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Abstract—Disaccharide anthracyclines analogues have been shown to exhibit different antitumour activity as compared with parents
compounds doxorubicin and daunomycin. Here we report the crystal structure of the disaccharide analog MAR70 complexed with
the DNA hexamer d(CGATCG). The structure has been solved at 1.54 Å resolution and is similar to previous crystallized anthra-
cycline–DNA complexes with both sugar rings of the disaccharide chain lying in the DNA minor groove. Comparison with the
structure of MEN10755 another disaccharide anthracycline co-crystallized with the same DNA hexamer suggests a correlation
between the position of the amino sugar on the disaccharide chain and the conformation of this moiety when binding to DNA. This
is discussed with respect to the influence on drug activity and on the possible interaction with other cellular targets.
� 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Anthracyclines are an important class of antitumour
drugs and the parent compound doxorubicin has been
among the most widely used cancer therapeutic agents
for over 30 years.1 The cytotoxic activity of anthracy-
clines is generally ascribed as being primarily a result
of their interaction with cellular DNA. Like many other
antitumour drugs anthracyclines work by DNA interca-
lation, which results in interfering with the action of
topoisomerases, enzymes that govern DNA topology
during cellular DNA processes. The effect of such inter-
ference is the induction of DNA strand breaks and the
formation of a ternary complex drug–DNA–topoiso-
merase in which the enzyme is covalently linked to the
broken DNA strand, the critical event leading to apop-
tosis and cell death. This is currently the most accepted
mechanism for the antitumour activity of these drugs.2
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Due to their importance the interactions of anthracy-
clines with DNA have been extensively studied with a
variety of biophysical and biochemical techniques and
anthracyclines are the best characterized group of
DNA intercalators.3 In the nucleic acid data base there
are over 25 crystal structures of anthracycline/DNA
complexes which have provided a detailed picture of
the interactions between the two molecules and valuable
information on structure/function relationship.4

Anthracyclines suffer several side effects that limit their
use and there has been an intense effort in analog synthe-
sis to obtain better therapeutic drugs. In spite of these
efforts the original parent compounds doxorubicin and
daunomycin remain the most effective agents of this
class.5 However recently there is a considerable interest
in disaccharide anthracyclines. A novel disaccharide
analog MEN10755 has been found to show a different
activity spectrum as compared to doxorubicin and is ac-
tive against doxorubicin-resistant tumours.6 The crystal
structure of this drug complexed with the DNA hexamer
d(CGATCG) 7 has revealed that the second sugar ring
in the disaccharide chain may give rise to two different
binding modes. This behaviour is thought to depends
on the position of the amino sugar in the disaccharide
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Figure 1. Molecular formula of (A) doxorubicin, (B) MAR70 (4 0-(O-LL-4 0-epi-2 0-deoxyfucose)-daunomycin) and (C) MEN10755 (3 0-deamino-3 0-

hydroxy-40-(O-LL-daunosaminyl)-4-demethoxydoxorubicin).
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chain which may account for the differences in biological
activity.

We have studied by X-ray crystallography another
disaccharide anthracycline MAR70 which, apart from
small differences in the aglycone moiety, differs mainly
from MEN10755 for the sugar sequence in the disaccha-
ride chain (Fig. 1). We have co-crystallized MAR70 with
the same DNA hexamer d(CGATCG) as MEN10755
and compared the crystal structures. We discuss the re-
sults with respect to the importance of the amino sugar
in DNA binding and to the possible influence on the
interactions with other cellular targets.
2. Results and discussion

2.1. Molecular structure

The overall structure of the complex is very similar to
the previous crystallized anthracycline–DNA com-
plexes. The self-complementary hexamer d(CGATCG),
Figure 2. A stereoview of the crystal structure of the MAR70-d(CGATCG) c

atoms are red, the phosphorous atoms are purple and the carbon atoms are ye

Bobscript.28
that here we denote from C1 to G6, adopts a distorted
double helical B-DNA with a MAR70 molecule interca-
lated between the CpG steps at both ends of the duplex
(Fig. 2). The two halves of the complex are symmetri-
cally equivalent and the two binding sites at two ends
of the hexamer are identical. The electron density of
composite omit map around the binding site is shown
in the supplementary materials. The main features that
characterize the binding of anthracyclines to DNA are
also observed in this structure. The aglycone drug chro-
mophore intercalates between the base pairs in a perpen-
dicular fashion with ring D protruding out into the
major groove and both sugars of the disaccharide moi-
ety lying in the minor groove. The O9 hydroxyl group
in ring A forms two hydrogen bonds with the N2 amino
group and the aromatic N3 atom of the second guanine
in the sequence. These hydrogen bonds are responsible
for the peculiar orientation of the chromophore in the
DNA-intercalation of anthracyclines.

