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Abstract

The sugar moiety is an essential component of anthracycline antibiotics for their topoisomerase poisoning activity and antitumor efficacy.
Since the sugar interacts with the minor groove, modifications in this moiety could enhance the recognition potential of the drug at the target
level. Based on this hypothesis, novel anthracyclines, disaccharides lacking the amino group in the first (aglycone-linked) sugar, were
designed. The 39-amino group in the first sugar was replaced by an hydroxyl group, and the second sugar residue was bound to the first sugar
via ana (1–4) linkage. The cytotoxic and antitumor activities of disaccharide analogs of idarubicin were critically dependent on the optimal
(axial) orientation of the second sugar residue. Although configurational requirements of the sugar moiety for optimal drug activity support
a critical role of the external (non-intercalating) drug domains in the interaction of anthracyclines with the DNA-topoisomerase (ternary
complex), the antitumor efficacy of disaccharide analogs is not fully explained by effects mediated by the nuclear enzyme target. The
development of this novel disaccharide series may provide insights for a rational synthesis of anthracycline analogs with improved
pharmacological profile. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction

Anthracycline antibiotics represent a major class of anti-
tumor agents, with a wide spectrum of activity in human
cancer [1]. In spite of intense efforts in analog synthesis, the
most effective agent of this class remains doxorubicin. Like
other DNA-intercalating agents effective as antitumor com-
pounds, anthracyclines exert their cytotoxic activity by inter-
fering with the function of DNA topoisomerase II, an essential
nuclear enzyme that regulates DNA topology during multiple
DNA processes (replication, transcription, recombination) [2].
The inhibitory properties of anthracyclines are not simply re-
lated to the DNA–drug intercalation. The recognition that
DNA topoisomerase II is the primary target of anthracyclines
provides a more rational basis for the design of effective
analogs. The topoisomerase II inhibitors form a DNA–drug–
enzyme complex (ternary complex) by stabilizing an interme-
diate of the enzyme reaction (the so-called cleavable complex)
in which DNA strands are broken and the enzyme subunits are
covalently linked to the broken DNA strands. DNA binding
and intercalation are necessary but not sufficient conditions for
optimal activity of anthracyclines [3]. Indeed, the external

(non-intercalating) moieties of the anthracyclines (Fig. 1) ap-
pear crucial for poisoning topoisomerase activity and ther-
apeutic efficacy [4,5]. For example, in spite of a DNA-
binding affinity comparable to that of doxorubicin, 9-deoxy-
doxorubicin is characterized by a substantially reduced ability
to stimulate topoisomerase-mediated DNA cleavage and a
markedly reduced cytotoxic potency [6,7]. Thus, although
DNA intercalation may have a relevant role in the mechanism
of drug interaction in the ternary complex, external interactions
involving the sugar moiety and cyclohexene ring A appear to
be more critical than the strength of the DNA–drug interaction.
In particular, the sugar moiety is recognized to be critical for
the activity of anthracyclines as topoisomerase poisons. The
recent development of a novel series of anthracycline disac-
charides provides further insights into the role of the sugar
moiety [8,9]. A doxorubicin analog of this series exhibits an
improved profile of antitumor activity as compared with doxo-
rubicin and could represent the progenitor of a new generation
of promising anthracyclines [10,11].

2. Role of the sugar moiety

Original studies on structure–activity relationship have
shown an important role for the structure and stereochem-
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istry of the aminosugar (daunosamine) on the pharmacolog-
ical activity of anthracyclines related to doxorubicin [12–
15]. These studies implicated the basic amino group at C-39
as a determinant of the stabilization of drug intercalation
into DNA [16]. This interpretation was based on the evi-
dence that the blocking of the amino function, as in the
amide derivatives, results in a substantial loss of cytotoxic
activity and in reduced DNA-binding affinity [15,16]. In
addition, the binding of theb anomer of doxorubicin to
DNA is markedly different from that of the naturala ano-
mer [14], thus supporting the view that the external binding
moieties dictate the mode of binding. However, the pres-
ence of a basic amino group at C-39 is not an essential
requirement for activity of doxorubicin-related anthracy-
clines [5,17]. In spite of a reduced DNA-binding affinity of
39-substituted analogs, a proper substituent at the 39-posi-
tion (e.g. hydoxyl group) confers a comparable cytotoxic
and antitumor activity [5]. Relevant to this point is the
observation that the substitution of the charged amino group
for a more hydrophobic substituent results in compounds
able to overcome typical (P-glycoprotein-mediated) multi-
drug resistance [5].

