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A water soluble derivative (2) of topopyrones was selected for NMR studies directed to elucidate the
mode of binding with specific oligonucleotides. Topopyrone 2 can intercalate into the CG base pairs,
but the residence time into the double helix is very short and a fast chemical exchange averaging occurs
at room temperature between the free and bound species. The equilibria involved become slow below

room temperature, thus allowing to measure a mean lifetime of the complex of ca. 7 ms at 15 °C. Struc-
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tural models of the complex with d(CGTACG), were developed on the basis of DOSY, 2D NOESY and *'P
NMR experiments. Topopyrone 2 presents a strong tendency to self-associate. In the presence of oligonu-
cleotide a certain number of ligand molecules are found to externally stack to the double-helix, in addi-
tion to a small fraction of the same ligand intercalated. The external binding to the ionic surface of the
phosphoribose chains may thus represents the first step of the intercalation process.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Topoisomerase I (topo I) is a nuclear enzyme that catalyzes the
topological changes of DNA during replication and transcription.
Topo I introduces a transient single-strand break in DNA, forming
a cleavable complex through a covalent link to the 3’ phosphate
with a tyrosine residue, followed by religation of the broken
strand. In recent years topoisomerase I inhibitors have emerged
as important antineoplastic agents. Camptothecins (CPTs), the only
Topo I inhibitors in clinical use, specifically inhibit the religation
step via formation of a DNA-enzyme-CPT ternary complex.'?
Although CPT is cytotoxic in a wide range of animal tumours, its
duration of action is limited, due to a rapid reversibility of the ter-
nary complex and to the hydrolysis of the lactone to a hydroxyacid
that binds to plasma proteins. In this context, there is a need for
chemically stable alternative scaffolds that act as topoisomerase |
inhibitors. Only a few natural topoisomerase I inhibitors have been
discovered; among them the fungal metabolites bulgarein,? lamel-
larins* and topopyrones.> Topopyrones A-D (1a-d) (Scheme 1)
were isolated from the fermentation broth of a fungus, Phoma sp.
BAUA2861, and two of them from Penicillium sp. BAUA4206. They
have an anthraquinone ring system linearly or angularly fused
with a 1,4-pyrone moiety.® All these compounds showed signifi-
cant cell growth inhibitory effect dependent on topoisomerase I

* Corresponding author. Tel.: +39 02 50316810; fax: +39 02 50316801.
E-mail address: rosanna.mondelli@unimi.it (R. Mondelli).

0968-0896/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmc.2008.12.005

against a panel of tumor cell lines when tested in vitro (in the
range 0.7-20 uM).”> Most recently,” it was reported that, in addition
to stabilization of the topoisomerase I-DNA covalent binary com-
plex, the topopyrones are strong topoisomerase II poisons.

The same anthraquinone ring system, fused with a pyrone moi-
ety, was found in hedamycin and other related molecules, mem-
bers of the pluramycin family.® NMR studies on hedamycin have
shown that the mechanism of action is via direct interaction with
DNA through intercalation of the anthrapyrantrione chromophore
and alkylation of guanine in the DNA double helix by an epoxide
subunit attached to the pyranone ring.®~!!

Recently, some groups'?>!? including ourselves'# reported the
total synthesis of the members of this class of compounds. At the
same time, a series of structurally related analogues of the natural
topopyrone C have been synthesised in our laboratory and tested

1¢ R = Cl Topopyrone B
1d R = H Topopyrone D

1a R = Cl Topopyrone A
1b R =H Topopyrone C

Scheme 1.
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Scheme 2.

against human non-small cell lung cancer carcinoma NCI-H460 cell
line. Most of the new analogues have shown in vitro a stronger
cytotoxic activity than the parent compound (ICsg in the range of
4.9-7.1 uM)."> As a part of our ongoing studies to elucidate the
mechanism of action of topopyrones, a water soluble derivative
(2) (Scheme 2), that retained a good cytotoxic activity
(ICso = 7.15 uM,'” was selected for the NMR studies.

The mechanism of action of topo I inhibitors is the object of in-
tense studies, but the role that the drug-DNA interactions play in
the topo-I inhibition is still unclear. Our goal was to understand
whether a direct interaction of the anthrapyrantrione ring takes
place with DNA and to further characterize its mode of binding.
Oligonucleotides of different sequences were used as models, that
is the self-complementary duplexes d(CGTACG),, d(CGTATACG),,
d(ATGCGCAT), and d(AAGAATTCTT), .

