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The antitumor anthracycline nemorubicin is converted by human liver microsomes to a major metabo-
lite, PNU-159682 (PNU), which was found to be much more potent than its parent drug toward cultured
tumor cells and in vivo tumor models. The mechanism of action of nemorubicin appears different from
other anthracyclines and until now is the object of studies. In fact PNU is deemed to play a dominant,
but still unclear, role in the in vivo antitumor activity of nemorubicin. The interaction of PNU with the
oligonucleotides d(CGTACG),, d(CGATCG), and d(CGCGCG), was studied with a combined use of 'H
and 2'P NMR spectroscopy and by ESI-mass experiments. The NMR studies allowed to establish that
the intercalation between the base pairs of the duplex leads to very stable complexes and at the same
time to exclude the formation of covalent bonds. Melting experiments monitored by NMR, allowed to
observe with high accuracy the behaviour of the imine protons with temperature, and the results showed
that the re-annealing occurs after melting. The formation of reversible complexes was confirmed by
HPLC-tandem mass spectra, also combined with endonuclease P1digestion. The MS/MS spectra showed
the loss of neutral PNU before breaking the double helix, a behaviour typical of intercalators. After diges-
tion with the enzyme, the spectra did not show any compound with PNU bound to the bases. The evi-
dence of a reversible process appears from both proton and phosphorus NOESY spectra of PNU bound
to d(CGTACG), and to d(CGATCG),. The dissociation rate constants (ko) of the slow step of the interca-
lation process, measured by 3'P NMR NOE-exchange experiments, showed that the kinetics of the process
is slower for PNU than for doxorubicin and nemorubicin, leading to a 10- to 20-fold increase of the res-
idence time of PNU into the intercalation sites, with respect to doxorubicin. A relevant number of NOE
interactions allowed to derive a model of the complexes in solution from restrained MD calculations.
The conformation of PNU bound to the oligonucleotides was also derived from the coupling constant
values.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

of DNA repair mechanisms in mediating its activity.> MMDX forms
very stable complexes with DNA by intercalation into the base

Nemorubicin (3’-deamino-3'-[2"(S)-methoxy-4"-morpholinyl] pairs of the double helix, with a high residence time, of an order

doxorubicin, (MMDX)'? is a ‘non conventional’ anthracycline
selected for clinical trials because of its novel mode of action and
its important activity on tumors resistant to different classes of
drugs. In particular, initial clinical studies showed the efficacy in
hepatic lesions and the absence of cardiotoxic effects at optimal
antitumor doses (see Scheme 1).

The mechanism of action of MMDX appears different from other
anthracyclines. It was shown that it works by inhibiting topoiso-
merase | and II,* and recent studies indicate also an involvement

* Corresponding author. Tel.: +39 02 50316813; fax: +39 02 50316801
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of magnitude higher than for doxorubicin (DX), when measured
with model oligonucleotides.®’

In vivo, MMDX is 80-120-fold more potent than DX, but in vitro
the cytotoxicity is much lower.? It was established®® that MMDX is
converted by human liver microsomes to a major metabolite,
which was recognized identical to a synthetic sample of 3'-
deamino-3",4'-anhydro-[2"(S)-methoxy-3"(R)-oxy-4"-morpholinyl]
doxorubicin (PNU-159682).° This metabolite was found to be
700-2400 fold more potent than its parent drug toward cultured
human tumor cells,*® and showed significant efficacy in in vivo tu-
mor models.'® These results suggested that PNU plays a dominant
role in the in vivo antitumor activity of MMDX.28
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nemorubicin (MMDX)

PNU - 159682

Scheme 1.

The peculiar behaviour of PNU-159682 was related''™'® to
that of the conjugates of DX and other anthracyclines with
formaldehyde,'*"'® thus suggesting the formation of a covalent
bond to CG-rich DNA.

No study on the interaction of this metabolite with oligonucleotides
by NMR spectroscopy has been reported so far. We thought that
such NMR experiments, in conjunction with Mass spectrometry
analyses, could clarify the dynamics of the intercalation process
and the type of binding.

The dissociation rate constants (kog) of the slow step of the
intercalation process can be measured with high accuracy directly
by 3P NMR NOE-exchange experiments!” and do not depend upon
ionic strength and self-association phenomena, as occurs for the
binding constants.®” The kinetic constants are an expression of
the average residence time (1/k.g) of the drug in the intercalation
sites. 2D-NOESY experiments allow to detect the contacts between
the drug and the oligonucleotide, thus providing information on
the structure of the complex. The experiments were performed
with the double helix oligonucleotides d(CGTACG), and
d(CGATCG), henceforth referred as ‘TA’ and ‘AT’ respectively.
PNU-159682 is referred as PNU.