On the basis of such observations indicating that (a)
specific interactions of the sugar moiety are essential for
drug activity, and (b) the amino group can be replaced by a
proper (small) substituent, a large number of 39-substituted
anthracyclines have been synthesized [15]. The activity of
analogs with bulky substituents at the 39-position is related
to a mechanism of action different from topoisomerase II
inhibition [5]. Indeed, the presence of a bulky substituent at
the 39-position (as in the 39-morpholinyl or 39-methoxy-
morpholinyl derivatives) completely inhibited the stimula-
tion of the topoisomerase II-mediated DNA cleavage [5].
The 39-position also has been exploited for the synthesis of

alkylating anthracyclines. Alkylcyclines are very potent
cytotoxic agents and are characterized by lack of cross-
resistance with conventional anthracyclines. The presence
of alkylating moieties in the 39-position confers a distinct
mechanism of action for this novel class of anthracyclines [18].

Since the presence of the sugar is an important structural
requirement for bioactivity of anthracycline antibiotics, it
appears evident that modifications in the amino sugar are of
potential interest in modulating drug efficacy. A rational
modification of the sugar is still limited by lack of precise
information on sugar interactions with DNA and topoisom-
erase in the ternary complex [19]. The amino sugar is
located in the minor groove with a sequence preference
[20], which is consistent with the sequence specificity of
DNA topoisomerase II-stimulated DNA cleavage [19,21].
Modifications of substituents in the fused ring system (rings
B, C, and D; see Fig. 1) could change the orientation of the
intercalated chromophore, thus influencing the external in-
teractions of the sugar. Indeed, removal of the 4-methoxy
group improved the drug efficacy to stabilize the cleavable
complex [3]. Similarly, substitutions on the non-planar cy-
clohexane ring A could influence the position of the amino
sugar in the minor groove [4]. Taken together, all this
information supports the hypothesis that bioactivity of an-
thracyclines requires optimal fit of the sugar at the interface
between DNA and topoisomerase, which is determined by
its structure and conformation and by DNA interactions
with other drug domains [22].

3. Rationale for the development of disaccharide
analogs

The interest in modifying the sugar moiety is spawned by
evidence that minor groove binders are characterized by
sequence-recognizing properties [20,22]. In an attempt to
enhance the recognition potential of the sugar in the minor
groove, the 49-position appears suitable for introduction of
a bulky substituent (e.g. additional sugar residues). Several
anthracycline glycosides containing a disaccharide or trisac-
charide chain have been described [23,24]. A structural
feature common to natural disaccharides is the presence of
an amino sugar as the carbohydrate moiety directly linked to
the chromophore. A second sugar residue, bound bya [1–4]
glycosidic linkage, is present in the natural compound 49-
O-a-daunosaminyl daunorubicin and in other semisynthetic
derivatives [15]. Apparently, the second sugar does not
provide improvement in cytotoxic or antitumor activity
[15]. A nonaminated sugar residue directly attached to the
aglycone is present in an inactive disaccharide analog in
which the second sugar is linked at the 39-position [25]. The
inactivity of such a compound could have been predicted on
the basis of evidence that the substituent at the 39-position is
involved in optimal drug interaction in the ternary complex
and in determining the sequence selectivity of anthracy-
cline-stimulated DNA cleavage [7]. Indeed, when the 39-

Fig. 1. Structure of doxorubicin showing the drug domains likely relevant
for pharmacological activity.
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amino group is replaced by an hydroxyl group, the 39-
desamino-39-hydroxy anthracycline analogs retain
significant cytotoxic and antitumor activity [5,17], although
the poor solubility of these compounds represents a relevant
drawback for drug formulation and administration. Thus, in
addition to possible advantages related to expanded recog-
nition at the target site following introduction of the second
sugar at the 49-position, the development of disaccharide
analogs is a useful strategy to overcome solubility problems
as a consequence of removal of the charged amino group.