DNA geometry and DNA backbone distortions are
also very similar to those observed in the other
omplex. In the DNA molecule the nitrogen atoms are blue, the oxygen

llow. The drug molecule is green. Balls and Stick representation is from
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anthracycline–DNA complexes. The conformations of
the DNA molecules in this complex and in the doxoru-
bicin–d(CGATCG) complex8 are almost identical with a
root mean square difference of 0.220 Å. The doxorubicin
portion of MAR70, excluding the second glycosidic ring
and the 14-hydroxyl group in ring A, is also very close to
doxorubicin with a rmsd of 0.144 Å (Fig. 3). Torsion an-
gles and geometrical DNA helical parameters are given
in the supplementary material.

It has been suggested that the disaccharide moiety lying
in the minor groove may induce propagated structural
DNA perturbations that may influence the mode of rec-
ognition of topoisomerases or other DNA-regulatory
proteins. On the contrary, our results suggest that the
presence of a second sugar does not affect the binding
of the aglycone and of the first sugar to DNA and does
not cause significant DNA alterations when compared
with the complexes formed by monosaccharide anthra-
cyclines. This is also confirmed by the other two known
crystal structure of disaccharide anthracycline–DNA
complexes: MAR70/d(CGATCG)9 and MEN10755/
d(CGATCG)7 (see later).

In the disaccharide chain both sugars are in the chair
conformation and fill up the minor groove. Since there
are two drug molecules intercalated into one DNA hex-
amer, the minor groove at the A–T step is shared by both
the carbohydrate moieties. However there are no interac-
tions between these moieties as the second sugar rings are
facing only the corresponding thymine residue (Fig. 2).

2.2. Comparison of disaccharide anthracycline–DNA
complexes

Many di and trisaccharide anthracyclines of natural or
synthetic origin were known but none of them showed
to possess a better activity than the parent drugs. In nat-
ural oligosaccharide anthracyclines the increase in the
length of oligosaccharide chain may result in an increase
Figure 3. (A) Comparison of DNA conformations in MAR70-d(CGATCG

The DNA molecules are superimposed by least square fitting of the first (

Comparison of the conformation of MAR70 (filled lines) in this complex, wi

comparison of MAR70 conformation in this complex (filled lines) and the c

least square fitting of the common atoms on the chromophore.
of DNA-binding affinity. However there is no direct cor-
relation between DNA affinity and antitumour activ-
ity.10 MAR70 like other semisynthetic disaccharide
anthracycline derivatives did not show a significant
antitumour activity comparable to that of the parent
drugs. It was found to be active against transplantable
leukaemia P388 in mice, yet at a concentration three
times higher of doxorubicin.1

In contrast, a doxorubicin analog of a novel series of
anthracycline disaccharide has been found to exhibit a
broader spectrum of antitumour activity in comparison
with the parent drugs.6 Previously we have determined
the crystal structure of this analogue MEN10755 com-
plexed with the same DNA hexamer d(CGATCG).7 It
is of interest to compare the structural effect of different
drug moieties for the DNA binding in order to see
whether such differences may be related to differences
in biological activity.

The aglycon moiety of MEN10755 is lacking the 4-
methoxy group as the monosaccharide analog idarubi-
cin, while MAR70, like daunomycin, does not bear the
14-hydroxyl group (Fig. 1). However in the structure
of the MEN10755 complex, as well as observed here in
this structure, the orientation of the intercalated aglycon
chromophore and the DNA backbone conformation are
very similar to those observed in the other anthracy-
cline–DNA complexes (Fig. 2). Thus it is apparent that
small differences on the aglycone chromophore and the
presence of a second sugar in the saccharide moiety does
not affect the stacking pattern of anthracyclines to any
significant extent.

