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Among the disaccharide derivatives of the antitumor anthracycline doxorubicin, sabarubicin (Men10755)is
more active and less cytotoxic than doxorubicin. It showed a strong in vivo antitumor activity in all preclin-
ical models examined, in conjunction with a better tolerability, and is now in phase II clinical trials.

The interaction of sabarubicin and Men10749 (a similar disaccharide with a different configuration at C-4’ of
the proximal sugar) with the hexanucleotides d(CGTACG), and d(CGATCG), was studied by a combined use
of 2D-"H and *'P NMR techniques. Both 'H and *'P chemical shifts of imino protons and phosphates allowed
to established the intercalation sites between the CG base pairs, as it occurs for other anthracyclines of the
series. The dissociation rate constants (ko) of the slow step of the intercalation process were measured for
Men10755 and Men10749, by NMR NOE-exchange experiments. The increase of k¢, with respect of doxo-
rubicin, showed that the intercalation process is significantly faster for both drugs, leading to an average res-
idence time for sabarubicin into d(CGTACG), sixfold shorter than for doxorubicin. This could give account of
both higher cytoplasmic/nuclear ratio and lower cellular uptake of sabarubicin in comparison with doxoru-
bicin and accordingly of the lower cytotoxicity of these disaccharide analogues.

A relevant number of NOE interactions allowed the structure of the complexes in solution to be derived
through restrained MD calculations. NMR-DOSY experiments were performed with several drug/oligonu-

cleotide mixtures in order to determine the structure and the dimension of the aggregates.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Anthracyclines are one of the most widely used class of antitumor
agents and doxorubicin is the most active drug of this class.! The
mechanism of the antitumor and cytotoxic activity of doxorubicins,?
as well as of many other intercalating agents, is generally accepted to
occur via the interference with the function of topoisomerase II, a
nuclear enzyme that regulates the DNA topology. In spite of many
years of study, the mechanism by which these molecules mediate
their relatively selective antitumor effects is not yet clear. Although
DNA intercalation is necessary for the activity, the mode and the site
of drug binding was considered more critical than the strength of the
DNA binding. The sugar and the cyclohexene rings were suggested to
play an important role in the formation and stabilization of the ter-
nary complex (DNA-drug-topoisomerase I1).3# As the sugar moiety,
which in the complex is located in the minor groove, appears critical
for the activity, a number of disaccharide analogues of daunorubicin
and doxorubicin, have been synthesized.> The suggestion that the
sugar moiety is important to modulate the activity was confirmed
by the outstanding potent antitumor activity of 3’-morpholinyl
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derivatives of doxorubicin,® however associated with a too high
cytotoxicity.*” The morpholinyl analogues apparently possess a
mechanism of action that differs from that of the parent anthracy-
clines, as they poison also topoisomerase 1.2 They form very stable
complex with DNA, with a high residence time into the double helix,
an order of magnitude longer than for doxorubicin, when measured
with model oligonucleotides.>°

Among the disaccharide derivatives of the antitumor anthracy-
cline doxorubicin, sabarubicin (Men10755), is more active and less
cytotoxic than the parent compound. It showed an important
in vivo antitumor activity in all preclinical models examined,
including tumors resistant to doxorubicin, in conjunction with a
better tolerability with respect to doxorubicin, and is now in phase
11 clinical trials.'*~' In this compound (Scheme 1) the amino sugar
(daunosamine) is distal from the aglycone, while the proximal
sugar (fucose) has the doxorubicin configuration at C-4’ (i.e., 4'S),
resulting in an axial orientation of daunosamine ring. The confor-
mational preference at the glycosidic bond and the shape of ring
A, determined in dimethylsulfoxide solution,'* are similar as for
doxo and related anthracyclines.'>!® The binding constant to calf
thymus DNA, measured by UV and fluorescence spectroscopy
resulted equal to that of doxorubicin (10°® M~!) measured in the
same conditions.!” These parameters are known to be strongly
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dependent on the non-specific ionic interactions with the nega-
tively charged ionic surface of DNA, which always occurs with a
positively charged ligand; in addition in this case, the strong self-
association process might affect the measures. The X-ray analysis'®
of the complex formed between Men10755 and the model oligonu-
cleotide d(CGATCG), is more informative because it gives a de-
tailed geometry of the complex: the structure is the same
observed for other anthracyclines, that is, two drug molecules
intercalated between the CG base pairs, with both sugar rings in
the minor groove in one site, whereas in the other site the daunos-
amine moiety protrude out of the helix.

No study on the interaction in solution of disaccharides of this
series with oligonucleotides has been reported so far. We thought
that such an investigation by NMR experiments, in order to obtain
information on the dynamic process of the intercalation could be of
interest. The dissociation rate constants (ko) of the slow step of
the intercalation process can be measured with high accuracy di-
rectly by NMR NOE-exchange experiments'® and were found not
to depend upon ionic strength and self-association phenomena,

as occurs for the binding constants. The kinetic constants (1/kog)
are an expression of the average residence time of the drug in
the intercalation sites, a parameter which appeared to be related
to the cytotoxic activity.>1°

We present here the study of sabarubicin, the most important
compound of this series, in comparison with a disaccharide ana-
logue of daunorubicin, Men10749. This latter, which has a 4'S con-
figuration at C-4' of fucose, was found? to be less active and less
effective in stimulating topoisomerase II cleavage than sabarubi-
cin. The NMR experiments were performed with the double helix
oligonucleotides d(CGTACG), and d(CGATCG), henceforth referred
as ‘TA’ and ‘AT’, respectively. Doxorubicin and daunorubicin are re-
ferred as doxo and dauno. With (I) is indicated the proximal sugar
to the aglycone (fucose), with (II) the distal sugar (daunosamine).

2. Results and discussion
2.1. 'H NMR experiments

TH NMR titrations were performed in different conditions (see
Section 4), but the best results were obtained in H,O without salts.
For both sabarubicin and Men10749 complexes all the protons of
the bound species were attributed. Selected values are reported in
Table 1, while the complete set of data are given in the Supplemen-
tary. The aromatic protons of the base pairs give two signals, due to
the bound and free species, whereas the two resonances of the other
protons are in general not well separated, leading often to broad
signals.