2. Results and discussion
2.1. UV spectroscopy

As a first approach, in order to choose the best sequence for
NMR study, we measured by UV spectroscopy the binding con-
stants K of 2 on selected CG- and AT-rich oligonucleotides. By the
same UV measurements we found that 2 is prone to aggregation.
This is actually a common feature of many intercalating agents. A
dimerization model has been considered'®!” a sufficient approxi-
mation for the concentration range 10~ to 10~7 M; the measured
dimerization constant (Kp=10> M~!) was thus taken into account
for the numerical calculations. The apparent binding constants val-
ues are reported in Table 1. Although the binding appears in gen-
eral rather weak, K values being of the order of 10°M~!, the
interaction for the CG-rich sequences d(CGTACG), and d(ATGCG-
CAT), seems to be preferred for the NMR studies.

2.2. NMR spectroscopy

TH NMR titrations were performed on both d(CGTACG), and
d(ATGCGCAT), by adding increasing amounts of the ligand to the
oligonucleotides solution until R = [ligand]/[DNA] = 4.0 is reached.
The excess of ligand enables the equilibrium to be shifted toward
the formation of the complex, but the analysis of the '"H NMR spec-
tra was performed at ligand to DNA molar ratio equal to 2. This va-

Table 1
Apparent binding constant values (K) for the interaction of topyrone 2 with
oligonucleotides®

Oligonucleotide KM
d(CGTACG), 4x10°
d(CGTATACG), 1x 103
d(AAGAATTCTT), 9 x 102
d(ATGCGCAT), 6 x 103

Table 2
H chemical shift values for the aromatic, anomeric and imine protons of d(CGTACG),
bound to topopyrone 2*

d(CGTACG), R=2 AS

2-H A4 7.53 -0.09
8-H A4 8.20 —0.15
8-H G, 7.81 —0.22
8-H Gg 7.69 -0.23
6-H 7.43 —0.25
6-H T 7.18 -0.14
6-H Cs 7.17 -0.14
5-H G 5.51 -0.42
5-H Cs 5.15 —0.24
1/-H A4 6.08 -0.18
1-H Gg 5.83 -0.28
1-H G, 5.81 —0.20
1-H ¢ 551 -0.27
1-H T3 5.53 -0.15
1"-H Cs 551 —0.14
NH C;G¢” 12.38 ~-045
NH G,Cs 12.19 -0.57
NH T3A4 13.24 —0.28

2 Measured in ppm at 15°C and referenced from external DSS. Solvent D,0,
unless otherwise specified, pH 6.7, 10 mM phosphate buffer, 0.1 M NacCl.
Ad=06(R=2)— &(R=0). The complete set of values are reported in Supplementary
data. All the other ribose protons are within —0.16 and 0.00 ppm.

b Solvent H,0-D,0 (90:10 v/v), 5 °C.

lue was the best compromise between complex formation and
spectral resolution. The experiments with the hexamer
d(CGTACG), gave the best results. The chemical shift variations
(Table 2), observed in the 'H NMR spectra of the oligonucleotide
upon addition of topopyrone 2 (for R = 2), show a remarkable up-
field shift for the imino and aromatic protons of C;:Gg and G;:Cs
base pairs. The shielding for the imino NH G,Cs is the largest
(Ad =—0.57 ppm) and is significant because it suggests an interca-
lation between the base pairs at this level.

The aromatic protons of topopyrone 2 (Table 3) show similar
up-field shifts. Actually, the chemical shift variation of a ligand is
due to the sum of different processes, involving both specific and
non-specific interactions with DNA (intercalation or minor groove
binding and outside binding) and drug self-aggregation phenom-
ena. This latter process has been proven by UV measurements
(see previous section) and by NMR experiments at variable concen-
tration (Table 3). The up-field shifts observed in the presence of
DNA (R = 2) are of the same order of magnitude as those observed
for the free drug at the concentration of 5.4 mM. This observation
seems to indicate that the oligonucleotide favours the drug
aggregation.