On the contrary, major structural variations between
these two structures can be noted in the conformation
of the sugar chains. In the MAR70 complex both sugar
rings lie in the minor groove spanning four base pairs. In
the MEN10755 complex there are two different conform-
ations of the sugar moiety resulting in two different
) (filled lines) and MEN10755-d(CGATCG) (dashed lines) complexes.

cytosine) and in the last (guanosine) bases in the sequence (left). (B)

th that of MEN10755 (dashed lines) in the second binding site and (C)

omplex with d(CGATCG).7 The drug molecules are superimposed by
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binding sites. In one site the conformation is similar to
that observed here with the carbohydrate moiety lying
in the minor groove. In the other site the first sugar is
shifted towards the phosphate group at the GpC step
and the second sugar protrudes definitely out from the
minor groove.

The different binding modes of the carbohydrate moiety
of the two drugs observed in the two complexes do not
produce any significant difference in DNA conforma-
tion. We can see in Figure 3A that the DNA molecules
in the two structures are very similar with a root-mean-
square difference 0.564 Å.

The position of the amino sugar in the disaccharide
chain is the main feature that characterizes the two
drugs. In all amino glycosides from natural origin the
amino sugar is the first moiety directly linked to the
aglycone moiety.1 In MAR70 the first sugar in the car-
bohydrated chain is daunosamine, like in the parent
compounds daunomycin and doxorubicin; the second
sugar linked via a(1–4) to the fist sugar is 4 0-epi-2 0-
deoxyfucose. The doxorubicin disaccharide analog,
MEN10755, has the first sugar without the 3 0-amino
group, substituted for a hydroxyl group, and the second
sugar, daunosamine, linked via a(1–4) to the first sugar.
In both analogs the linkage between the two sugars is in
the axial orientation as this configuration has been
shown to be a structural determinant for the activity
of disaccharide anthracyclines.11

There is a conformation variability in the glycosyl link-
age observed in the disaccharide chain of the two com-
plexes. However in both complexes the torsion angles
in the glycosyl linkage between the first and the second
sugar though slightly different are such that they make
the two rings nearly perpendicular each other. This con-
formation is one of the most frequently observed in
disaccharide structures and has been observed also in
the crystal structure of the complex of MAR70 with
d(CGTACG).9 More important for the orientation of
the disaccharide chain are the torsion angles C8–C7–
O7–C1 0 and C7–O7–C1 0–C2 0 between the aglycon and
the first sugar. In this complex they are 84� and 138�,
very close to those observed in the MAR70/
d(CGATCG) complex. Indeed the conformations of
MAR70 in both complexes is almost identical (Fig.
3C). In MEN10755 complex at the site where the second
sugar protrudes outside the minor groove these torsion
angles are 103� and 165�, respectively. These small dif-
ferences are sufficient to drive away from the minor
groove the first sugar and to affect dramatically the ori-
entation of the second sugar (Fig. 3B). As a result of this
different conformation in the MAR70 complex the N3 0

substituent on the first sugar is at hydrogen bond dis-
tance 3.1 Å from O2 of the C5 cytosine; in MEN10755
complex the distance between the hydroxyl on the same
3 0 position is at 4.6 Å from O2 of the C5 cytosine residue
and a tetracoordinate water molecule occupies the cavity
created by the shifting the first sugar. The torsion angles
in the glycosyl linkage observed in the crystal structures
of DNA/disaccharide anthracycline complexes are sum-
marized in the supplementary material.
2.3. Role of the amino sugar

In the crystallized complexes of monosaccharide anthra-
cyclines the sugar moiety lies in the minor groove and
the orientation and the interactions with DNA vary
from structure to structure depending on DNA se-
quence. However the sugar ring fills up the minor
groove and the charged amino group at the 3 0 position
has always been found to approach the edges of base
pairs leaving no room for solvent molecules. In the case
we are comparing here the two complexes are formed
with the same DNA sequence so the differences observed
in the conformation of the sugar chain can depend only
on the presence of the charged amino group on the first
sugar.