4. Influence of orientation of the second sugar on
biological activity of disaccharide analogs

Detailed structure–activity studies performed with disac-
charide analogs have documented striking configurational
requirements of the sugar moiety for their biological activity
[8,9]. Among daunorubicin analogs (Fig. 2, compounds1
and2), the introduction of a second sugar residue dramati-
cally reduces the cytotoxic potency. This effect could be
ascribed, at least in part, to a reduction of intracellular drug
accumulation as a consequence of increased hydrophilicity.
In contrast, when the 4-methoxy group is removed (i.e.
idarubicin analogs) (Fig. 2, compounds3 and4), the axial
configuration determined by the l-fucosyl residue confers a
cytotoxic activity comparable or superior to that of natural
antibiotics (doxorubicin and daunorubicin). The glycoside
with the equatorial disposition was found to be substantially
less effective in stimulating topoisomerase II-mediated
DNA cleavage. The cytotoxic potency of the tested disac-
charides closely reflects the ability of the drug to stimulate
topoisomerase II-mediated DNA cleavage. The different
topoisomerase poisoning activities of the disaccharide an-

thracyclines were not related to changes in DNA-binding
ability. Thus, the mode of DNA interaction and/or the ge-
ometry of drug–DNA intercalation, rather than the DNA-
binding affinity, appear to be critical factors for biochemical
and pharmacological activity of anthracyclines. In particu-
lar, the dramatic influence of the orientation of the second
sugar in the 4-demethoxy analogs suggests that the removal
of the bulky 4-methoxy group in the intercalated ring sys-
tem allows more flexible stacking of the planar aromatic
system between base pairs, thus changing the fit of the sugar
in the minor groove and favoring the stabilization of the
ternary complex (drug–DNA–enzyme). This interpretation
is consistent with the observation that idarubicin and, in
general, 4-demethoxy derivatives are very potent as topo-
isomerase II inhibitors [5,26]. Again, these changes in to-
poisomerase poisoning activity could not be ascribed to
DNA-binding affinity [26]. Taken together, such observa-
tions support the hypothesis that the external interactions of
the non-intercalating domains of the drug are critical deter-
minants of drug efficacy at the target level.

The importance of modifications at position 49 of the
sugar moiety of anthracyclines has already been docu-
mented in the pyrromycinone-based anthracyclines contain-
ing two or three sugar residues with the axial orientation
(Fig. 3) [27]. The addition of a second sugar residue (2-
deoxyfucose) at the 49-position of the first aminated sugar of
pyrromycin (i.e. musettamycin; Fig. 3, compound6) in-
creases antitumor potency and inhibition of nucleolar RNA
synthesis. The presence of a third sugar residue (also 2-de-
oxyfucose), as in marcellomycin (compound7), further in-
creases the biological effects of the drug. The increase in the
length of the oligosaccharide chain in this series of natural
anthracyclines is correlated with an increase of binding
affinity. Additionally, the nature of the terminal sugar res-
idue significantly influences the DNA interaction. However,
DNA-binding affinity of trisaccharide derivatives of the
pyrromycinone series is not correlated with antitumor po-
tency [27]. Natural glycosides of this series are potent to-
poisomerase I inhibitors [28]. Again, no precise correlations
exist between affinity constants for DNA and ability to
stimulate DNA cleavage [27,28]. Indeed, in spite of reduced
DNA-binding affinity [29], rudolfomycin (containing red-
nosamine as the terminal sugar residue) is substantially
more potent than marcellomycin as a topoisomerase I in-
hibitor [28]. Since the oligosaccharide chain lies in the DNA
minor groove [29,30], the terminal saccharide may affect
the precise interactions of the drug and/or cause structural
DNA perturbations, influencing the function of the topo-
isomerase. Thus, as observed for idarubicin-related disac-
charides as topoisomerase II inhibitors [8], the mode of
DNA binding rather than the binding affinity is a critical
determinant of topoisomerase I inhibition by anthracyclines.