Table 3
TH chemical shift values for topyrone 2 at different concentration and in the presence
of d(CGTACG); at R = [drug]/[DNA] = 2¢

2 R=0 R=0 AS® R=2 ASC
0.2 mM 5.4 mM

2-Me 2.43 213 -0.30 2.15 -0.28
3-H 6.35 6.00 -0.35 5.92 —0.53
5-H 8.25 7.70 —0.55 7.65 —0.60
6-H 8.02 7.54 -0.48 7.50 —0.52
8-H 7.72 7.30 —0.42 7.13 —0.59
9-H 7.75 7.48 -0.27 7.23 —0.52
10-H 7.47 7.19 -0.28 7.05 —0.42
11-OCH, 4,53 4.30 -0.23 427 —0.26
NCH, 3.73 3.60 —0.13 3.58 —0.15
NMe, 3.08 3.02 —0.06 2.98 -0.10

¢ pH 6.7, 10 mM phosphate buffer, 0.1 M NaCl, 25 °C. The values were derived
from the experimental data by solving a system of non-linear equations and using
MATLAB software (v. 5.1). The dimerization constant K (1 x 10°)was included in
the calculations. The standard deviation of the numerical fitting is +20%.

2 Measured in ppm and referenced from external DSS, solvent D,0, 25 °C, pH 6.7,
10 mM phosphate buffer, 0.1 M NaCl.

> A5 =5(5.4 mM) — §(0.2 mM).

€ As=09(R=2)—- 3(R=0 concd 0.2 mM).
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Figure 1. '"H NMR chemical shift variation of (a) 10-H of topopyrone and (b) 8-H
(A4) of d(CGTACG); as a function of the ratio R = [drug]/[DNA] in 0.1 M NaCl, 10 mM
phosphate buffer, pH 6.7, 25 °C, [2] = 0.2 mM.

In order to better clarify this point, the inverse titration exper-
iment was performed, by adding increasing amounts of DNA, from
R=20 to R=2.0, to a solution of 2 at constant concentration
(0.2 mM). Figure 1 depicts the chemical shift variation observed
for selected protons of the hexamer d(CGTACG), and of topopyrone
2 during the titration experiment. In the case of topopyrone pro-
tons, Figure 1a, a stoichiometry point is reached for R values be-
tween 4 and 6. The measured chemical shift at higher R values
must be related to the free drug in solution in a mixture of different
aggregation states. The addition of the oligonucleotide induces a
shielding of the drug protons. When an excess of oligonucleotide
is reached (low values of R), the drug is found predominantly in
a bound state. The shift variation curve for the nucleotide protons
(Fig. 1b) confirms this finding.

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 in the DNA helical twist and is associated with a low-field
shift up to 1.0-1.5 ppm, whereas a purely electrostatic association
produces an up-field shift.'® Actually, when daunomycin interca-
lates into d(CGTACG), a deshielding effect of 1.3 ppm was mea-
sured!® on CspGg; while other anthracyclines of the same family,
extensively studied in our laboratory,2%?! caused a down-field shift
ranging between 0.9 and 1.5 ppm. The addition of topopyrone to
d(CGTACG), until R=2 induced a low- field shift value of
0.18 ppm for G,pTs, CspGg and C;pG, phosphates. New 3!P reso-
nances were not detected at room temperature by both 1D NMR
and 2D NOESY-exchange. This indicates that the chemical equilib-
rium is in the fast exchange regime (on the NMR time scale), con-
trarily to what occurs for daunomycin at the same temperature.
For R > 2 the line broadening became notable and the spectra could
not be analyzed. The decrease in temperature down to 5 °C caused
a further line broadening for all the resonances, but in the case of

c T=278K
C5pGé6
G2pT3
b T3pAd T=298K
ClpG2
A4pCS5
CSPGG \ —
G2pT3
—
a
I T T - 1
-0.2 -0.4 -0.6 -0.8 ppm

Figure 2. 'H decoupled >'P NMR spectra of (a) d(CGTACG), at T =25 °C, (b) and (c)
R =[drug]/[DNA] =1 at different temperatures.

the solution with R = 1 the resonances are found to split (Figure 2).
The observed splitting is due to the loss of symmetry of the double
helix in the bound state, which makes the phosphate groups on
the complementary strands magnetically non-equivalent. This indi-
cates that the equilibria involved become slow at 5 °C, thus allowing
the measurement of the residence time (1/ko¢) at the coalescence
temperature. In the case of G,pT3 and C5pGg the coalescence temper-
atures were respectively 20 °C and 15 °C. Thus 1/k.¢ values were
calculated to be respectively 4.3 ms and 6.6 ms. Such values are
significantly lower than the corresponding value measured?' for
daunomycin at room temperature (1/kog =20 ms).