The amino sugar in this position seems to dictate the
presence of an A–T or T–A base pairs adjacent to the
intercalation site and to be a determinant of the DNA
sequence specificity of anthracyclines. This sequence
preference is consistent with the sequence specificity of
topoisomerase II-stimulated DNA cleavage and is in-
cluded in the DNA hexamer of the two complexes.12

Therefore the different conformations that the two ana-
logs have been found to adopt may be a critical factor in
the stabilization of the ternary complex and may be of
importance for the interactions in the active site.

To accomodate the drug chromophore at the intercala-
tion site a local DNA unwinding is produced. The elec-
trostatic potential of the solvent accessible surface in the
cavity created in the minor groove of the unwound
DNA is less negative than in the regular B DNA. How-
ever in the region where lies the first sugar ring a consid-
erably negative surface is still present. In Figure 4 this
electrostatic potential surface is represented for the
d(CGATCG) sequence of both complexes with
MAR70 and MEN10755. We can see that a negative
charged potential faces the 3 0 position of the sugar,
which in the MAR70 molecule is a charged amino
group and in MEN10755 molecule is a neutral hydroxyl
group.

The free energy contributions of various functional
groups of doxorubicin have been analyzed by several
computing methods and compared with experimental
binding data. In computational studies the presence of
a positively charged amino group at the 3 0 position on
the sugar ring has been shown to give a relevant contri-
bution.13,14 The electrostatic contribution to the free en-
ergy for several anthracycline ligands have been
calculated and a very significant free energy difference
has been seen associated with modification of the N3 0

amino to a hydroxyl group in agreement with experi-
mental data.15,16

The computational analyses of DNA binding have been
performed only for monosaccharide anthracyclines. The
complexes we have studied are formed by a DNA hexa-
mer with two intercalated drugs. The disaccharide moi-
ety, especially the second ring, shares the interactions
with the third and fourth base pairs. The effect we have
observed in the complex with MEN10755 where one of



Figure 4. Distribution of the electrostatic potential of the DNA molecule: (left) in the MAR70-d(CGATCG) complex, (right) in the MEN10755-

d(CGATCG) complex. The red colour represents a negative value, white colour a zero value and blue colour a positive value. Figure generated with

the GRASP Software.29
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the second sugar rings is flipped away from the minor
groove may be caused by this crowded situation.

We have calculated the binding free energy of the disac-
charide anthracyclines MEN10755 and MAR70 with
the DNA sequence formed by the quartet CGAT. The
coordinates of the crystal structures were used for the
model, taking only one of the two drug molecules inter-
calated into the DNA hexamer and the four base pairs
of the drug binding site. In the case of the MEN10755
complex the binding site with both sugar rings lying in
the minor groove was chosen.

Our results with the two drugs binding the same DNA
sequence show a binding free energy of �11.7 kcal/mol
for MAR70, �8.7 including the solvent effect, and
�8.3 (�7.3) kcal/mol for MEN10755. The substitution
for the amino group by a hydroxyl group, while reduc-
ing the free binding energy of MAR70, does not affect
significantly that of MEN10755 where the amino group
is on the second sugar. Our calculations actually do pro-
vide only an estimation of the binding free energies,
however they are comparable with the other computa-
tional tools utilized to analyze the DNA binding of
monosaccharide anthracyclines.16

As we have considered the same DNA quartet CGAT,
there are no sequence-dependent effects and the results
confirm that the contribution of the amino group on
the first sugar is the structural determinant of the inter-
actions of the DNA binding of disaccharide anthracy-
clines. The loss of the electrostatic contribution of the
charged amino group to the binding free energy allows
the first sugar linked to the aglycon to flip a little away
from the the minor groove enough to affect significantly
the orientation of a bulky substituent or of a second
sugar. Indeed previous studies have shown that disac-
charide analogs lacking the amino group on the first
sugar can stimulate topoisomerase I-mediated DNA
cleavage though at a lower level than topoisomerase
II.17 On the other hand the analog 3 0-morpholinyl-doxo-
rubicin, bearing a bulky substituent on the no longer
charged 3 0 position, has been found to interfere with
topoisomerase I but not with topoisomerase II.18
3. Conclusions

The results of the present study and the comparison of
the two complexes formed by MAR70 and MEN10755
with the same DNA sequence confirm that the presence
of a second sugar in disaccharide anthracyclines does
not influence their mode of intercalation to DNA.