Table 1
Selected 'H chemical shift values for the complexes of sabarubicin with d(CGATCG),
and to d(CGTACG),?

d(CGATCG), 15 °C bound to Men10755 As®

NHC;Gg 13.04¢, 11.98¢ -1.06
NHG,Cs 12.80¢, 11.98¢ -0.83
NHA;T,¢ 13.42¢, 12.96¢ —-0.56
2-H As 7.79, 7.29 -0.50
8-H As 8.37,8.15 -0.22
8-H G, 7.99, 7.86 -0.13
8-H Ge 7.94,7.76 -0.18
6-H (& 7.74,7.29 -045
6-H Cs 7.40° -0.22
6-H T4 7.17, 6.96 —0.21
5-H (& 5.80, 5,61 -0.19
5-H G5t 5.48,5.19 -0.29
Drug

6-OH 12.83¢, 12.18¢ -0.64
11-OH 12.688, 11.74¢ —0.94
d(CGTACG), 10 °C bound to Men10755 ASh
NHC;Gg 13.04¢, 11.99¢ -1.37

11.80%, 11.67¢
NHG,Cs 12.84¢, 12.72¢ -1.04
12.15¢, 11.80¢
NHT3A4¢ 13.44¢, 13.26¢ -035

12.129, 13.09¢

Drug bound species
6-OH 12.65, 12.54 -0.29
11-OH 12.16, 11.92 —0.76

2 Measured from external DSS. Solvent H,0-D,0 (90:10 v/v), pH 6.7, R = [ligand]/
[DNA] = 2. Two signals, due to free and bound species were in general detected,
unless otherwise specified.

b As= Obound — Ofree.

¢ Free species; the values are in general equal to those of the oligonucleotide in
water.

4 Bound species.

¢ Measured from the centre of a broad signal.

f Detected in D, O for R=1.

& The free species is absent. These values were obtained in the same conditions
without the oligonucleotide.

" Maximum value.
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Figure 1. Low field region of 'H NMR spectra in H,O at 15 °C of sabarubicin/AT
complex at different R = [drug]/[DNA]: (a) R=0, (b) R=0.5, (c) R=1.0, (d) R=2.0.
The resonances belonging to the bound (b) and free (f) species are indicated.

The increase of the resonances of NH and OH protons belonging to
the bound species can easily be followed during the titration exper-
iments with sabarubicin, as shown in Figure 1. With R =[drug]/
[DNA] =2, the 6-OH and 11-OH signals of the drug are relatively
sharp, as well as the imine protons NHG, Cs and NHC;Gg, whereas
those of NHA3T, are broader. The imine protons of the bound species
are in slow exchange with those of the free species, still present in
small amount, and were assigned by NOE interactions with the gem-
inal NH, and the aromatic 6-H protons of cytidines Cs and C; for
NHG,Cs and NHC;Gg, respectively, and by the NOE with 2-H(A3)
for NHAsT,4. The 6-OH and 11-OH signals of the bound species lie
at 12.18 and 11.74 ppm, respectively, those of the free drug were
never detected, because of fast exchange with water, being no more
protected by the double helix. They are indeed very broad evenin the
case of the free drug in very diluted water solution, were they appear
at 12.83 and 12.68 ppm; in this case 6-OH was assigned at
12.83 ppm by the NOE cross-peak with H-7 in peri position on ring
A of the drug. This interaction was not detected in the bound species,
but inter-molecular NOEs of 11-OH with C; and G, protons were ob-
served. Similar experiments were performed with Men10749.

The significant up field shift variation (0.8-1.0 ppm) found for the
imine proton NHC;Gg and especially NHG,Cs, suggests that the
intercalating sites are between the CG base pairs, as observed in
the solid state and as occurs for other doxorubicins. The complexes
appear symmetrical, at least at the CG sites, while the very broad res-
onance of NHA;T, suggests that in the minor groove the two mole-
cules may assume different positions. A shielding of the same
order was shown for the phenolic OH of the drugs, while the aro-
matic protons of both the drug and the base pairs show a generalized
up field shift of 0.2-0.5 ppm.

We encountered more difficulties with TA complexes. All the
resonances became very broad and did not simplify at R >2. The
spectra in H,O at 10 °C showed two signals for each OH proton
of the drug and four signals for each imine NH proton of the bases
(Table 1). These latter were assigned to the mono-intercalated (two
signals), to the bi-intercalated (one signal) and to the free species
(one signal), which latter decreases during the titration. The two
OH signals were both attributed to the bound species, as those of
the free drug are not detectable.

These results are interpreted as follows: with AT the intercala-
tion at both the CG sites is completed with R =2, whereas in the
case of the TA sequence the second drug molecule intercalates with
much more difficulty, and consequently the mono-intercalated
specie is more stable. The stoichiometry of two drugs per duplex
can also be derived for the sabarubicin/AT complex from the UV
spectra, which present two ‘step’ of intercalation for R=1 and for
R=2-3, in agreement with the X-ray results, but in the case of
TA the two steps are not visible.

2.2. 3P NMR experiments

In order to confirm these results, we performed phosphorus
experiments.

The chemical shift variation of the 3!P resonances should pro-
vide a unique evidence of an intercalation process. A geometrical
deformation in the phosphodiester chain is generally induced by
changes at the level of P-O(5’) and P-O(3’) bonds. For a B-DNA
type oligomer, the values of the torsion angles o= 0(3")-P-
0(5')-C(5) and (=C(3)-0(3')-P-O(5’) normally are —60° and
—90°, respectively (gauche-gauche conformation), whereas the
gauche-trans conformation (« = —60°, { =180°), as a consequence
of intercalation, is associated with a low-field shift up to 1.0-
1.5 ppm. 102021

The titration experiments on AT with sabarubicin, performed at
15 °C, shows the appearance of a new signal at low field, which was
assigned to Cs pGe by 2D NOESY-exchange, as the assignment for
the free nucleotide is known??23 (A6 = dpound — Jfree = +1.09 ppm).
The spectra reported in Figure 2 show the correlations between
the signals belonging to the phosphates groups of the bound spe-
cies (low field) in chemical exchange with those of the same
groups in the free state. Other new signals appeared at low field,
which were assigned to G,pAs and/or C;pG; (Table 2). The addition
of sabarubicin to TA induces line broadening even with R=0.2 at
25 °C as well as at lower temperatures. However, at 5 °C the reso-
nance at low field of CspGg of the bound species could be detected.
At room temperature the intercalation process is much faster and
the signals are sharper; consequently we could not detect new sig-
nals, but it was possible to follow the progressive low field shift of
all the phosphorus resonances during the titration experiment. In
particular in the case of TA complex, we could follow C;pG, and
G,pTs, as they are well separated in the free oligonucleotide. The
most deshielded are CspGg and G,pTs, with Aé of +0.40 and
+0.35 ppm, respectively, which shows that the deformation of
the phosphodiester chains mainly affects these phosphate groups.