In the present case, the small down-field effect (0.18 ppm)
experienced by the phosphate groups might be at first interpreted
with a small deformation in the geometry of the phosphodiester
backbone (o and ¢ torsion angles). However, the coexistence of
external binding could mask the overall low-field shift variation,
because the ionic interactions produce an up-field shift.

Due to the strong tendency of 2 to self-associate, the scheme of
chemical equilibria present in solution should be much more com-
plicated than that one depicted by a simple two-state intercalation
model (free and bound species). In order to clarify the chemical
equilibria present in solution and to evaluate the relevant species,
several ligand/d(CGTACG), mixtures were subjected to NMR DOSY
experiments?? The diffusion coefficient value (D) obtained for li-
gand 2 in the free state, 107> m? s, is equivalent to a molecular
weight (Mr) of 1236 Dalton and shows that its aggregation actually
goes beyond dimerization, in the concentration range of NMR
experiments. In the case of the complex for R = [2]/[DNA] =3 the
D obtained, 10-%9¥ m?s~!, is equivalent to a molecular weight of
14,970 Da; for the complex with R=4, the D value corresponds
to an Mr value of 16,206 Da (Figure 3).

The single diffusion coefficient, measured for each complex,
indicates that all ligand molecules present in solution are actually
bound to DNA, giving rise to a stable complex. Thus, in our exper-
imental conditions, an outside binding of 2 with DNA occurs, in
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Figure 3. Molecular mass determination for the complex between topopyrone 2
and d(CGTACG), by DOSY experiments performed at 25 °C. The calibration curve
was obtained using the following standards (M): glucose (Mr 180), d(CGTACG), (Mr
3754), aprotinin (Mr 6500), lysozyme (Mr 14400), trypsin (Mr 23500) and LCTI (Mr

7447). Diffusion coefficient values of 107°®m?s~!, 102 m?s~! and

107102 m2 51 (*) corresponding to Mr values of 1236 Da, 14,970Da and
16,206 Da were obtained for the ligand and complex at R = [drug]/[DNA] = 3 and
4 respectively. Correlation coefficient r? = 0.988.

addition to an intercalation, leading to the formation of high
molecular weight aggregates, with the following molecular for-
mula: (DNA:drug,); with n =3-4. On this basis we built a model
with three ligand molecules stacked externally to DNA. Two of
them oriented with the positively charged side-chain towards
the negatively charged ionic surface of the double helix and the
third one with the chain in a backward orientation. A schematic
representation of the molecular aggregate for R =4 is reported in
Figure 4.

2.3. NOESY experiments

The NOESY spectra gave a relevant number of interactions be-
tween d(CGTACG), and the ligand (Table 4), and some examples
are reported in Figure 5. Interestingly, the NOEs observed for 2,
at R=[2]/[DNA] = 2, are characterized by strong intensities with
the same sign as those ones observed for DNA, thus indicating that
both DNA and the ligand have a similar value of correlation time.?*
This observation is in line with the conclusions drawn by the DOSY
experiments, that is, a single high-molecular weight aggregate is
present in solution.

Specific intermolecular contacts involve 3-H, 5-H 6-H and 2-Me
protons of the pyrone ring with the aromatic and ribose protons of
C, and G,. On the other side of the ligand molecule, the aromatic pro-
tons 9-H and 10-H of 2 showed NOE contacts with guanine Gg and
cytidine Cs. The side-chain of 2, although flexible, showed NOE inter-
actions at the minor groove level with 1’-H of Cs and 2-H of A4.

These data, especially those involving guanine G, and cytidine
Cs strongly suggest that an intercalation of topopyrone 2 into the

terminal base pairs CG occurs, thus excluding the formation of
cap-complexes, similar to those found for topotecan and other
camptothecins.>* Moreover, the specificity of the NOE contacts,
that is, the pyrone ring with cytidine C; and guanine G,, the aro-
matic 9,10-H protons with cytidine Cs and guanine Gg, is not com-
patible with an aspecific out-side binding, where the drug
molecules are externally stacked along the ionic surface of the
oligonucleotide.

