Interestingly, unusual
bases including 5-hydroxyuracil,3auracil,3bR-putrescinylthymine,3c
2-aminoadenine,3d N4-methylcytosine,3e,fN7-methylguanine,3g

N6-(carbamoylmethyl)adenine,3h and finally hexosylated bases3i

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 inRhizobium
phage RL38J1,4 respectively. Another interesting case involves
glucosylated-T at the C5 position of the bases in protozoa
Trypanosoma brucei.5 Those modified bases may be involved
in the regulation of gene expression. In the long telomeric repeat
(GGGTTA)n of T. brucei about 13% of T is replaced by
b-glucosyl(hydroxymethyl)uracil (denoted g5T); this is compared
to 0.8%modification in total DNA.6 How these DNAmolecules
with bulky substituents occupying the major groove interact with
relevant proteins remains an intriguing question to be answered.
As a first step to address these questions, we probe the

accessibility of the glucosylated DNA duplex using the anti-
cancer intercalator drug daunorubicin (denoted DNR). The
modified DNA chosen was that of the g5T-containing 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 trypanosomes.7 If the
cytotoxic effect would be related to certain specific interactions
between the intercalator and the glucosylated region of the
trypanosome DNA, it would be of interest to investigate other
clinically available drugs as potential anti-trypanosome drugs.

We have undertaken a structural study in which the interca-
lator anticancer drug daunorubicin was added to the glucosylated
DNA hexamer CG[g5T]ACG.8 The 3D structure of the 2:1
complex (Figure 1), determined at 1.5 Å resolution by X-ray
diffraction analyses, is very similar to the DNR-CGTACG
complex9 with a rmsd of 0.51 Å between the two structures
from different crystal lattices (Figure 2). In the complex, two
DNR molecules are intercalated in two symmetry-equivalent
CpG steps with the drug aglycon chromophores lying in the
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Figure 1. Stereoscopic drawings of the 2:1 DNR-CG[g5T]ACG
complex. The glucoses and the hydrated Mg2+ ion are shaded in thick
lines, and the bridging water is shown as a dark circle. Relevant
hydrogen bonds are indicated by dashed lines. The O3′ of the ordered
glucose is hydrogen bonded to the O2P of C5 from the neighboring
complex.
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helix with the ring D protruding into the major groove and the
daunosamine in the minor groove. The glucose moiety did not
interfere with the binding of DNR to DNA. The detailed torsion
angles and helix parameters of the complex are listed in Tables
2S and 3S in the Supporting Information.
Both glucoses adopt the chair conformation, and they have

different glycosidic C5-M5-O1G-C1G torsion conformations
with respect to the thymine base. The well-ordered glucose of
g5T3 is anchored firmly to the DNA surface using hydrogen
bonds both directly and via a bridging water and a hydrated
Mg2+ ion (Figure 1). The other disordered glucose of g5T9
occupies two positions without specific hydrogen bonds to the
DNA surface. Both glucoses extend from the hydroxymethylene
tail of g5T toward the 3′ direction, covering the major groove
of the next two base pairs (A4/C5 and A10/C11, respectively).
There is no direct interaction between DNR and the glucose

moieties. However, inspection of the structure suggests that
binding of an intercalator at the (g5T)pA or (g5C)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
intercalation.15 (A helix unwinding would bring the glucose
closer to the next 3′ base.) 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
Mg2+ ion already mentioned (Figure 1), two pentahydrated
Mg2+ ions were found to bind directly to non-ester phosphate
oxygens (Figure 3). Interestingly one (Mg3) is directly bound
to thepro-Sof A4O1P, while the other (Mg2) to thepro-Rof
T3O2P oxygen atoms, respectively. These two hydrated Mg2+

ions are near each other and surrounded by negatively-charged
phosphates in a manner that might be relevant in the cleaving/
joining of phosphodiester bond by enzymes (polymerases or
ribozyme).10

In conclusion, our X-ray crystallographic structural studies
reveal for the first time that glucoses attached at the C5 of
pyrimidine sites adopt certain multiple, but preferred, conforma-
tions, covering about 3 base pairs toward the 3′ direction.
Binding of an intercalator close to, but probably not at, the
glucosylated site is possible. Further studies of other types of
glucosylated (e.g.,R- vs â-linked glucose, fully-glucosylated,
other hexosylated, or oligosaccharide-attached) DNA duplexes
will shed light on the possible biological roles of those highly
unusual DNA modifications.16
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Figure 2. Stereoscopic skeletal drawing of the least square fits between
the DNR-CGg5TACG (from crystal space groupP1) and DNR-
CGTACG (from crystal space groupP41212) complexes. The rmsd
between them is 0.51 Å, indicating very similar structures despite
different DNA and different space groups.

Figure 3. Stereoscopic skeletal drawing of the interactions between
the two pentahydrated Mg2+ ions and the drug-DNA complex. The
DNA strand of G12* is from the symmetry-related molecule at (x, y-
1, z).

Figure 4. Stereoscopic skeletal drawing of the models of the fully-
glucosylated d(g5T-A)n and d(g5T)n.d(A)n duplexes. Both glucose
conformations that were seen in the crystal structure could be used as
the starting conformation to generate the fully-glucosylated DNA. The
glucoses can be accommodated in the major groove of B-DNA without
any steric hindrance.
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