The titration with Men10749 was much more difficult: the very
broad low field signal of CspGg was detected only in the case of AT
complex, with a A¢ of +1.25 ppm. In the case of doxo and nemoru-
bicin (methoxymorpholinodoxorubicin) we measured!® for CspGg
Ad values of +1.5 and +1.2 ppm, respectively, with both oligonucle-
otides, but also G,pAs, with A¢ of +(0.8-1.0) ppm, appeared simi-
larly affected. The strong conformational change of this latter
phosphate must be due to the methoxy group on the chromophore,
which is absent in sabarubicin.

These results are evidence of the intercalation between the CG
base pairs for both drugs and show that the process is slightly more
difficult for CGTA than for CGAT sequence.
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Figure 2. 'H-decoupled 3'P NMR spectra at 15 °C of sabarubicin/AT complex with
different R = [drug]/[DNA]: (a) R=0, (b) R=0.5, (c) R=1.0, (d) R=2.0; (e) 2D->'P-
NOESY exchange spectrum, R = 2.0, tyix 150 ms. Cross peaks arise from chemical
exchange of the phosphates between free and bound species.

2.3. Measure of the kinetic constants

The kinetic aspects of the interaction between sabarubicin and
the two oligonucleotides were studied by means of 2D NOESY-ex-
change experiments on phosphorus and protons, following known
procedure!® previously used® to study this type of molecules. At
15 °C, most base proton resonances in the bound and free environ-
ments are both present for all R values, as they are in a relatively
slow exchange regime. This was proved by TOCSY and ROESY exper-
iments. As all the molecular species are in a dynamic equilibrium, it
was possible to measure the dissociation rate constants (ko) of the
slow step of the intercalation process, which are 4.6 s~ for sabaru-
bicin-TA complex and 2.1 s~ for AT-complex. The latter value was
confirmed by 3'P experiments, which gave a ko of 1.8 s~!. Higher
values, 5.4 and 5.6s”!, were measured for both complexes of
Men10749 (see Table 3 and Fig. 2).

The same measurements were performed with doxo and nemo-
rubicin in the same experimental conditions, in order to have the
best comparison. The data in Table 3 shows that the kinetic of
the intercalation process is significantly faster for sabarubicin than
for doxo, leading to an average life time, 1/ko, into the TA interca-
lation sites of 0.21 s, which is six times shorter than for doxo,
1.25 s, and very much shorter with respect to the most cytotoxic
molecule of this family, that is, nemorubicin, 5 s. The interaction

Table 2
31p chemical shift values for d(CGTACG), and d(CGATCG), bound to Men10755,
Men10749 and doxorubicin®

Phosphate Free Bound to Men10755 doxo®
Group TAC Sbound AS AS
CipG, —-0.43 —0.26 +0.17 +0.45
G,pT3 -0.74 -0.39 +0.35 +0.84
TspAs —0.51 -0.39 +0.12 -0.14
A4pCs —0.54 —0.50 +0.04 -0.14
CspGg -0.49 +0.11 +0.40 +1.53
CspGgd —0.08 +0.90 +0.98
€ AT Jbound Ao Ad
CipG2 -0.33 —0.43f -0.10 +0.43
G,pAs3 —0.31 0.00" +0.31 +1.53
AspTy -0.70 —-0.38 +0.32 <0.2
T4pCs —0.50 —0.51 —-0.01 <0.2
CspGe -0.19 +0.90 +1.09 +1.57
Free Bound to Men10749
€ AT Jbound Ad
CspGe —0.11 +1.14 +1.25

2 Measured in ppm(d) and referenced from external MDA set at 16.8 ppm. Solvent
D,0, pH 6.7, 10 mM phosphate buffer, 0.1 M NaCl, R =2, except for Men10749
performed with R = 1.5. Ad = Spound — Sfree-

b Taken at 25 °C from Ref. 15.

€ 25°C.

4 5°C

€ 15°C.

f The assignments may be interchanged.

Table 3
Dissociation rate constants (kog) and averaged life time (1/kog) for the AT- and TA-
complexes with anthracyclines®

Drug TA-complex AT-complex

Ko (s7) 1/kofs (5) kogr (s) 1/kofs (5)
Men10749 5.4+3.6° 0.18%0.11 5.6 0.6° 0.18 £0.02
Men10755 4.6 +0.45° 0.21 +0.025 21+0.1° 0.47 +0.03
Men10755 = = 1.8 £0.4° 0.55+0.12
Doxorubicin 0.8+0.3° 1.25+0.46 1.2+0.04° 0.83£0.03

Nemorubicin 0.2+£0.1¢ 5.00 £2.5 — —

3 Measured at 15°C from 'H spectra and 3'P spectra, in D,0, pH 6.7, 10 mM
phosphate buffer, 0.1 M NaCl.

b From 'H spectra.

¢ From >'P spectra.

with AT seems more preferred, as also appeared from the titration
experiments, but the intercalation process remains faster for saba-
rubicin with respect to doxo. For Men10749 the process is even
faster than for sabarubicin and is the same with both sequences.