Actually, the 'H NMR spectra at 25 °C are characterized by a fast
chemical exchange regime, in analogy with the *'P NMR experi-
ments; thus, the observed 'H resonances and the NOE interactions
for both DNA and topopyrone 2, in their respective free, aggregated
and intercalated states, should be considered as weighted averages
and the observed ligand-DNA NOEs should be interpreted as trans-
ferred-NOEs.?3 Consequently, a fraction of the same ligand is found
in the intercalated state, giving rise to a relevant number of specific
intermolecular ligand-DNA interactions.

A lower number of NOE interactions was extracted, due to the
extensive overlapping, from the 2D-NOESY experiments performed
on d(CGTATACG), (data not shown), but the few data analyzed
confirm that topopyrone prefers the terminal C:G base pairs for
intercalation. In the case of d(ATGCGCAT), the measured variation
in the chemical shifts (see Supplementary data) are not very signif-
icant, being below 0.3 ppm. The extensive overlapping of all the
resonances of 2 with the aromatic protons of guanines and cyti-
dines prevented the observation of relevant intermolecular NOEs.
Thus the weak NOEs detected for adenine A; and thymine T, are
not sufficient to define the mode of binding. This means that
d(CGTACG), remains the best sequence for intercalation.

2.4. Molecular modeling

Driven by the experimental NOEs, several models were devised
with 2 intercalated between the terminal C:G base pairs. Eight ori-
entations were considered: four of them, with the anthrapyrone
system in orthogonal position with respect to the base-pairs like
daunomycins,?® can easily be discarded, because they do not fit
with the experimental NOEs; of the four orientations parallel to
the bases, the two with the pyrone ring close to guanine Gg and
9,10-H protons close to cytidine C; can also be discarded for the
same reason. The two remaining orientations, parallel to the base
pairs and with the pyrone ring close to cytidine C; and 9,10-H close
to Gg, fit the observed NOEs and are schematically displayed as ori-
entations A and B in Figure 6.

Two separate sets of calculations were performed with re-
straints in agreement with either orientation A or B (see Experi-
mental). Figure 7 shows the obtained models for the two
orientations. The inter-proton distances between ligand and oligo-
nucleotide are reported for both complexes in Table 4. Both orien-
tations are in good agreement with the experimental data. In
orientation A, the side-chain is deeply inserted into the floor of
the minor groove and anchored by Van der Waals interactions with
2-H of A4 and 1’-H of C5 and by the positive edge oriented towards
the negatively charged oxygen atoms of Gg phosphate. The shortest

Figure 4. Scheme of the molecular aggregate for R = [drug]/[DNA] = 4. The filled and dotted black bars represent topopyrone molecules externally bound and intercalated in

the double helix respectively.
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Table 4

Intermolecular NOE interactions, interatomic distances (A) and energy values for the energy minimized models (orientations A and B)

d(CGTACG), 2 NOE*P Distance (A)°

A B
6-H ¢4 2-Me S 4.8 34
8-H G, 2-Me m 6.0 3.2
6-H ¢, 3-H s 3.2 2.7
5-H ¢ 3-H S 4.5 33
1-H ¢,¢ 3-H w 5.2 6.2
2'-H (proR) C; 3-H s 2.9 6.5
2'-H (proS) C; 3-H w 43 5.7
3'-H G 3-H S 2.1 3.9
2'-H (proR) G, 3-H s 25 4.7
2'-H (proS) G, 3-H m 42 3.1
8-H G, 5-H m 4.0 5.6
5-H C, 6-H w 41 7.0
2'-H (proR) C; 6-H w 7.9 48
8-H Gg 9-H w 3.5 4.4
1'-H Gg 9-H w 45 41
2/-H(proS) Gg 9-H s 22 2.7
2'-H(proR) Gg 9-H w 3.9 4.1
3'-H Gg 9-H s 2.8 2.2
1-H Cs 9-H s 4.4 2.8
2'-H(proS)° Cs 9-H m 3.0 34
5-H Cs8 9-H w 5.2 6.2
8-H Gg® 10-H w 54 4.2
1’-H Gg 10-H w 4.5 5.5
2'-H(proR) Gg 10-H s 3.8 2.7
3'-H G’ 10-H s 3.0 3.1
1-H Cs 10-H s 3.0 3.2
5-H G5 10-H m 5.2 4.0
Side-chain®
1-H Cs NMe S 3.0 7.6
5-H Cs NMe w 8.3 3.9
2-H A4 NMe S 3.1 8.0
1-H A4 NMe w 5.0 10.0
Relevant conformational energy parameters E (Kcal/mol)
Forcing 6.4 54
Van der Waals -76.7 —83.2
Hydrogen-bond -9.9 -8.1
Coulomb —345 -335
Total —239 —236
Distance violations (>0.3 A) 1 3

Acquired at 15 °C and 25 °C.

a
b §=2.0-3.0A m=3.0-40A w=4.0-50A
c
d
e

2’-H(proR) of Cs is overlapped by 2-Me of the ligand.
f Detected in H,0, R=1.