The orientation and the interactions with the DNAmole-
cule of the aglycone moiety are almost identical to
those observed in monosaccharide anthracycline/DNA
complexes. Also the bulky 4-methoxy group on ring D
of the chromophore has no effect on the intercalation
geometry in agreement with previous structural studies
on monosaccharide anthracyclines. In the MAR70 com-
plex, where the 4-methoxy group is present, and in the
MEN10755 complex lacking this group, the intercala-
tion geometry is almost identical. The influence on drug
activity by the presence on the aglycone moiety of this
substituent, which protrudes out into the major groove,
may be the result of interactions with other proteins, as
it may occur in the ternary complex drug–DNA–
topoisomerase.

It appears that the differences in biological activity be-
tween MEN10755 and MAR70 depend on a different
DNA binding of the sugar moiety. In MEN10755 the
second sugar ring which is no longer in the minor groove
is more likely to interact with other cellular targets. It
may result in a more stable or unstable interaction of
the drug in the ternary complex. The capability of the
second sugar of protruding out of the minor groove is



Table 1. Crystallographic parameters and refinement statistics

Parameter Value

X-ray source Rotating anode

Wavelength (Å) 1.54

Cell parameters a = b = 28.19 Å

c = 53.25 Å

a = b = c = 90�
Space group P41212

No. of unique reflections 3484

Completeness (%) 87.0

No. of reflections [>4r(Fo)] 2081

hI/r(I)i 4.1

Resolution range (Å) 10–1.54

R-factor (%) 18.0 (24.9)b

R-free (%)a 23.4

Rmsd of bonds from ideality (Å) 0.013

Rmsd of angles from ideality (Å) 0.038

a Calculated using 5% of data.
b Values in parenthesis are for last resolution shell (1.77–1.54 Å).
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related to the position of the amino sugar. If daunos-
amine is the first sugar linked to the aglycon, as in the
MAR70 complex, the basic 3 0 amino group contributes
an electrostatic interaction to the binding free energy.
This additional interaction further stabilizes the position
of the first sugar which lies deeply in the minor groove
and makes it difficult for the second sugar to be in con-
tact with other than the DNA or the solvent molecules.
In monosaccharide anthracyclines it has been shown
that the substitution of the basic amino group at the
3 0 position for a hydroxyl group results in reduced
DNA-binding affinity but it is not an essential determi-
nant for drug activity. Analogs bearing this modification
retain a significant cytotoxic and antitumour activity
comparable with that of parents compounds.9 Disaccha-
ride anthracyclines with a daunosamine as first sugar
could enhance DNA binding affinity but should not
change the mode of binding with the sugar chain lying
in the minor groove spanning more than three base
pairs. Disaccharide analogs lacking a basic amino group
at the 3 0 position in the first sugar are more flexible and
the second sugar may not participate to the DNA bind-
ing and instead influence external interactions. These
interactions could play an important role in the forma-
tion of the ternary complex drug–DNA–topoisomerase
and may affect the ability of the drug to poisoning both
topoisomerase I and II. The interactions with other cel-
lular targets involved in multidrug resistance may also
be affected. Our results are relevant to provide further
information on the critical role played by the amino
sugar as a structural determinant to modulate antitu-
mour activity of disaccharide anthracyclines.
4. Materials and methods

The self-complementary DNA hexamer d(CGATCG)
was synthesized on an Applied Biosystem plus DNA
synthesizer using phosphoramidite methodology.19

After cleavage from the resin, the crude material was
deprotected and purified by reverse-phase HPLC on
Dynamax Pure DNA column, 21.4 mm · 5 cm,
30.0 nm (Rainin). MAR70 was supplied by Dr. F. Arca-
mone (Farmitalia). Crystals were grown at room tem-
perature in sitting drops, using a vapour diffusion
technique. Red crystals appear within 5 weeks from a
solution of 20 mM sodium cacodylate, pH 6.0; 1.5 mM
DNA, 9 mM MgCl2, 1.5 mM spermine hydrochloride,
1.5 mM Mar70 and 10% (by vol.) 2,4-methyl-pentane-
diol (MPD) equilibrated against a reservoir containing
a solution of 35% MPD.