2. Results and discussion
2.1. Conformation of PNU as a free drug and in the complexes

The conformation of the drug as a free base and as a salt was de-
duced from the coupling constants values reported, together with
those of MMDX, in the Supplementary Table S1. The results were
then compared with those obtained from the data for the drug in
the complexes. For the free PNU in water, as well as in CDCl3 and
in DMSO, the conformation of the daunosamine ring appeares sim-
ilar to that of MMDX and DX.'® The higher value of the coupling
constants between H-1’ and the protons at C-2’ (5.5 and 6.0 Hz)
could suggest a change of conformation, but these values are not
in agreement with either a boat or a twist form, which have dihe-
dral angles 0;/, »» = H;—Cy—Cy—Hy0f 180°, 60° and 90°, 30° respec-
tively. The other couplings constants are equal to those of
doxorubicins, except for J34 = 5.0 Hz and for the geminal interac-
tion between protons at C-2 (*/ = 15.0 Hz). The salt of PNU shows
all the couplings in line with those of MMDX and DX, including
Ji2=5.0and 1.5, J3.4 = 3.0 and ?J = 13.0 Hz. Therefore we think that
the main factor which affects the values of the above couplings is
the protonation of the amine nitrogen, and that a ‘chair’ conforma-
tion of daunosamine ring is preferred also for PNU.

The morpholine ring appears more flexible. The coupling con-
stant Jo»3» (2.0 Hz) is the same in CDCl; and in DMSO, increases
to 7.5 Hz in water for the free base and to 4.5 Hz for the salt, but
those of the fragment 5”-CH,-CH,-6" are almost identical in the
three solvents. Among these coupling constants, one measures
9.0 Hz, typical of a diaxial interaction (65 g ~180°), the other three
ones range from 3.0 to 4.0 Hz, in agreement with angles of 50-60°.
The models (see Section 2.8) show that the angle 6, 3- can oscillate
from 170° to 130°, without affecting the conformation of the
5”-CH,-CH,-6" fragment. These angle values can justify the variation
of J,»3» in the different solvents. Therefore the conformation of the
morpholine ring appears like a ‘chair’ in water, and a slightly dis-
torted ‘chair’ in the aprotic solvents. For the salt, the effect of the
positive charge on the nitrogen atom may also contribute to de-
crease the vicinal coupling constants, with respect to the free base
in water. The conformation of the morpholine ring of MMDX in
water and in DMSO appears like a ‘twist’, as deduced from the cou-
pling constant values reported in Table S1 of the Supplementary.

The behaviour of PNU molecule was accurately studied in order
to obtain information on the shape of the drug in the complexes,
which was deduced from some coupling constants and NOE inter-
actions. The coupling constants involving H-1' and H-2’ of the
daunosamine ring and J,.3» of morpholine ring are identical to
those found for the PNU salt, suggesting that in the complexes
the drug is protonated, even though the titration was performed
with the free base. A further evidence that PNU becomes proton-
ated in the double helix follows from the NH" signal (a broad dou-
blet of 10.5 Hz) detected at 8.8 ppm and connected by TOCSY
experiments to H-3”, which is a double doublet of 10.5 and
4.5 Hz. The intra-molecular NOEs, reported in Table S2 of the Sup-
plementary together with the inter-proton distances obtained by
MD (see later), were mainly used for the assignments of the proton
signals of the drug in the complexes (Table S3), but they are also
instrumental to establish the conformation around the glycosyl
linkage. In particular, the NOE between Me-5' of the sugar ring
and one proton at C-8 of the aglycone, together with the NOEs
involving OH-6 with the protons at C-1' and C-2’ are indicative of
the orientation of the daunosamine ring toward the aglycone.
These NOEs were detected for both AT and TA complexes as well
as for the free PNU. Thus the drug maintains its preferred confor-
mation, that is with the methyl group Me-5' projected toward
the external side of the molecule (Fig. 1). The distance between
H-8 equiv and Me-5’ protons is 4.7 A for AT and 4.5 A for TA com-
plex. The torsion angles C;-07-Cy.—Cy and Cp9-C7-07-Cy. are +146°
and —161° for AT, +130° and —158° for TA-complex respectively.
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Figure 1. Stereoview of the drug in the PNU/AT complex. The torsion angles C;-0,-C;—Cy and C30-C7-0,-Cy: are +146° and —161°; 0,3/ = Hy»—C—C3—Hs» is —144°,

05,6 = Hspay—Csr—Cor—Hgray is 165°.