¢ Measured with R=1.

" Shortest distances.

distance between the side-chain nitrogen and the oxygen atoms of
CspGg phosphate is 2.9 A. In orientation B, where the side-chain
lies in the major groove, this distance is 5.3 A.

An overview of the phosphodiester « and { torsion angles val-
ues, explored by both orientations during the MD simulation
showed that the internal residues are found in the canonical
(g7.g") conformation, whereas C;pG, and CspGg experience a small
increase in the trans-gauche (t,g~) population. In the case of ori-
entation B, even G,pT; undergoes a small shift towards the
trans-gauche population. Therefore, the slight conformational
change of these phosphates angles might explain the small
down-field shift of the phosphate resonances. Some plots of
the correlations between « and ¢ torsion angles are reported in
Figure 8.

3. Conclusion

Our NMR studies have led to the conclusion that, in addition to a
stabilization of the Topo I-DNA binary cleavable complex,'® topopy-

The values that better define one orientation with respect to the other are in bold.
Detected at R =1, because the resonances of 1’-H(C;) and 5-H(C,) are well separated, that is, 5.61 and 5.68 ppm.

rone 2 directly interacts with the DNA double helix. The chemical
equilibria present in solution are much more complicated than that
depicted by a simple two-state intercalation model. In the presence
of oligonucleotide a certain number of ligand molecules are found to
externally stack to the double-helix, in addition to a small fraction of
the same ligand that intercalates. The external binding to the ionic
surface of the phosphoribose chains may thus represent the first step
of the intercalation process. Due to the phosphate backbone, the
polyelectrolyte behaviour of DNA facilitates the aggregation of the
positively charged molecules. The external binding is then enhanced
by the great tendency of topopyrone 2 to self-aggregate. The mode of
binding of topopyrone 2 differs from that one observed for other
topo-I inhibitors, like topotecan,?* which prefers to stack externally
to the DNA forming a cap-complex with the first base pairs. Topopy-
rone 2 is able to intercalate into the double helix between the CG
base pairs. This aspect is common to daunomycins, but there is an
important difference, that is, the residence time into the double he-
lix. Daunomycin and doxorubicin have a residence time of 20 ms and
60 ms, respectively, methoxymorpholinodoxorubicin (nemorubi-
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Figure 5. Selected regions of NOESY spectra of the 2/d(CGTACG), complex (R =2) in
(a) D20, (b) H,0, phosphate buffer 10 mM pH 6.7, NaCl 100 mM, tn;x 300 ms, at (a)
25 °C, (b) 15 °C. The boxes show the relevant intermolecular interactions between 2
and the oligonucleotide. The protons of 2 are in italics.

cin), active against topo-II and topo-1,>2% shows the highest resi-

dence time, 450 ms, forming a very stable complex?%?! and is
strongly cytotoxic. Consequently this represents a limit for the use
in therapy. Topopyrone 2 shows a residence time of 4 ms, but is still
active against topo-I. In addition, the external binding to the ionic
surface of the double helix might be biologically relevant and might
interfere with the DNA recognition by other cellular enzymes.

The effort to find molecules less and less cytotoxic than the clas-
sical antitumour drugs is increasing in all the laboratories. On this
aspect, molecules with a ‘soft’ binding to DNA become interesting.

The recent results’ about the activity of topopyrones against
topoisomerase II increase the interest for this class of agents.

A modulation of the binding of these molecules to DNA could be
obtained by changing the side-chain with an aminosugar or a mor-
pholino ring. The dynamic behaviour of topopyrones associated to
a short residence time into the base-pairs thus appear promising.