The crystals were mounted in a sealed glass capillary with
a droplet of mother liquid. Diffraction data were col-
lected on a Rigaku AFC5R four circle diffractometer
using a Rigaku RU200 rotating anode, operating at
50 V, 120 mA, in x scan mode with CuKa radiation
(1.5418 Å). The unit cell dimensions were determined
to be a = b = 28.19 Å, c = 53.25 Å in the tetragonal space
group P41212. Data were collected and processed using
the TEXSAN program.20 A total of 3484 unique reflec-
tions were obtained with a completeness of 87.0% to a
resolution of 1.54 Å. The structure was solved by the
molecular replacement methods with A.Mo.Re,21 using
as starting model the coordinates of he complex doxoru-
bicin/d(CGATCG),8 and refined with the SHELX-97
package.22 Electron density maps (2Fo � Fc) and
(Fo � Fc) were calculated with CNS program23 and dis-
played using the graphic program O.24 The final model
had an R-factor of 18.0%, R-free 23.4%, for 2081 reflec-
tions at F > 4r(Fo) in the resolution range 10–1.54 Å with
a rms deviation from standard geometry of 0.013 Å in
bond lengths and 0.038 Å in bond angles. In the asym-
metric unit there are one DNA strand, one drug molecule
and 21 solvent molecules. Crystallographic parameters
and refinement statistics are summarized in Table 1.

The calculations of the binding free energies were per-
formed using the program package GAMESS.25 Quan-
tum chemical calculations at the Hartree–Fock level of
theory with a 3-21G basis set26 were carried out with
the use of the Polarizable Continuum Model (PCM)27

in order to estimate the binding free energies in aqueous
solution. The protonation states at the physiological
conditions were imposed for the amino and phospho-
nate groups. The complex as well as the single partners
were geometrically relaxed in the gas phase obtaining
the gas-phase binding free energies (DG1 and DG2)
then the solvation free energies were calculated using
the PCM approach and finally the related free energies
in aqueous solution (DGaq) were evaluated.

The coordinates and structure factors have been depos-
ited with the Nucleic Acid Database: NBD ID DD0061.
Acknowledgments

We thank Antonello Ranieri for his helpful technical
support.
Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/
j.bmc.2004.12.007.

http://dx.doi.org/
http://dx.doi.org/


C. Temperini et al. / Bioorg. Med. Chem. 13 (2005) 1673–1679 1679
References and notes

1. Arcamone, F. Doxorubicin Anticancer Antibiotics; Aca-
demic Press: New York, 1981.

2. Gewirtz, D. A. Biochem. Pharmacol. 1992, 57, 727–
741.

3. Anthracycline and Anthracenedione-based Anticancer
Agents; Lown, J. W., Ed.; Elsevier: Amsterdam, The
Netherlands, 1988.

4. Berman, H. M.; Olson, W. K.; Beveridge, D. L.;
Westbrook, J.; Gelbin, A.; Demeny, T.; Hsich, S. H.;
Srinivasan, A. R.; Schneider, B. Biophys. J. 1992, 63, 751–
759.

5. Weiss, R. B. Semin. Oncol. 1992, 19, 670–686.
6. Arcamone, F.; Animati, F.; Berettoni, M.; Bigioni, M.;

Capranico, G.; Casazza, A. M.; Caserini, C.; Cipollone,
A.; De Cesare, M.; Franciotti, M.; Lombardi, P.; Madami,
A.; Manzini, S.; Monteagudo, E.; Polizzi, D.; Pratesi, G.;
Righetti, S. C.; Salvatore, C.; Supino, R.; Zunino, F. J.
Natl. Cancer Inst. 1997, 89, 1217–1223.

7. Temperini, C.; Messori, L.; Orioli, P.; Di Bugno, C.;
Animati, F.; Ughetto, G. Nucleic Acids Res. 2003, 31(5),
1464–1469.

8. Frederick, C. A.; Williams, L. D.; Ughetto, G.; van der
Marel, G. A.; van Boom, J. H.; Rich, A.; Wang, A. H. J.
Biochemistry 1990, 29, 2538–2549.