These values are similar to those of MMDX’ and comparable with
those of the other daunomycins,'® as well as the conformation of
the cyclohexene ring of the aglycone.

2.2. Assignment of NH and OH protons

The chelated OH protons of the drug and the imine NH protons
of the base pairs lie together in the 11-13 ppm region of the NMR
spectrum, but the assignment of NH vs OH was easy because the
NH resonances gave sequential NOE cross-peaks and the OH sig-
nals are sharper. OH-6 was assigned vs OH-11 by the NOE interac-
tions with H-1" and H-2’ of the daunosamine ring. Two signals for
each OH proton of the drug and four signals for each imine NH pro-
tons of the bases were observed.

We pay particular attention in detecting and assigning the gem-
inal NH; protons of the bases, which lie in the 5.5-8.5 ppm region,
in the free oligonucleotides and in the complexes, by performing
spectra at different temperatures. The resonances of the cytidines
C; and Cs were always visible, whereas those of adenine and
guanine G, sometime lack and those of Gg could never be assigned.
Adenine and guanine G, are the most interesting because they lie
at the level of the presumed intercalation site (G,) and close to
the position where the morpholine ring should be located (As;
and A,). The geminal protons were first identified by TOCSY
experiments, then assigned by NOE interactions: NH, C; and NH,
Cs with H-5 of the corresponding cytidine, NH, G, with the imine
proton NHG,Cs. The geminal protons of the adenine were always
detected in both nucleotides and in their complexes and were
assigned by the strong NOE with the imine NHAsT, and NHT3A4
respectively.

The chemical shift values are reported in Tables S4 and S5 of the
Supplemetary together with those obtained in the same conditions
for the complexes of nemorubicin (Tables S6 and S7). A selected set
of values of the AT/PNU complex is reported in Table 1.

2.3. 'H NMR titration experiments

The titrations were performed with PNU as free base in different
conditions (see Experimental), but in general the experiments in
H,0 at 15 °C and without salts were preferred, because the portion
of the spectra relative to NH and OH signals is better resolved. The
increase of their resonances belonging to the bound species can
easily be followed during the titration experiments. Focusing on
the two resonances of OH-11 for the AT complex (Fig. 2), we can
observe that for R = [PNU]/[duplex] = 0.5 to R =1 one signal is pre-
dominant, then it decreases, while the other one increases and be-
comes predominant (~80-90%) for R = 3. This must be interpreted
with the formation firstly of a complex with one drug and then of a

Table 1
Selected 'H chemical shift values of d(CGATCG), bound to PNU?

d(CGATCG), Bound to PNU AsP

NH C;Gg 11.98¢ -1.13

NH G,Cs 11.77¢, 12.85¢ -1.08

NH AsT, 13.29¢, 13.58¢ -0.35

NH, C, 7.58, 6.84 —0.60, —0.22
NH, Cs 8.49, 6.79 -0.09, —0.23
NH; G, 7.71, 6.14 -0.14, +0.07
NH; A; 6.94, 5.60 -0.83, —0.38
2-H A; 7.30%,7.87¢ —0.62

8-H A3 8.44¢, 8.18¢ +0.15

8-H G, 8.08¢, 7.964 +0.10

8-H Gg 7.85 -0.10

6-H C; 7.72 +0.11

6-H Cs 7.19 -0.28

6-H T, 7.17 -0.01

5-H C; 5.91 +0.01

5-H Cs 5.51 -0.14

Me Ty 1.24 ~0.14

1-H G, 5.74 —0.04

1-H G, 6.14 +0.56

1-H As 6.35 +0.05

1-H T, 6.16 +0.22

1/-H Cs 5.96 +0.34

1-H Gg 5.56 -0.60

4 Measured at 15 °C in ppm () from external DSS. Solvent H,0-D,0 (90:10 v/v),
pH 6.7, R = [PNU]/[DNA] = 3, lacking data means not detected.

> A8 = Spound — Jfree; AS Values for the protons of the segment from 2/-CH, to 5'-
CH, are not significant.

¢ Bound species: bis-intercalated.

complex with two drug molecules. The two signals of OH-6 are
overlapped to the NH patterns and are more difficult to analyze.
In principle four NH signals are expected, due to the free duplex
(1 signal), to the duplex bound to one drug (2 signals) and to the
duplex bound to two drug molecules (1 signal). This clearly ap-
pears from the NHG,Cs pattern for R = 1. We performed, for a com-
parison, the titration with DX and MMDX in the same conditions.
(Fig. S2 in the Suplementary)

The significant upfield shift variation (0.7-1.1 ppm) found for
the imine proton NHC;Gg and especially NHG,Cs (Table 1) suggests
an intercalation process between the CG base pairs, as occurs for
MMDX and daunomycins.”?° A shielding of the same order was ob-
served for OH-6, but more modest for OH-11 (0.2-0.3 ppm). It
must be noted that the shift variation of the drug molecule is less
significant for two reasons: the values for the free drug are affected
by the concentration and belong to the non protonated species,
whereas the species into the duplex is protonated.