4. Experimental
4.1. Synthesis of topopyrone 2

Compound 2 was prepared according to the procedure previ-
ously described.!® The synthesis was based on the use of the Mars-

A minor groove

major groove

w

minor groove

Ge

major groove

Figure 6. Schematic representation of the two different binding modes (orienta-
tions A and B) of 2 intercalated at the CpG step of d(CGTACG),.

chalk alkylation reaction of the commercially available 1,8
dihydroxyanthraquinone followed by a Baker-Venkataraman
chain elongation and an acid-catalyzed cyclization for the con-
struction of the pyrone framework. The conversion of 11-hydro-
xy-2-methyl-1-oxabenzo[a]anthracene-4,7,12-trione in 11-(2-
dimethylaminoethoxy)-2-methyl-1-oxabenzo[a]anthracene-4,7,12
trione (2) was achieved using (2-chloroethyl)-dimethylamine
hydrochloride in tetraglyme.

4.2. Sample preparation

The oligonucleotides, purified by HPLC, were purchased from
Roche Diagnostics (Monza, Italy) and dissolved in D,0 (99.9% iso-
topic purity, Cambridge Isotope laboratories Inc.), 0.25 mM and
in H0/D,0 (90:10 v/v) at a 0.5-2 mM concentration range, in
the presence of 0.1 M NaCl, 10 mM and 20 mM phosphate buffer,
pH 6.7. For NMR titration experiments a stock solution of 2 was
prepared at the concentration 23.4 mM.

7.3. NMR experiments

The NMR spectra were recorded on a Bruker AV600 spectrome-
ter operating at a frequency of 600.10 MHz, 150.91 MHz and
242.94 MHz, for 'H, '3C and 3'P nuclei, respectively. 'H and 3'P
spectra (broad-band 'H decoupled mode) were recorded at vari-
able temperature ranging from 5 °C to 25 °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-sulfo-
nate sodium salt) set at 0.00 ppm and MDA (methylenedisphos-
phonic acid) set at 16.8 ppm. Estimated accuracy for protons is
within 0.01 ppm, for phosphorous is within 0.03 ppm. Titration
experiments were performed by adding increasing amounts of 2
to a solution of the oligonucleotide (DNA), until R=][2]/
[DNA] =4.0 and in inverse order, by adding increasing amounts
of DNA to a solution of 2 from R=20 to R=3.0.

Phase sensitive NOESY spectra were acquired at 25 °C and 15 °C
in TPPI mode, with 2 K x 512 complex FIDs, spectral width of
8417.51 Hz and 13227.51 Hz for D,0 and H,O solutions respec-
tively, recycling delay of 1.5 s, 80 scans. Mixing times ranged from
50 ms to 300 ms. TOCSY?’ spectra were acquired with the use of a
MLEV-17 spin-lock pulse (field strength 10.000 Hz, 60 ms total
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Figure 7. Energy minimized molecular models of the complex between 2 and d(CGTACG),: (a) orientation A, (b) orientation B.

ClpG2 G2pT3
il 1 1 1
g %) ) %E
L, &
I
-1
sl 3 gl
il B e e
83 180 -1ge 188
gene LGy
A4pC5 C5pG6
b—t S
aFg”

(GE)/°

T T T 1
-1ee 18@ -188 1800

LAdr L(csy°

Cl1pG2 G2pT3
sl S R R g oo !SE :
e | g | i
& I
] £ [
] ,g k-4 ‘ﬂ 5&
?_” L g i He
! |‘}"=:‘:I T T i e -
-182 1ee -182 l6e
gy LGr
A4pC5 C5pG6
o 1 1 1 o _"':;_I_n S —
] SR e [
) B £o u"
2 e % %‘i:: Qﬁ%
[ o & |8 |
< o g f
R |
:',- odEe o1 " =
5 . 0 ol
'77_"T""UT T 1 T @ - T E
-lge 180 -182 188
ta4)r ccsys

Figure 8. Correlation between torsion angles o and { for the C;pG,, G,pTs, A4pCs and CspGg phosphate groups in the 2/d(CGTACG), complex obtained from MD calculations.

On the left: orientation A, on the right: orientation B.

duration). All spectra were transformed and weighted with a 90°
shifted sine-bell squared function to 2K x 1K real data points.
For samples dissolved in D,0, water suppression was achieved by
pre-saturation, placing the carrier frequency on the HDO reso-
nance. For samples in H,0, the 3-9-19 and the excitation sculpting
sequences from standard Bruker pulse program libraries were em-
ployed. 3'P 2D-NOESY exchange experiments were acquired
(1 K x 128 FIDs, 800 scans) at different mixing times ranging from
80 to 300 ms.