2.4. DOSY experiments

The strong tendency of daunomycins to self-aggregate is well
known.®?42° The equilibrium constants for the dimerization process
of anthracyclines of this series were found of the order of 10* M~",
but larger aggregates might be present in solution, especially at
the NMR concentrations. In the presence of DNA or oligonucleotides
this process appears to be enhanced, otherwise the significant
broadening of all the signals cannot be justified only with the inter-
calation process. It has been suggested?®?7 that the intercalation is
preceded by a fast non-specific outside binding. As the structure
and the dimensions of these aggregates were never investigated,
several drug/TA and drug/AT mixtures were subjected to NMR DOSY
experiments.?®

The results (Table 4) show that all complexes with TA have a
greater molecular weight (MW) than that corresponding to a bi-
intercalated duplex, except for nemorubicin, where the value for
the complex exactly corresponds to the MW of a duplex bound
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Table 4

Diffusion coefficients (DC) and molecular weights (MW) for the AT- and TA-complexes with anthracyclines®

1501

Complex with d(CGTACG), DC MW MW Composition duplex + drugs
(m?s71) exp. caled

Sabarubicin -9.947 10.256 10.224 2+4

Men10749 -9.889 7.722 7.828 1+6

Doxorubicin -9.863 6.704 6.649 1+5

Nemorubicin -9.807 5.042 5.040 1+2

Complex with d(CGATCG), DC MW MW Composition duplex+drugs
(m?s71) exp. caled

Sabarubicin -9.907 8.376 7.828 1+6

Men10749 —9.845 6.183 5.791 1+3

Doxorubicin —9.080 4.874 4912 1+2

Doxorubicin -9.077 4.187 4333 1+1

2 Obtained by DOSY experiments at 25 °C in D0, 10 mM phosphate buffer, 0.1 M NaCl, pH 6.7, R = 2 except for Men10749/TA performed with R = 1.5. The calibration curve

was obtained as described in Ref. 30.

to two drug molecules (5040). Actually, nemorubicin presents min-
imal aggregation phenomena and a strong anchorage to the double
helix with a long residence time, which must be related to the po-
sition of the positive charge located on the morpholino ring. This
bulky and hydrophobic moiety (with the cooperation of the meth-
oxy substituent) strongly reduces the flexibility around the glyco-
sidic bond, and at the same time, acts as a shielding for the positive
charge, with the result of constraining the amino group inside into
the minor groove, and thus non available for intermolecular inter-
actions with an other duplex. For the same reasons, the external io-
nic interactions with the negative ionic surface of the
oligonucleotide by this drug are significantly reduced.

On the contrary, for doxo, as well as for the disaccharide ana-
logues, the positive charge of daunosamine ring is not con-
strained and can easily interact with the ionic surface of the
duplex. The MW obtained for the doxo-TA complex corresponds
to one duplex with five drug molecules, while for the complex
with AT two values were obtained corresponding to a mono-
and to a bi-intercalated duplex. Sabarubicin shows the most sig-
nificant aggregation, which in the case of TA complex involves
two duplex units, as can be represented in Figure 3. The axial
orientation of the daunosamine ring in sabarubicin increases
the flexibility of the sugar moieties, so much that in the solid
phase'® the charged daunosamine ring at the second site can
protrude out of the minor groove. In solution, it is just the
charged amino group of daunosamine that can link the two du-
plexes each other. Men10749, with equatorial orientation of the
daunosamine ring, forms complexes with MW similar to those of
doxorubicin. The absence of the hydroxyl group at C-14 has no
importance, as the OH group is on the aglycone, the orientation
of which is highly conserved through the two series.®

The aggregation phenomenon thus appears significantly more
pronounced for TA- than for AT-complexes. The reason must be
found in the increased stability of the latter ones, and specifically
in the tighter binding of the amino sugar in AT- than in TA-com-
plexes, as observed for dauno in the solid phase.?° Consequently
the amino group is less available for linking an other duplex unit,
and in addition to the intercalation, free drug molecules may bind
externally to the ionic surface of the duplex.

.}B}.Hﬁ S et

+ou P

2.5. NOESY experiments and modeling

The H NOESY spectra of the complexes with both oligonucleo-
tides gave a relevant number of intermolecular interactions be-
tween the ligands and the duplexes and in general the lack of the
sequential intra-molecular NOEs between G, and C; protons of
the nucleotides. Some examples are reported in Figure 4 . At first
we studied the AT-complexes, as the spectra are of a good quality
and because a structure in the solid phase is known.'®

The contacts of the anthraquinone moiety with Cs C; and G,
protons confirm for both drugs the intercalation sites between
the CG base pairs of the helix. Specifically, the orientation of the
aglycone is proved by the selective interactions between the aro-
matic protons and the cytidines, that is, H-1,4 with C; and H-2,3
with Cs. In addition, the contact of 8-CH, with H-1'(Gg) and for
sabarubicin the interaction of 11-OH with guanine G, confirm this
finding. The contacts in the minor groove are more interesting, be-
cause at this site the two intercalated drug molecules may assume
different positions. The protons of both sugar moieties of sabarubi-
cin show NOE interactions with As; and T4. Specifically, the strong
NOE of 5'-Me (II) with H-2 of adenine As indicates that this portion
of daunosamine is deeply inserted in the minor groove. This is con-
firmed by the additional interactions of 5'-Me (II) and H-5'(1I) with
H-1" and H-5'5" of T4,

Driven by the experimental NOEs, two models were devised,
with one molecule and with two molecules of sabarubicin interca-
lated between the terminal CG base pairs. The models were en-
ergy-minimized and subjected to a restrained molecular
dynamics calculations (MD). No other restraints, except for the dis-
tances obtained from the NOE values and the hydrogen bonds be-
tween the DNA base pairs, were applied. In this way the double
helix was allowed to move freely. Table 5 lists the NOE data and
the distances values of the final structure obtained by MD for the
bi-intercalated model (Fig. 5).