The mechanism of action of natural anthracycline oligo-
saccharides (e.g. aclacinomycin A) is substantially different
from that of daunorubicin- or doxorubicin-related monosac-
charides, since the former could act as a topoisomerase I or

Fig. 2. Disaccharide analogs of daunorubicin (1, 2) and idarubicin (3, 4).
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a dual topoisomerase I/II inhibitor [22,28]. Again, the abil-
ity to poison topoisomerase I has been ascribed to the
saccharide moiety, which could interfere with specific en-
zyme functions involving the minor groove [28,31]. This
interpretation is consistent with a specific inhibition of to-
poisomerase I by 39-morpholinyl doxorubicin [32]. In con-
trast, the novel disaccharide analogs of idarubicin lacking
the amino group in the first sugar were much more potent
against topoisomerase II than topoisomerase I [9]. However,
the idarubicin analog with the axial orientation was found to
be more efficient in stabilizing topoisomerase I–DNA co-
valent complexes [9]. Thus, a possible contribution of to-
poisomerase I inhibition in the efficacy of anthracycline
disaccharides should not be ruled out.

5. Conclusions

The most relevant pharmacological feature of the idaru-
bicin disaccharides is the ability of the analog with the
optimal (axial) orientation of the second sugar to signifi-
cantly inhibit the growth of human solid tumor xenografts
[8]. The antitumor efficacy of the disaccharide analog is
comparable to that of doxorubicin. The activity of a dauno-
rubicin-related analog against solid tumors is a somewhat
unexpected feature in anthracyclines lacking the 14-hy-
droxy group. Indeed, the structurally related idarubicin (i.e.
4-demethoxy daunorubicin) is almost inactive against solid
tumor models [8]. The molecular/cellular basis of the
change in the pattern of tumor response to the novel disac-
charide analog remains unknown. The evidence that optimal
configuration of the disaccharide moiety in the idarubicin
series confers activity in solid tumors stimulated the syn-
thesis of 14-hydroxy analogs [10,33,34]. The effort led to
the development of a doxorubicin disaccharide analog,
daunosaminyl-2-deoxy-fucosyl doxorubicin (MEN 10755)
[10]. The novel compound is more active than doxorubicin
in human tumor models characterized by MDR-unrelated
intrinsic resistance [10,11]. The improved antitumor effi-
cacy observed with the novel analog has been tentatively
related to an increased ability of the drug to induce apopto-
sis in vivo [10,35]. Indeed, MEN 10755 was more potent
than doxorubicin as an inducer of apoptosis in all examined
tumor models, and was more effective than doxorubicin in
the treatment ofp53mutant tumors [11]. Most of the tumors
refractory to doxorubicin and responsive to MEN 10755 are
characterized by overexpression of the Bcl-2 protein [11].
Although the precise role of this antiapoptotic protein in
resistance to anthracyclines is still uncertain [35,36], a plau-
sible explanation of the efficacy of MEN 10755 in Bcl-2-
overexpressing tumors is the ability of the disaccharide
analog to activate an apoptotic pathway, resulting in Bcl-2
inactivation. This interpretation is supported by a recent
observation that response of the MX-1 breast carcinoma to
effective treatment with MEN 10755 was associated with an
early and marked phosphorylation of Bcl-2 [36]. This effect

Fig. 3. Structures of natural oligodisaccharides: pyrromycin (5), musetta-
mycin (6), and marcellomycin (7).
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was not detectable in doxorubicin-treated tumors, which
were poorly drug responsive.