The complexes are symmetrical at the CG sites, as evidently ap-
pears from the pattern of the OH resonances above described. At
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Figure 2. Low field region of the 'H NMR spectra in H,0 at 15 °C, pH 6.7, of PNU/AT complex with different R = [drug]/[duplex]: (a) R = 0, (b) R = 0.75, 2D NOESY spectrum,
tmix = 300 ms, (c) R=1.5, (d) R = 3.0. The resonances marked as (0), (1) and (2) belong to the free species, to the mono- and to the bis-complex, respectively.

the level of the minor groove, where the daunosamine and
morpholine moieties take place (see later), the signals of H-1’, H-
3/, Me-5' and H-2”, observed in the range 15-35 °C, show that
the symmetry is mantained. An excess of drug is always necessary,
in order to favour the shift of the equilibrium toward the bis-
intercalated species, but some amounts of mono-intercalated spe-
cies and trace of free duplex are still present. The stabilization of
the complexes takes some time, which in the case of the AT com-
plex is up to one night. This can be explained with the protonation
of the drug, which occurs during the interaction process with the
oligonucleotide, but also with the lack of flexibility of the
sugar-morpholino moiety. The evidence of a reversible process ap-
pears from the NOESY spectra, which show some exchange peaks,
for instance those clearly visible in the NHA3;T, and NHT3A4 pat-
terns (Fig. 2b) and in the aromatic protons resonances of adenine
and guanines. In order to better define the exchange between the

species present in solution and to study the kinetics of the process
we performed phosphorus experiments.

2.4. 3P NMR experiments and measurement of the kinetic
constants kg

The chemical shift variation of the 3'P resonances is the evi-
dence of a geometrical deformation in the phosphodiester chain,
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 (a = —60°, { =180°), as a
consequence of intercalation, is associated with a low-field shift
up to 1.0-2.5 ppm.>721-23
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The titration experiments on AT, reported in Figure ure3, shows
the appearance of new signals at low field, which are connected, by
2D NOESY-exchange, with CspGg and G,pAs signals of the free
oligonucleotide. The NOESY spectrum is reported in the Supple-
mentary Fig. S3. This result shows that the bound species are in
a relative slow equilibrium with the free specie, and thus the inter-
action with the oligonucleotide leads to the formation of a revers-
ible complex.

At low R values, the mono- and the bis-intercalated species were
both present, as also observed in the 'H NMR spectra. At high field
the pattern is complicated because the AspT4 and T4pCs signals are
partially overlapped to those of the free species. At R=3 the
spectrum simplifies to five rather sharp signals, due to the bis-
intercalated complex, which becomes the predominant species.
The assignment of these resonances (Table 2) was performed by het-
eronuclear 2D J-resolved experiments (Fig. S4 in the Supplemen-
tary). The resonance of G,pAs of the bound species remains
constant at +1.0 ppm during the titration, whereas the CspGg signal,
at +0.78 ppm for R = 0.5, shifts progressively to low field, at +1.19
ppm for R = 3. The 46 for both signals are +1.32 and 1.37 ppm. The
resonance of As;pT4 moves to high field (Aé = —0.40 ppm) as ob-
served for nemorubicin.’

The titration on TA gave similar results with the resonances at
low field assigned to CspGg and G,pTs, but with a stronger deshiel-
ding of G,pTs (As = +2.15 ppm) with respect to the AT complex.

The strong downfield shift observed in both complexes for
CspGe and G,pAs (G,pTs respectively), indicates a deformation of
the phosphorus angles at the level of CG base pairs, in agreement
with the intercalation at these sites.The variation of the « and ¢ tor-
sion angles at the G,pT3 phosphate of TA complex appears more
pronounced compared with to the angles of the G,pAs phosphate
in AT complex. From the models we found that the most populated
conformation for PNU/TA at G,pTs is trans-gauche, while in the
PNU/AT complex, the trans-gauche is predominant at the CspGg
phosphate. This can explain the observed stronger deshielding of
G,pT; phosphorus resonance in TA complex.