The position of the anthraquinone ring is similar for the mono-
and the bi-intercalated models; ring D in the mono-intercalated
structure is slightly closer to H-5 of Cy, while ring A is slightly more
distant from the Gg ribose ring. The orientation of the aglycone in
both models is at 45° with respect to the base pairs, with the aro-

A S Y §+_

— 6\ +‘.g

Figure 3. Schematic models of the molecular aggregate for sabarubicin/TA complex with R = [drug]/[DNA] = 2.0. The filled and dotted black bars represent sabarubicin

molecules externally bound and intercalated in the double helix, respectively.
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Figure 4. Selected region of 2D NOESY spectrum of sabarubicin/AT complex at
15 °C in H,0, pH 6.7, R = 3.0, tnix 300 ms. The NOE interactions are shown.

matic moiety parallel to the planes of the cytidines and guanines.
Ring D is more deeply inserted into the duplex than in the X-ray
structure,'® as results from the NOE contacts between ring D and
C, protons. The intercalation of the second drug molecule should
induce significant conformational changes in the sugar moieties,
as well as in the phosphoribose backbone. In order to discuss this
point, it is better to take an overview of the o and { phosphodiester
angles derived from MD by sampling the conformations every 1 ps.
A selected display for AT-complex is reported in Figure 6, while the
complete set of data are in the Supplementary. The most signifi-
cant conformational changes around the phosphate bonds were
observed for oG, aAs, aGg and {Cs of strand A and for oG, and
aGg of strand B, which values indicate predominantly trans confor-
mations. In the minor groove all the conformations are gauche-
gauche. These results are in good agreement with the strong
down-field shift found for the phosphate resonances of CspGg
and with the smaller deshielding for C;pG, and G,pAs.

The flexibility of the sugar moiety in sabarubicin is mainly due
to the rotation around the glycosidic bonds, because the conforma-
tion of both sugar rings is chair. The values of t angles’ obtained
from the final structure derived by MD and reported in the Supple-
mentary, correspond to a single structure, while in solution there is
an equilibrium between different conformations. However, we can
consider this structure as a good model of a preferred conformation,
because it is in very good agreement with the experimental NOEs
and 3'P data. The angles of the proximal sugar are equal at both sites,
71 ~—70°, T, ~140°, but differ from those of the predominant confor-
mation of the free drug.'® These angles correspond to i and ¢ values

"1y =C(8)-C(7)-
C(1"); 4= C(4')-

(7)-C(1"); 72=C(7)-0(7)-C(1")-C(2"); 73 =C(3")-C(4')-0(4)-
0(4')-C(1")-C(2").

Table 5
Intermolecular NOE interactions and inter-proton distances (A) for the complex of
Men10755 with d(CGATCG),

Men10755 d(CGATCG), NOEP de
Site 1 Site 2

1,4-H¢ 5-H C1, G m 3.7 BI5
1,4-H 6-H Cy, G m® 3.0 2.7
1,4-H 2'-H Cy, G m 2.6 4.8
1,4-H 2"-H C1, C7 i 3.9 3.2
2,3-H8 5-H T G m 3.7 3.6
2,3-H 5-H Cs, C1q S 2.7 3.6
2,3-H 6-H Cs, Ciq s 3.6 3.7
2,3-H 1-H Cs, C11 m" 53 5.2
2,3-H 2'-H Cs, Ciq m 4.5 44
8-CH, 1-H Ge, G12 m 4.04.4 54,58
11-OH 1"-H € Gy s 36 47
11-OH 1-H Gy, Gg s 3.0 3.4
11-OH 2'-H Gy, G m" 5.5 9.1!
1-H(I) 1"-H o Cm m 5.0 47
1/-H(I) 2'-H Cs5, Cin w 5.2 5.1
5/-Me(Il) 5'5"-H G5 m 6.2! 43!
5’-Me(I) 2-H As, Ag m 47,79 8.1,5.0
5/-Me(I) 1"-H As, Ay w 36,116 11.8,6.2
5’'-Me(II) 2-H As, Ag s 3.5, 4.1 3.5,4.7
5’'-Me(II) 1’-H Ta, T10 w 39,58 7.7,3.1

Relevant conformational energy parameters

E (kcal/mol)

Forcing 4.8
Van der Waals -183.2
Hydrogen-bond -10.0
Coulomb -102.1
Total 72.6
Distance violations (>0.3 A) 4 6

¢ Acquired at 15 °C, solvent D,0 and H,0-D,0 (90:10 v/v), pH 6.7 the solution in
D,0 was added of 10 mM phosphate buffer and 0.1 M NaCl. 2’-H and 5’-H stand for
low field, 2”-H and 5”H for up field proton.

P A quantification of the NOE intensities was estimated as follow: s =2.5-3.5 A,
m=35-45A w=45-55A

¢ Obtained from the final structures of the complex after MD calculations. The
distances are referred to the C;-Gg strand for site 1 and to the C;-G;, strand for site
2, while for the minor groove sites both values are reported.

4 1-H and 4-H are coincident, the distances are referred to 1-H.

¢ Partially overlapped by other signals.

 Overlapped by the interaction between 8-H(Gg) and 2/-H(Gg).

¢ 2-H and 3-H are coincident, the distances to 5-H C; and C; are referred to 2-H,
all the others to 3-H.

" With a component of secondary NOE.
il The distance is referred to pro-R (') and pro-S ("), respectively.

of ~30° and ~170°, respectively, which are similar to those of a min-
or conformation, Y = 37° and ¢ = 131°, found for the free drug.'* By
contrast, the glycosidic angles of daunosamine moiety are slightly
different for the two sites, as can be seen in Figure 7. The intra-
molecular NOEs observed for the bound drug and reported in the
Supplementary are in agreement with these conformations; in par-
ticular the interaction between 5’-Me (I) and H-5'(Il) justifies the ori-
entation of the daunosamine ring.

These results can be summarised as follows: the inter-molec-
ular NOE interactions involving H-5' and 5-Me of daunosamine
moiety with A; and T, protons determine the position of the
drug in the minor groove. From these data it follows that the
hydrophobic portion of both sugar rings, that is, the 5'-Me
groups, is located deeply into the minor groove. Consequently
the positively charged amino group of daunosamine becomes
close (4.2 A) to 0-4' of Cs in one site, whereas in the other site
it is more distant from all the ribose oxygen atoms of the back-
bone. Thus the charged NH;* groups are on the boundary of the
minor groove and can interact with the negative ionic surface of
the helix and with the water molecule of the solvent. This differs
from the X-ray structure, where the whole daunosamine ring of
the second site protrudes out of the groove.
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Figure 5. Energy minimized molecular model of the bi-intercalated complex
between sabarubicin and AT. A represents strand from C; to Gg and B strand from C;
to Gq2. The drug molecules at the site 1 and site 2 are yellow and red, respectively.