In spite of a reduced intracellular accumulation and a
different subcellular distribution compared to doxorubicin,
MEN 10755 exhibits comparable or superior cytotoxic ac-
tivity [10]. This behavior at the cellular level parallelsin
vivo effects, since the superior antitumor activity could not
be ascribed to drug accumulation in the tumor [37]. The
DNA cleavage stimulated by the disaccharide analog ap-
pears to be longer lived than that stimulated by doxorubicin,
thus supporting a more stable interaction of the disaccharide
analog in the ternary complex, as we anticipated. Moreover,
since the subcellular distributions of the two drugs are
markedly different and the nuclear accumulation of the
disaccharide analog is substantially lower than that of doxo-
rubicin, a reduced concentration at target levels is also
expected. This observation raises the possibility that addi-
tional extranuclear (i.e. topoisomerase-independent) effects
may contribute to cellular response to disaccharide analogs.

In conclusion, the molecular and pharmacological fea-
tures of disaccharide analogs support the interest of this
novel series of anthracyclines. Optimization of the carbo-
hydrate structure of anthracycline disaccharides, which may
influence both drug–target interaction and cellular pharma-
cokinetics, could improve the efficacy and antitumor selec-
tivity. This possibility is supported by the development of
novel analogs of the disaccharide series.1,2

Acknowledgments

This work was partially supported by the Associazione
Italiana per la Ricerca sul Cancro, Milan, and by the Min-
istero della Sanita’, Roma, Italy.

References

[1] Weiss RB. The anthracyclines: will we ever find a better doxorubicin?
Semin Oncol 1992;19:670–86.

[2] Chen AY, Liu LF. DNA topoisomerases: essential enzymes and lethal
targets. Annu Rev Pharmacol Toxicol 1994;34:191–218.

[3] Zunino F, Capranico G. DNA topoisomerase II as the primary target
of anti-tumor anthracyclines. Anticancer Drug Des 1990;5:307–17.

[4] Animati F, Arcamone F, Bigioni M, Capranico G, Caserini C, De
Cesare M, Lombardi P, Pratesi G, Salvatore C, Supino R, Zunino F.
Biochemical and pharmacological activity of novel 8-fluoroanthracy-

clines: influence of stereochemistry and conformation. Mol Pharma-
col 1996;50:603–9.

[5] Capranico G, Supino R, Binaschi M, Capolongo L, Grandi M, Suarato
A, Zunino F. Influence of structural modifications at the 39 and 49
positions of doxorubicin on the drug ability to trap topoisomerase II and
to overcome multidrug resistance. Mol Pharmacol 1994;45:908–15.

[6] Capranico G, De Isabella P, Penco S, Tinelli S, Zunino F. Role of
DNA breakage in cytotoxicity of doxorubicin, 9-deoxydoxorubicin,
and 4-demethyl-6-deoxydoxorubicin in murine leukemia P388 cells.
Cancer Res 1989;49:2022–7.

[7] Capranico G, Butelli E, Zunino F. Change of the sequence specificity
of daunorubicin-stimulated topoisomerase II DNA cleavage by
epimerization of the amino group of the sugar moiety. Cancer Res
1995;55:312–7.

[8] Arcamone F, Animati F, Bigioni M, Capranico G, Caserini C, Cipol-
lone A, De Cesare M, Ettorre A, Guano F, Manzini S, Monteagudo E,
Pratesi G, Salvatore C, Supino R, Zunino F. Configurational require-
ments of the sugar moiety for the pharmacological activity of anthra-
cycline disaccharides. Biochem Pharmacol 1999;57:1133–9.

[9] Guano F, Pourquier P, Tinelli S, Binaschi M, Bigioni M, Animati F,
Manzini S, Zunino F, Kohlhagen G, Pommier Y, Capranico G.
Topoisomerase poisoning activity of novel disaccharide anthracy-
clines. Mol Pharmacol 1999;56:77–84.

[10] Arcamone F, Animati F, Berettoni M, Bigioni M, Capranico G,
Casazza AM, Caserini C, Cipollone A, De Cesare M, Franciotti M,
Lombardi P, Madami A, Manzini S, Monteagudo E, Polizzi D, Pratesi
G, Righetti SC, Salvatore C, Supino R, Zunino F. Doxorubicin dis-
accharide analogue: apoptosis-related improvement of efficacyin
vivo. J Natl Cancer Inst 1997;89:1217–23.