C;pG;

(b)

Figure 3. 3'P NMR spectra 'H-decoupled in H,0, pH 6.7, at 15°C of PNU/AT
complex with different R = [drug]/[duplex]: (a) R=0, (b) R=1.0, (c) R=3.0.

Table 2
31p chemical shift values for d(CGATCG), and d(CGTACG), bound to PNU?

Phosphate Free duplex Bound duplex
Group AT Sbound AS®
CipGy -0.32 -0.26 +0.06
GypAs -0.32 +1.00 +1.32
AspTy —-0.69 -1.09 —-0.40
T4pCs —-0.49 -0.61 -0.12
CspGe -0.18 +1.19 +1.37
TA Sbound AS
C1pGa -0.24 ¢
GopTs -0.70 +1.45 +2.15
T3pAs -0.41 —-0.45 0.04
A4pCs -0.47 -0.45 0.02
CspGe -0.33 +1.13 +1.46

¢ Measured at 15 °C in ppm () from external MDA set at 16.8 ppm. Solvent H,0,
pH 6.7, R=3.

® A8 = bound = Jiree-

¢ Not detected.

Table 3
Dissociation rate constants (ko) and averaged life time (1/kog) for the AT- and TA-
complexes with PNU, nemorubicin and doxorubicin®

Drug TA-complex AT-complex

Kogr (s71) 1/kogr (s) Korr (s1) 1/kogr (s)
PNU 1.50 £ 0.40 0.67 £0.18 0.98 +0.40 1.02 £0.38
MMDX 2.20+0.06 0.45.+0.13 240+1.10 0.41+0.19
DX 17.3+3.50 0.06 £ 0.01 23.0+4.0 0.04 £0.01

3 Obtained from 3'P spectra, at 25 °C in D,0, 10 mM phosphate buffer, 0.1 M Nacl,
pH 6.7.

As 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. The data in Table 3 shows
that the kinetics of the intercalation process is slower for PNU than
for DX and MMDX, leading to an averaged life time (1/kog) into the
intercalation site of 1.02 s for AT and 0.67 s for TA complex respec-
tively. These results show that the decrease of kg for PNU vs DX
corresponds to a 10-20-fold increase of the residence time of the
drug into the intercalation sites, in line with the stronger cytotoxic
activity with respect to DX, but it cannot be the only explanation
for the so potent activity of PNU, toward the tumor cells, with re-
spect to the parent drug. Many other factors may be involved in the
in vivo processes to contribute to the antitumor activity. It must be
noted that the measured kg is related to the formation of the
mono-intercalated complex, as the exchange processes are obser-
vable only for low R values 0.5-1.0. The residence time in the case
of longer nucleotides with multiple intercalations might be
significantly more important. In our model system, for instance,
the bis-intercalated complexes of PNU appeared, by the melting
experiments described in the following paragraph, exceptionally
stable compared with those of MMDX.

2.5. Melting experiments

TH NMR and UV spectroscopy were used to determine the melt-
ing point of the two oligonucleotides AT and TA, free and bound to
PNU and to the parent drug MMDX. The melting points obtained by
UV and NMR methods are similar, 67 °C for PNU/AT (ATm = 40 °C)
and 60 °C for PNU/TA complex (ATm = 33 °C), but the phenomenon
is more clearly observed by the NMR experiments, because they al-
low to monitor with high accuracy the behaviour of the imino pro-
tons. On lowering the temperature the re-annealing occurred, as
clearly shown by the NH resonances, which reappeared at the ori-
ginal positions. (Fig. 4).
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The UV spectra (Fig. 5 and Fig. S5), acquired monitoring the
absorbance variation at 260 nm as a function of the temperature,
show two transitions corresponding to the melting point of the free
oligonucleotide and of the complex. The same behavour was ob-
served'? in the case of the interaction of PNU with d(CGCGCG),.

The solutions of the complexes were also incubated at 90 °C for
30 min and then cooled down to 25 °C. In a few hours the NMR
spectra returned identical to those measured before heating, show-
ing a perfect re-annealing.The melting experiment with the solu-
tion of MMDX/AT showed at 45 °C the disappearing of all the
signals at low field including the phenolic OH of the drug
(ATm = 10.5 °C).

This result must be interpreted with the formation of reversible
complexes, which are significantly more stable in the case of PNU
with respect to MMDX, the complex with AT appearing a little more
stable than that with TA. The binding constant for the AT complex of
PNU, is one order of magnitude higher (K =7.12 £ 0.5 106 M~!) than
that found for the MMDX complex (K =6.85 + 0.3 10° M~!), both
having been obtained by UV experiments.