In the mono-intercalated model of sabarubicin/AT complex, the
site of the phosphoribose backbone involved in the intercalation
appears rather similar to that of the bi-intercalated model, with
deformations of the angles oT4 and {Cs of strand A and oG, and
{C; of strand B. The complex of sabarubicin with TA presents some
interesting differences. The model, similarly derived from the NOE
values reported in Table 6, shows gauche-gauche conformations
for all phosphate, in agreement with the 3'P titration experiments.
Also the very short residence time into the double helix is in line
with the absence of deformations on the phosphodiester backbone.
The conformation of the bound drug (Fig. 7) is different with
respect to the AT-complex: the strong NOE between H-5/(I) and
H-8 eq is an evidence of the rotation of fucose around the glyco-

sidic bond, in agreement with the distance of 3.3 A and with the
values of the dihedral angles 7, (84°) and 1, (158°) derived from
the final MD structure. The orientation of daunosamine ring fol-
lows from the contact (3.9 A) of H-5/(1) with H-1'(Il) and from
the strong NOE interaction (2.7 A) between H-1'(Il) and Me(I).
The inter-molecular NOEs between drug and TA protons in the
minor groove involve 5-Me(I) of fucose and T3 protons, while
daunosamine shows contacts with A, and Cs. Therefore, the two
methyl groups are located on the two opposite walls of the groove
and NH; " is on the boundary of the minor groove, but more dis-
tant, compared with AT complex, from the oxygen atoms of the
backbone (6.3 A from 0-4'(A,), 9-16 A from the others). This prob-
ably allows it to link an other duplex, as deduced from the DOSY
experiments.

The complexes of Men10749 are similar for both oligomers. The
NOE contacts of the aglycone moiety with C;, Cs and Gg units,
which characterise the intercalation into the CG base-pairs, were
found for both complexes, together with the NOEs between 5'-
Me of fucose and H-1’ of guanine Ge. In the minor groove of TA-
complex there are many contacts involving fucose, T3 protons
and H-2(A4) and the methyl group of daunosamine with H-3'(Ts).
In the AT-complex, some interactions were found between fucose
and As protons. Nevertheless, the conformation at the phosphate
angles are all gauche-gauche (with only ~50% of trans (Cs), in
agreement with the 3'P results. The conformation of the bound
drug is also similar for both complexes, as shown by the values
of T angles at the glycosidic bonds. In Figure 7 we report the pre-
ferred conformation of Men10749 bound to AT, obtained from
the NOE values reported in the Supplementary. Actually, the equa-
torial binding of daunosamine ring at C-4'(I) is responsible of the
more closed shape of the disaccharide moiety. Consequently, the
positively charged NH;+ group is close (3.7-4.8 A) to the ribose
oxygen atoms of the backbone, that is, Cs, T;g and Cy; units for
AT- and A, and C;; for TA-complex, respectively.

3. Conclusions

The most interesting results of this study lie in the values of the
averaged residence times into the intercalation sites, obtained for
sabarubicin and other anthracyclines from the dissociation rate
constants of the slow step of the intercalation process. The resi-
dence time of sabarubicin into d(CGATCG), is one half, into
d(CGTACG), is six times shorter than for doxorubicin, and very
much shorter with respect to the most cytotoxic molecule of these
series, that is, nemorubicin. The interaction with AT seems more
preferred, as also appeared from the titration experiments. For
Men10749 the process is even faster than for sabarubicin and is
the same with both sequences. This could give account of both

CspGg CipG A;pTy
§‘b‘ . A . -3 § wl L 8 ! 1 1
[ 7] b 5 = - ] |
(jc © - - (5‘ © - - g o =
3 ) 3 3 n!
§"i] T = 2 'i' T T I~ g ! J L
180 0 150 "_180 0 180 '-180 o 180
ECs/° EC;/° EA;/°

Figure 6. Selected examples of correlation between o and { torsion angles for the CspGg (strand A), C;pG, and A3pT, (strand B) phosphate groups in the sabarubicin/AT bi-
intercalated complex, obtained from MD calculations. The complete set is reported in the Supplementary.
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(b)

d5'-CH;

Figure 7. Comparison of the conformation of sabarubicin bound to AT in the (a) site 1 and (b) site 2; (c) preferred conformation of sabarubicin in the mono-intercalated
complex with TA; (d) preferred conformation of Men10749 in the mono-intercalated complex with AT.

higher cytoplasmic/nuclear ratio and lower cellular uptake of saba-
rubicin in comparison with doxorubicin®*'and accordingly of the
lower cytotoxicity of these disaccharide analogues. What are the
reasons of such a short residence time? One reason certainly
resides in the molecular structure of the DNA complexes. The en-
hanced flexibility of the daunosamine moiety in the disaccharides
makes this unit less anchored to the minor groove of the helix. This
is proved by the smaller conformational changes at the phosphate
angles with respect to doxo, which are shown by the 3P chemical
shifts of the bound species and by the value of o and { phosphate
angles derived by MD, especially for the mono-intercalated
complexes.

The mono-intercalated complexes should be more favored than
the bi-intercalated ones, compared with other anthracyclines,
especially in the case of TA-complexes. This cannot be explained
with an increased steric hindrance, owing to the presence of two
sugar moieties, because nemorubicin, with a sugar ring plus a mor-
pholino ring forms very stable bi-intercalated complexes. In this
case, the morpholino ring strongly reduces the flexibility around
the glycosidic bond, with the result of constraining the amino
group anchored inside into the minor groove. The bi-intercalated
complex of sabarubicin with AT was obtained with an excess of
drug and with a solution of low ionic strength. The structure of this

complex, determined on the basis of a relevant number of NOE
interactions, shows the hydrophobic portion of both sugar rings,
that is, the 5-Me groups, located deeply into the minor groove,
while the charged NH;* group are on the boundary of the minor
groove and can interact with the negative ionic surface of the helix
and with the water molecules of the solvent. This differs from the
X-ray structure, where the whole daunosamine ring at the second
site protrudes out of the groove.