[11] Pratesi G, De Cesare M, Caserini C, Perego P, Dal Bo L, Polizzi D,
Supino R, Bigioni M, Manzini S, Iafrate E, Salvatore C, Casazza A,
Arcamone F, Zunino F. Improved efficacy and enlarged spectrum of
activity of a novel anthracycline disaccharide analogue of doxorubi-
cin against human tumor xenografts. Clin Cancer Res 1998;4:2833–9.

[12] DiMarco A, Casazza AM, Gambetta R, Supino R, Zunino F. Rela-
tionship between activity and amino sugar sterochemistry of dauno-
rubicin and adriamycin derivatives. Cancer Res 1976;36:1962–6.

[13] DiMarco A, Casazza AM, Dasdia T, Necco A, Pratesi G, Rivolta P,
Velcich A, Zaccara A, Zunino F. Changes of activity of daunorubicin,
adriamycin and stereoisomers following the introduction of removal
of hydroxyl groups in the amino sugar moiety. Chem Biol Interact
1977;19:291–302.

[14] Zunino F, Gambetta R, Di Marco A, Velcich A, Zaccara A, Quadri-
foglio F, Crescenzi V. The interaction of adriamycin and itsb anomer
with DNA. Biochim Biophys Acta 1977;476:38–46.

[15] Arcamone F. Doxorubicin. In: Stevens G, editor. Medicinal chemistry
series, vol. 17. New York: Academic Press, 1981. p. 196–258.

[16] Zunino F, Gambetta R, Di Marco A, Zaccara A. Interaction of
daunomycin and its derivatives with DNA. Biochim Biophys Acta
1972;277:489–98.

[17] Priebe W, Van NT, Burke TG, Perez-Soler R. Removal of the basic
center from doxorubicin partially overcomes multidrug resistance and
decreases cardiotoxicity. Anticancer Drugs 1993;4:37–48.

[18] Marchini S, Gonzalez-Paz O, Ripamonti M, Geroni C, Bargiotti A,
Caruso M, Todeschi S, D’Incalci M, Broggini M. Sequence-specific
DNA interactions by novel alkylating anthracycline derivatives. An-
ticancer Drug Des 1995;10:641–53.

[19] Capranico G, Binaschi M, Borgnetto ME, Zunino F, Palumbo M. A
protein-mediated mechanism for the DNA sequence-specific action of
topoisomerase II poisons. Trends Pharmacol Sci 1997;18:323–9.

[20] Frederick CA, Williams LD, Ughetto G, van der Marel GA, van
Boom JH, Rich A, Wang AH-J. Structural comparison of anticancer
drug-DNA complexes: adriamycin and daunomycin. Biochemistry
1990;29:2538–49.

[21] Capranico G, Zunino F. Antitumor inhibitors of DNA topoisomer-
ases. Curr Pharm Des 1995;1:1–14.

1 Cipollone A, Berettoni M, Binaschi M, Cermeli C, Olivieri L, Palomba
D, Salvatore C, Goso C, Maggi CA, Animati F, Novel anthracycline
oligodisaccharides: influence of chemical modifications of the carbohy-
drate moiety on biological activity. 11th NCI-EORTC-AACR Symposium
on New Drugs in Cancer Therapy, Amsterdam, November 2000:7–10.

2 Bigioni M, Irrissuto C, Cipollone A, Berettoni M, Maggi CA, Animati
F, Goso C, Influence of sugar modification on antitumor activity in a new
series of disaccharide anthracyclines. 11th NCI-EORTC-AACR Sympo-
sium on New Drugs in Cancer Therapy, Amsterdam, November 2000:7–10.

937F. Zunino et al. / Biochemical Pharmacology 61 (2001) 933–938



[22] Zunino F, Capranico G. Sequence-selective groove binders. In:
Teicher B, editor. Cancer therapeutics: experimental and clinical
agents. Totowa, NJ: Humana Press, 1996. p. 195–214.