The fact that the duplexes are so much stabilized by PNU had
induced the suggestion that a covalent bond might be formed, even
if the melting experiments gave evidence for a reversible complex.
The formation of a covalent bond was indeed inferred for the com-
plex of PNU with the hexanucleotide d(CGCGCG),."> Thus we
decided to further confirm these results by mass spectrometry,
combined with endonuclease P1 digestion. This enzyme catalyzes
the release of nucleotide 5'-monophosphates and the subsequent
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Figure 4. NH resonances of the 'H NMR spectra of PNU/TA complex in H,0, 10 mM
phosphate buffer, 0.1 M NaCl, pH 6.7, with R =4: (a) at 15 °C before melting, (b) at
57 °C, when melting occurs, (c) at 15 °C after melting, (d) at 15 °C after heating at
90 °C for 30 min. The resonances marked with * are assigned to the OH protons of
the free PNU. They significantly decrease after heating as well as the free
oligonucleotide.
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Figure 5. UV melting experiment on the PNU/TA complex in H,O, 10 mM
phosphate buffer, 0.1 M NaCl, pH 6.7, with R =4.

analysis by HPLC-MS allows to detect nucleotide bases covalently
bound to the drug.

2.6. ESI-MS and MS/MS experiments

Solutions of PNU complexes with both AT and TA oligomers
(R=4) already analyzed by NMR and those recovered from the
melting experiments were examined by HPLC-UV/MS. The results
are similar for the two complexes and are identical for samples col-
lected before and after the melting. The HPLC pattern present, be-
side the signals of the free oligonucleotide and the free drug, two
main peaks which showed identical mass spectra. In both cases
the signal of the complex [duplex + 2 PNU]*~ was identified at
1621 m/z. As depicted in Figure 6, the MS/MS spectrum of this
complex showed the mass signal corresponding to the precursor
ion [1 duplex + 2 PNUJ*~, and to the fragments [duplex + 1 PNU]
3- and [duplex]®~, generated by the loss of neutral PNU before
the duplex dissociation into single strands. This fragmentation
pathway, in MS/MS experiments, was previously described by
Rosu et al.2* for classic intercalation compounds, such as DX and
daunomycin, which interact with DNA through a non-covalent
mechanism. Thus this result further indicates the absence of a
covalent bond between PNU and oligonucleotides.

As reported below, NMR DOSY experiments revealed the forma-
tion of [duplex + 5 PNU] and [duplex + 6 PNU] complexes at higher
PNU/duplex ratio (R = 3). These adducts could be separated by li-
quid chromatography and subsequently, under mass spectrometry
conditions, PNU molecules that unspecifically bind to the duplex
were dissociated. As result, two peaks with a molecular weight
consistent with [1 duplex + 2 PNU] complex were present in the
chromatogram.

In order to obtain an additional evidence of the binding mode,
the same solutions were digested with P1 endonuclease at 37 °C,
pH 6.8 and pH 5.5, and then analysed by HPLC-UV/MS.?* The spec-
tra did not show any compound with PNU bound to the bases, but
dCMP, dTMP, dC, dGMP, dAMP and free PNU (Fig. S6 in the Supple-
mentary). These results again exclude the formation of covalent
bonds and confirmed that the complexes are very stable, but the
nature of the interactions is only intercalation. These experiments
were performed also at neutral pH, in order to avoid a possible
hydrolysis of the suggested!®> hypothetical hemiacetalic bonds
between PNU and the guanine NH; group. On the other hand, the
acetalic bond of the five-membered ring of PNU is significantly
stable, as shown by the failure of the attempt to open it by the
reaction with guanosine, carried out at variable temperatures untill
90 °C at neutral and acidic pH. Monitoring by NMR, this indicated
that the starting materials remained unalterated.
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Figure 6. ESI negative ion mode MS/MS spectrum of the [d(CGATCG),+2PNUJ?
chromatographic peak at retention time 13.3 min. (ds = d(CGATCG),).

The same experiments were performed with the hexanucleotide
d(CGCGCG),. The predominant species in this case is the complex
of [1 duplex + 1 PNU], but a small amount of [1 duplex + 2 PNU]
is also present. The MS/MS spectra of the corresponding peaks
showed the same behaviour described above for AT and TA
complexes, in particular the loss of neutral PNU occurs before the
denaturation of the double helix.