Actually, the bi-intercalated complexes have less biological rel-
evance than the mono-intercalated ones, because in a polymeric
DNA the presence of two intercalated drugs so close to each other
is statistically improbable. Thus, a bi-intercalated complex with
two drug molecules intercalated between the two top and the
two bottom base pairs of a short oligonucleotide may not be a good
model, as early noted by Pulmann.?? Consequently, it is more infor-
mative to consider the dynamic process and observe what really
occurs in solution, even in absence of the enzyme. The self-aggre-
gation phenomenon, already known for anthracycline monosac-
charides, is enhanced in the presence of oligonucleotides. The
results of DOSY experiments showed for sabarubicin the most sig-
nificant aggregation, which involves two duplex units in the case of
TA complex. Doxorubicin binds one duplex, but some molecules
are involved in outside binding to the helix; while nemorubicin
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Table 6
Intermolecular NOE interactions and inter-proton distances (A) for the complex of
Men10755 with d(CGTACG),

Men10755 d(CGTACG), NOEP de
1,4-H 5-H G s 3.2¢
1,4-H 6-H (o s 3.6¢
1,4-H 2'-H G w 4498
2,3-H 5-H C S 3.3¢
2,3-H 6-H G w 5.2¢
2,3-H 6-H Cs m 4.1f
2,3-H 2'-H Cs w 5.08
8-CH, 1’-H Gs w 5.0,4.8
11-OH 5-H G m 49
11-OH 1-H G w 5.2
11-OH 2'-H G S 25,34
11-OH 1-H G, S 3.5
6-OH 1'-H Cs wh 43
6-OH 2'2"-H Cs S 3.0,3.8
6-OH 8-H Cg m 45
6-OH 3'-H Gg m 49
2"-H(I) 5'-H Cs m 45,3.1
5'-Me (I) 1-H Ts m 4.5
5'-Me (1) 2'-H T w 44,54
5'-Me (II) 1-H As w 43
5'-Me (II) 5-H Cs m 48,49
5/-H (1) 1'-H As w 5.3
2'-H (II) 5'-H Ay w 4.7,5.0

Relevant conformational energy parameters

E (kcal/mol)

Forcing 1.7
Van der Waals -173.1
Hydrogen-bond -12.0
Coulomb -61.2
Total -63.0
Distance violations (>0.3 A) 1

2 Acquired at 10° C, 15 °C and 25 °C. Solvent D,0 and H,0- D,0 (90:10 v/v), pH
6.7. The solution in D,0 was added of 10 mM phosphate buffer and 0.1 M NaCl.
b See footnote to Table 5.
Obtained from the final structures of the complex after MD calculations.
1-H and 4-H are coincident, the distances are referred to 1-H.
H-2 and H-3 are coincident, the distances are referred to 2-H.
Distance referred to 3-H.
& The distance is referred to pro-S.
" With a contribution of secondary NOE.

c
d
e

f

showed no aggregation. The observed trend is interesting because
is correlated with the structure of the complexes: the positive
charge of nemorubicin is somehow shielded by the morpholino
moiety and thus non available for external ionic interactions; in
doxo, as well as in the disaccharide analogues, the positive charge
of daunosamine ring is not constrained and can easily interact with
the ionic surface of the duplex, forming outside binding, in addition
to the intercalation.

Disaccharide analogues, lacking the amino group at C-3' of fu-
cose ring, are more flexible; in addition, the axial orientation of
the daunosamine ring in sabarubicin makes the sugar moieties
more extended, so much that the charged daunosamine ring of
the bound drug, located at the external limit of the minor groove,
can link each other the two duplexes. In the presence of topoiso-
merase I, the amino group could also bind the enzyme, thus favor-
ing the stabilization of the so-called ternary cleavable complex,
which is considered a required step for the activity, even though
other factors may contribute to the improved antitumor efficacy
observed for sabarubicin. Actually, the lengthening of the cationic
arm with respect to the parent compound should enable it to reach
the most satisfactory location for the interaction with the enzyme.
The lower antitumor activity of Men10749, partially due to the
presence of the daunomycin aglycone, might be correlated with a
more difficult intercalation into the double helix. A second drug
molecule cannot enter into the duplex (or the life time at the sec-
ond site is extremely short) as suggested by the separation of solid
material for R=1.5. Actually, the equatorial binding of daunos-

amine at the fucose ring is responsible of the more closed shape
of the disaccharide moiety, which is located inside into the minor
groove. Consequently, the positively charged NH;™ group is close
to the ribose oxygen atoms of the backbone, and thus not suffi-
ciently exposed to link another duplex, as it occurs for sabarubicin.

4. Experimental
4.1. Sample preparation

The oligonucleotides, purified by HPLC, were purchased from
Primm (Milan , Italy) and dissolved in D,0 (99.9% isotopic purity,
Cambridge Isotope laboratories Inc.), or in H;0/D,0 (90:10 v/v)
at a 0.5-1 mM concentration range, in the presence or in the ab-
sence of 0.1 M NaCl, 10 mM and 20 mM phosphate buffer, pH
6.7. For NMR titration experiments stock solutions of the drugs
were prepared at the concentration range of 10-14 mM.

4.2. NMR experiments

The NMR spectra were recorded on a Bruker AV600 spectrome-
ter operating at a frequency of 600.10 MHz and 242.94 MHz, for 'H,
and 3'P nuclei, respectively. 'H and 3'P spectra (broad-band 'H
decoupled mode) were recorded at variable temperature ranging
from 5 °C to 45 °C. Chemical shifts (5) were measured in ppm. 'H
and 3'P NMR spectra were referenced, respectively to external
DSS (2,2-dimethyl-2-silapentane-5-sulfonate sodium salt) set at
0.00 ppm and MDA (methylenedisphosphonic acid) set at
16.8 ppm. Estimated accuracy for protons is within 0.02 ppm, for
phosphorous is within 0.05 ppm.