9. Gao, Y.; Liaw, Y.; Li, Y.; van der Marel, G. A.; van
Boom, J. H.; Wang, A. H. J. Proc. Natl. Acad. Sci. USA
1991, 88, 4845–4849.

10. Arcamone, F.; Animati, F.; Bigioni, M.; Capranico, G.;
Caserini, C.; Cipollone, A.; De Cesare, M.; Ettorre, A.;
Guaano, A.; Manzini, S.; Monteagudo, E.; Pratesi, G.;
Salvatore, C.; Supino, R.; Zunino, F. Biochem. Pharmacol.
1999, 57, 1133–1139.

11. Zunino, F.; Pratesi, G.; Perego, P. Biochem. Pharmacol.
2001, 61, 933–938.

12. Capranico, G.; Binaschi, M.; Borgnetto, M. E.; Zunino,
F.; Palumbo, M. Trends Pharmacol. Sci. 1997, 18, 303–
346.

13. Baginski, M.; Fogolari, F.; Briggs, J. M. J. Mol. Biol.
1997, 274, 253–267.
14. Cashaman, D. J.; Scarsdale, J. N.; Kellogg, G. E. Nucleic
Acid Res. 2003, 31, 4410–4416.

15. Chaires, J. B.; Satyanarayana, S.; Suh, D.; Fokt, I.;
Przewloka, T.; Priebe, W. Biochemistry 1996, 35, 2047–
2053.

16. Cashaman, D. J.; Kellogg, G. E. J. Med. Chem. 2004, 47,
1360–1374.

17. Guano, F.; Pourquier, P.; Pinelli, S.; Binaschi, M.;
Bigioni, M.; Animati, F.; Manzini, S.; Zunino, F.;
Kohlhagen, G.; Pommier, Y.; Capranico, G. Mol. Phar-
macol. 1999, 56, 77–84.

18. Wassermann, K.; Markovits, J.; Jazel, C.; Capranico, G.;
Kohn, K. W.; Pommier, Y.Mol. Pharmacol. 1990, 38, 38–
45.

19. McBride, L. J.; Caruthers, M. H. Tetrahedron Lett. 1983,
24, 245–248.

20. TEXAN: Single Crystal Structure Analysis Software,
Version 5.0,. Molecular Structure Corporation, the Wood-
lands, Tx 77381, 1989.

21. Navaza, J. Acta Crystallogr. 1994, A50, 157–163.
22. Sheldrick, G. M.; Schneider, T. R. Methods Enzymol.

1997, 277, 319–343.
23. Brunger, A. T.; Adams, P. D.; Clore, G. M.; Delano, W.

L.; Gros, P.; Grosse-Kunsteleve, R. W.; Fiang, J.;
Kuszewsky, J.; Niles, M.; Pannu, N. S.; Read, R. J.; Rice,
L. M.; Simmonson, T.; Warren, G. L. Acta Crystallogr.
1998, D54, 905–921.

24. Jones, T. A.; Zhou, J. Y.; Cowan, S. W.; Kjeldoard, M.
Acta Crystallogr. 1991, A47, 110–119.

25. Schmidt, M. W.; Baldridge, K. K.; Boatz, J. A.; Elbert, S.
T.; Gordon, M. S.; Jensen, J. J.; Koseki, S.; Matsunaga,
N.; Nguyen, K. A.; Su, S.; Windus, T. L.; Dupuis, M.;
Montgomery, J. A. J. Comput. Chem. 1993, 14, 1347–
1363.

26. Binkley, J. S.; Pople, J. A.; Hehre, W. J. J. Am. Chem. Soc.
1980, 102, 939–941.

27. Tomasi, J.; Persico, M. Chem. Rev. 1994, 94, 2027–2040.
28. Esnouf, R. M. Acta Crystallogr. 1999, D55, 938–941.
29. Nicholls, A. GRASP: Graphical representation and analy-

sis of surface properties; Columbia University: New
York, 1993.


	Role of the amino sugar in the DNA binding of disaccharide anthracyclines: crystal structure of the complex MAR70/d(CGATCG)
	Introduction
	Results and discussion
	Molecular structure
	Comparison of disaccharide anthracycline ndash DNA complexes
	Role of the amino sugar

	Conclusions
	Materials and methods
	Acknowledgments
	Supplementary data
	References and notes