2.7. DOSY experiments

The NMR DOSY experiments2® showed that, at a low concentra-
tion of PNU (R = 0.5), the dimension of the AT complexes present in
solution corresponds to [1 duplex +1 PNU] and [1 duplex + 2 PNU].
With R = 3, the external aggregation becomes important, as occurs
for DX?° two values of molecular weight were obtained corre-
sponding to [1 duplex + 5 PNU] and [1 duplex + 6 PNU]. The aggre-
gation phenomenon appears more pronounced for TA complex: the
molecular weight of the aggregate (9220) suggests the linking of
two mono-intercalated duplexes through one drug molecule [2 du-
plexes + 3 PNU], in agreement with the lesser stability of TA com-
plex, compared with AT complex.

2.8. NOESY experiments and modeling

The "H NOESY spectra of the complexes with both oligonucleotides
gave a relevant number of intermolecular interactions between the
ligand and the duplexes and in general the lack of the sequential
intra-molecular NOEs between Gg and Cs protons of the nucleo-
tides. While the strong sequential NOEs between NHAsT; and
NH,G, and between NHG,Cs and NH,As; observed in the AT
complex, but not in the nucleotide alone, suggest the deformation
of the duplex at the level of the guanine G, plane, that becomes
closer to the adenine As; plane. This is also in agreement with
the up field shift of H-2 and NH, protons of the adenine A;
(0.6-0.8 ppm). Examples of NOESY spectra, obtained for the inter-
action of PNU with AT and corresponding to the 2:1 complex, are
reported in the Supplementary Figures S7 and S8 and all the data
are given in Table 4.

The contacts of the anthraquinone moiety with C; and Gg units
confirm the intercalation sites between the CG base pairs of the he-
lix. Specifically, the orientation of the aglycone is proved by the
selective interactions of the aromatic protons: H-1 and OH-11 with
Cy; H-3, OMe-4 and OH-6 with Gg. But more interesting are the
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complex (1621.5m/z) at 10V collision voltage. The spectrum corresponds to the

Table 4

Inter-molecular NOE interactions and inter-proton distances (A) for the complex of
PNU with d(CGATCG),?

PNU d(CGATCG), NOEP dc
1-H 5-H G w 4.8
1-H NH, ¢ m 3.0
3-H 8-H Gg s 3.8
4-OMe 2'-H Gg s 3.9¢
4-OMe 8-H Gg m 4.2
6-OH 1’-H Gg S 39
6-OH 8-H Gg m 4.8
6-OH 4'-H Gg S 3.2
8-CH> 1"-H Ge m° 4.2f
11-OH 6-H G S 3.8
11-OH 5-H G m 4.3
11-OH 1-H G, m 4.8
11-OH 2-H G, s 244
11-OH NH G,Cs m 4.8
11-OH NH, ¢ m 5.1
3'-H NH G,Cs m 4.4
3'-H NH; G, S 2.2
3'-H 1-H G, w 4.4
5'-H NH; G, m 4.5
5’'-Me 1-H G, S 43
2"-H 1T-HT,4 w 5.1
2"-H NH; G, S 3.0
3”-H 1-H G, m 49
6”-CH, 1-H T4 s 3.5
6”-CH, NH AsT,4 S 4.4
Relevant conformational energy parameters

E(Kcal/mol)

Forcing +22.2

Van der Waals -635.3
Hydrogen-bond -10.7

Coulomb -107.0

Total -150

Distance violations (>0.3 A) 48

2 Acquired at 10, 15 and 25 °C. Solvent H,0-D,0 (90:10 v/v), pH 6.7. R = [drug]/
[duplex] = 3.

b A quantification of the NOE intensities were estimated as follow: s =2.5-3.5,
m=3.5-4.5, w=4.5-55A.

¢ Obtained from the final structure of the complex after MD calculations. For NH,,
for methyl and methylene groups the distance is referred to the closest proton.

4 The distance is referred to the pro-S proton.

e Partially secondary NOE through H-7 (d = 3.3 A); H-7 is overlapped by H,0.

f The distance is referred to the axial proton.

contacts in the minor groove, which involve the protons of the
daunosamine and morpholine rings with G, and T4 units. The TA
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complex present analogous interactions of the aglycone moiety
with Cs and Gg, and of the sugar and morpholine protons with A4
and Gg. The NOE data are reported in Table S8 of the
Supplementary.

We developed a model for PNU and for both complexes with
one intercalated PNU molecule, by docking the PNU molecule into
the double helix in an orientation that qualitatively satisfies the
NOE values. The orientation of the intercalating aglycone moiety,
as said before, is similar for both complexes. This appears from
the distance between the anthraquinone ring and the second base
pairs G,Cs, as well as from the distance between the two strands of
the double helix. The models of the complexes are reported in
Figure 7.