TH NMR titrations were performed at different temperatures,
but the best results were obtained at 15 °C and 10 °C, by adding
increasing amounts of the drug to the oligonucleotide solution un-
til R = [drug]/[DNA] = 3.0 was reached. When the experiments are
carried out in the presence of NaCl and phosphate buffer, both
drugs began to precipitate from the solution, with R = 2 for sabaru-
bicin, for R=1.5 for Men10749. More successful were the experi-
ments without salts: in H,O the titration with sabarubicin could
be carried out until R=3 and the complex remained in solution,
but Men10749 gave in general broader signals than sabarubicin.
In the case of TA complexes, all the resonances became very broad
and did not simplify at R >2. The titration with sabarubicin in H,O
at 10 °C showed two signals for each OH proton of the drug and
four signals for each imine NH protons of the bases and did not
change with an excess of drug (R = 3). >'P NMR titrations were per-
formed in D0 with salts at 25 °C, 15 °C and 5 °C. Sabarubicin with
AT at 15 °C showed the appearance of a new signal at low field,
which increased in intensity from R = 0.5 to R = 2. This signal was
assigned to Cs pGg by 2D NOESY-exchange. At R =1.5 other new
signals appeared at low field, which were assigned to G,pAs and/
or C;pGo,. It was not possible to distinguish between each other, be-
cause their signals are overlapped in the free state and the spec-
trum of the complex is too broad. The titration on TA induces
broadening with R =0.2 at 25 °C as well as at lower temperatures.
However, at 5 °C the resonance at low field of CspGg of the bound
species could be detected. The titration with Men10749 was much
more difficult: the very broad low field signal of CspGg was de-
tected at 15 °C only in the case of AT complex.

H assignments for the drugs were performed by using NOESY
and TOCSY experiments. The sequential assignments in free and
bound oligonucleotides were performed by applying well estab-
lished procedures for the analysis of double stranded B-DNA.3* All
the protons of the bound species were attributed for both sabarubi-
cin and Men10749 (data reported in the Supplementary data). The
TH and 3'P assignments for the free oligonucleotides d(CGTACG),
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and (CGATCG), have previously been reported.?!~2% Phase sensitive
NOESY spectra were acquired at 25 °C, 15 °C and 10 °C in TPPI mode,
with 4K x 512 complex FIDs, spectral width of 8400 Hz and
15.000 Hz for D,0 and H,O0 solutions, respectively, recycling delay
of 1.5 s, 120 scans. Mixing times ranged from 50 ms to 300 ms. TOC-
SY spectra were acquired with the use of a MLEV-1734 spin-lock
pulse (field strength 10.000 Hz, 60 ms total duration). All spectra
were transformed and weighted with a 90° shifted sine-bell squared
function to 4 K x 1 K real data points. For samples dissolved in D,0,
water suppression was achieved by pre-saturation. For samples in
H,0, the 3-9-19 and the excitation sculpting sequences from stan-
dard Bruker pulse program libraries were employed. >'P-2D-NOESY
exchange experiments'® were acquired (2 K x 320 FIDs, 420 scans)
at different mixing times ranging from 50 to 300 ms.

Pseudo two-dimensional DOSY?® experiments were acquired
using the pulse-program ‘stebpgp1s’, diffusion delay: 0.12-0.45 s;
gradient pulse: 1.5 ms; number of increments: 64. Raw data were
processed using the standard DOSY software present in the Bruker
library (TOPSPIN v. 1.3). A calibration curve was obtained using the
following standards: glucose (MW 180; 3 mM in D,0 99.9%; NaCl
0.1 M, phosphate buffer 10 mM, pH 6.7), d(CGTACG), (MW 3754,
3mM in D,0 99.9%; NaCl 0.1 M, phosphate buffer 10 mM, pH
6.7), aprotinin (MW 6,500; 1 mM in D,0 99.9%; pH 6.8), lysozyme
(MW 14,400; 1 mM in D,0 99.9%; pH 6.9), trypsin (MW 23,500;
1 mM in D,0 99.9%; pH 3.0) and LCTI (Lens culinaris trypsin inhib-
itor) (MW 7447; 1 mM in D,0 99.9%; pH 3.0).3°

4.3. UV experiments

The UV spectra were recorded at 25 °C on a Perkin-Elmer Lamb-
da 40 UV-vis spectrophotometer. UV titration experiments were
performed following the variation of the /n.x of the sabarubicin
(490 nm) by adding increasing amounts of the drug (1.47 x 10
—3M) to the oligonucleotide solution (7.0 x 10~*M) until
R = [drug]/[DNA] = 6.5 was reached.

4.4. Molecular modeling

Molecular models of d(CGTACG),, d(CGATCG), and of drugs
were built with Insight II & Discover (version 97.0 MSI, San Diego,
CA) on a Silicon Graphics 02 workstation, using standard frag-
ments from the Silicon Graphics library. The AMBER?® as force-field
was utilized without explicit inclusion of solvent molecules, set-
ting a distance-dependent relative permittivity ¢ = 4.0 r and scaling
the 1-4 non bond interactions by a factor of 0.5. For drugs, partial
atomic charges were calculated using MOPAC?’ and the potentials
were set by similarity with the DNA aromatic and sugar atoms. The
models were energy minimized with a steepest-descendent fol-
lowed by conjugate gradient algorithm. The drug-DNA complexes
were then constructed following the NOE interactions. The ob-
served NOEs were grouped into three intensity classes, corre-
sponding to the following inter-proton distance intervals: s
(strong)=2.5-3.5A, m (medium)=3.5-45A, w (weak)=4.5-
5.5 A, estimated by using as reference the cross-peak of 5-H/6-H
of cytidines (2.5 A). Restraints were defined as quadratic well
potentials with upper and lower limits on the basis of the above re-
ported classes of NOE intensities with a force constant of 10 kcal -
mol~! A~2, The models were energy minimized and then a 100 ps
of restrained MD simulation was performed at a constant temper-
ature of 300 K. The average structure was subjected to a further
minimization and taken as the starting structure for a subsequent
100 ps MD simulation at 300 K, sampling the trajectory every pico-
second. The following restraints were applied: (i) hydrogen bonds
between helical base pairs (except terminal base pairs); (ii) Drug-
DNA interproton distances.
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