[23] Arcamone F, Cassinelli G. Biosynthetic anthracyclines. Curr Med
Chem 1998;5:391–419.

[24] Arcamone F, Animati F, Capranico G, Lombardi P, Pratesi G, Man-
zini S, Supino R, Zunino F. New developments in antitumor anthra-
cyclines. Pharmacol Ther 1997;76:117–24.

[25] Horton D, Priebe W, Sznaidman ML, Varela O. Synthesis and anti-
tumor activity of anthracycline disaccharide glycosides containing
daunosamine. J Antibiot (Tokyo) 1993;46:1720–30.

[26] Binaschi M, Farinosi R, Austin CA, Fisher LM, Zunino F, Capranico G.
Human DNA topoisomerase IIa-dependent DNA cleavage and yeast cell
killing by anthracycline analogues. Cancer Res 1998;58:1886–92.

[27] DuVernay VH. Molecular pharmacology of anthracycline antitumor
antibiotics. In: Cancer and chemotherapy, vol. III. New York: Aca-
demic Press, 1981. p. 233–71.

[28] Nitiss JL, Pourquier P, Pommier Y. Aclacinomycin A stabilizes
topoisomerase I covalent complexes. Cancer Res 1997;57:4564–9.

[29] Yang D, Wang AH-J. Structure by NMR of antitumor drugs aclaci-
nomycin A and B complexed to d(CGTACG). Biochemistry 1994;
33:6595–604.

[30] Shelton CJ, Harding MM, Prakash AS. Enzymatic and chemical
footprinting of anthracycline antitumor antibiotics and related sac-
charide side chains. Biochemistry 1996;35:7974–82.

[31] Sim SP, Gatto B, Yu C, Liu AA, Li TK, Pilch DS, LaVoie EJ, Liu LF.
Differential poisoning of topoisomerases by menogaryl and nogala-

mycin dictated by the minor groove-binding nogalose sugar. Bio-
chemistry 1997;36:13285–91.

[32] Wassermann K, Markovits J, Jaxel C, Capranico G, Kohn KW,
Pommier Y. Effects of morpholinyl doxorubicins, doxorubicin, and
actinomycin D on mammalian DNA topoisomerase I and II. Mol
Pharmacol 1990;38:38–45.

[33] Animati F, Berettoni M, Cipollone A, Franciotti M, Lombardi P,
Monteagudo E, Arcamone F. New anthracycline disaccharides. Synthe-
sis of l-daunosaminyl-a(134)-2-deoxy-l-rhamnosyl and l-daunosami-
nyl-a-(134)-2-deoxy-l-fucosyl daunorubicin analogues. J Chem Soc
[Perkin I] 1996;1327–9.

[34] Monteagudo E, Madami A, Animati F, Lombardi P, Arcamone F. Con-
formational analysis of 4-demethoxy-7-O-[2,6-dideoxy-4-O-(2,3,6-
trideoxy-3-amino-a-l-lyxo-hexopyranosyl)-a-l-lyxo-hexopyranosyl] ad-
riamycinone, the first doxorubicin disaccharide analogue to be
reported. Carbohydr Res 1997;300:11–6.

[35] Perego P, Corna E, De Cesare M, Gatti L, Polizzi D, Pratesi G,
Supino R, Zunino F. Role of apoptosis and apoptosis-related genes in
cellular response and antitumor efficacy of anthracyclines. Curr Med
Chem, 2001;8:31–7.

[36] Pratesi G, Polizzi D, Perego P, Dal Bo L, Zunino F. Bcl-2 phosphor-
ylation in a human breast carcinoma xenograft: a common event in
response to effective DNA-damaging drugs. Biochem Pharmacol
2000;60:77–82.

[37] Gonzalez-Paz O, Polizzi D, De Cesare M, Zunino F, Bigioni M,
Maggi CA, Manzini S, Pratesi G. Tissue distribution, antitumor
activity andin vivo apoptosis induction by MEN10755 in nude mice.
Eur J Cancer, in press.

938 F. Zunino et al. / Biochemical Pharmacology 61 (2001) 933–938