TH assignments for ligand 2 were performed by using NOESY
and TOCSY experiments. The assignment of 5-H versus 6-H of 2
was made by '>C HSQC and HMBC experiments. The >C assign-
ments are reported in Supplementary data. The sequential assign-
ments in free and bound oligonucleotides were performed by
applying well established procedures for the analysis of double
stranded B-DNA.?* The assignment of 2’-H pro-R versus 2'-H pro-
S for the free oligonucleodide were performed by quantification
of the intra-residue NOE cross-peaks with the aromatic base pro-
tons in the NOESY spectra, in the free and bound state performed
at short mixing times. The 'H and 3!P assignments for the free oli-
gonucleotides d(CGTACG), have previously been reported,!®2!
while the 'H assignments for d(ATGCGCAT), with 2 are reported
in Supplementary data.

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 (Mr 180; 3 mM in D,0 99.9%; NaCl
0.1 M, phosphate buffer 10 mM, pH 6.7), d(CGTACG), (Mr 3754,
3mM in D,0 99.9%; NaCl 0.1 M, phosphate buffer 10 mM, pH
6.7), aprotinin (Mr 6,500; 1 mM in D,0 99.9%; pH 6.8), lysozyme
(Mr 14,400; 1 mM in D,0 99.9%; pH 6.9), trypsin (Mr 23,500;
1 mM in D50 99.9%; pH 3.0) and LCTI (Lens culinaris trypsin inhib-
itor)(Mr 7447; 1 mM in D,0 99.9%; pH 3.0).28 The concentration of
topopyrone 2 was 5.4 mM.

4.3. UV experiments

The UV spectra were recorded at 25°C on a Perkin-Elmer
Lambda 40 UV-vis spectrophotometer. Drug self-association
was studied by dilution experiments measuring the change in
Jmax Of @ 1074 M solution diluted down to 10~ M (50 mM Nacl
and 10 mM phosphate buffer). A dimerization model was consid-
ered a sufficient approximation in such diluted solutions,!®!”
thus the dimerization constant (Kp) was calculated by using
standard equations.?® The apparent DNA-drug binding constants
(K) were measured by titration experiments at /y.x of 376 nm,
performed by adding increasing amounts of a 5.0 x 10~ M stock
solution of the drug in water to a 1.0 x 107> M solution of the
oligonucleotide. An isosbestic point was observed at 414 nm.
Numerical values were obtained by solving a non-linear system
of equations, based on the relevant chemical equilibria present
in solution, including drug self-aggregation (modeled as dimer-
ization) and drug-DNA intercalation.?® The numerical system
was solved by using matLap (v.5.1).
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4.4. Molecular modelling

Molecular models were built with Insight II & Discover (version
97.0 MSI, San Diego, CA) on a Silicon Graphics 02 workstation, using
AMBER?® as force-field and standard fragments from the Silicon
Graphics library for 2, partial atomic charges were calculated using
MOPAC3! and the structure energy minimized with 1000 steps con-
jugate gradients. For d(CGTACG),, the model was based on data ta-
ken from Ref. 24. A distance-dependent relative permittivity
£=4.0 r was used and the 1-4 non bond interactions were scaled
by 0.5. Initially, two different models for the intercalation (A and
B) were devised by docking the ligand into DNA in the orientations
suggested by the experimental NOEs. The observed NOEs were
grouped into three intensity classes, corresponding to the following
inter-proton distance intervals: s (strong)=2.0-3.0A, m (med-
ium) =3.0-4.0 A, w (weak) = 4.0-5.0 A. Restraints were defined as
quadratic well potentials with upper and lower limits on the basis
of the above-reported classes of NOE intensities with a force con-
stant of 10 Kcal mol~! A=2. The complexes were initially subjected
to energy minimization (2000 steps conjugate gradients), with the
following restraints: (i) hydrogen bonds between helical base pairs
(except terminal base pairs); (ii) drug-DNA interproton distances.
Two separate runs were performed, after dividing the measured
NOE interactions into two classes in accord to orientations A and B.
As a final refinement step, a restrained molecular dynamics calcula-
tion was performed (100 ps at 300 K temperature, sampling the tra-
jectory every ps) followed by a further minimization step.
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