Small differences in the two complexes arise from the orienta-
tion of the daunosamine moiety and from the position of the mor-
pholine ring, which protrudes in the minor groove. This is due to a
sum of small differences between the conformations of the rings
and between the values of the torsion angles ¢ and  around the
glycosidic bond, found in the two complexes. The sugar moiety in
the AT complex is located closer to the 3’-5’ strand, as proved by
the NOEs interactions of H-3’, H-5' and Me-5’ with the G, unit. At
the level of the morpholine ring, H-3”, H-2"” and 6”-CH, protons
gave interactions with G, and T4 residues. On the contrary, in the
TA complex, the sugar and morpholino moieties lie closer to the
5'-3' strand, as shown by the NOE contacts of daunosamine protons
with Gg and of the morpholino protons with A4 unit respectively.
The different position of the drug in the minor groove observed in
the models can explain the different Aé values found for H-1’ of
G, and Gg in the two complexes. But the most significant observa-
tion is the finding that in the AT complex a strong NOE occurs be-
tween one proton of the G, amino group and H-3' (d=2.2A),
interaction which was not detected in the TA complex (d =4.5 A
as measured in the model). In the AT complex, also H-2" presents
a similar interaction with one amino proton of G,, which is then
transmitted (secondary NOE), via the other geminal proton of the
NH, group, to the imine NHG,Cs resonance. This is a consequence
of the different sequence of the two nucleotides: the presence of
the triplet CGA appears to favour this geometry and thus the posi-
tive charge of the NH" bound to C-3' can better interact with the
electron-rich NH, group of the guanine. This could then explain
the enhanced stability of the AT with respect to the TA complex.

The preference for CGA with respect to CGT sequence was also
found for DX and daunomycin and explained with the presence of
the H-bond between 3'-NH3" and O-2 of T4 observed in the X-ray
structure.?’ In our AT/PNU model such H-bond does not take place
because the distance is 6.4 A. The H-bond between OH-9 of the
aglycone and N-3 and NH, of G,, found in the X-ray of DX?7 and
MMDX?82% was said to contribute to stabilize the complexes. In
our model of AT complex the distances between OH-9 and N-3
and NH, of G, are too large (5.8 and 4.7 A) for possible H-bonds.
The complexes with MMDX should be further stabilized by the
interactions of the morpholine and sugar rings into the minor
groove: in AT complex?® the C-3” atom was found 3.76 A to C-2
of adenine A3, while in the TA complex C-3" is 4.26 A to the adenine
of the opposite strand. Short distances between H-3’ or H-3" and
NH, of G, were not found in the above X-ray structures.

3. Conclusions

The formation of covalent bonds between PNU and CG-rich DNA
has been suggested'"!> to explain the potent activity toward tu-
mor cells of nemorubicin through its metabolite. The aim of this
study was to elucidate the details of the DNA-interaction, the nat-
ure of the complexes and thus confirm the existence of covalent
bonds between PNU and model olignucleotides. However, our

Figure 7. Energy minimized molecular models of the mono-intercalated com-
plexes: (a) PNU/AT and (b) PNU/TA.

experiments do not support the hypothesis of a covalent bond,
even if we can not exclude that it may occur in vivo.

PNU intercalates between the CG base pairs of the helix like
other anthracyclines of this series, but the stability of the com-
plexes is much higher. This follows not only from the binding con-
stant, which is one order of magnitude higher than that of
nemorubicin, but rather from the melting experiments. The bind-
ing constants are known to be affected by many factors (for in-
stance aggregation phenomenona) also during UV measurements,
whereas melting experiments, if performed by NMR, are particu-
larly accurate. This is because NMR allows to directly observe the
imine protons and so to monitor their behaviour as a function of
the temperature. The melting experiments showed a significant
increment of the ATm value for PNU compared to MMDX, but also
a perfect re-annealing after melting, which is evidence of a revers-
ible process.
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This is confirmed by mass spettrometry experiments, also com-
bined with endonuclease P1 digestion. The MS/MS spectra showed
the loss of neutral PNU before the breaking of the double helix, a
behaviour typical of intercalators. Then, after digestion with the
enzyme, the spectra did not show any compounds with PNU bound
to the bases, but dCMP, dTMP, dC, dGMP, dAMP, and free PNU.

The evidence of a reversible process also comes from the proton
and phosphorus NOESY spectra of PNU complexes with
d(CGTACG), and d(CGATCG),. The dissociation rate constants (ko)
of the slow step of the intercalation process, measured by >'P NMR
NOE-exchange experiments, showed that the kinetics of the pro-
cess is slower for PNU than for doxorubicin and nemorubicin, lead-
ing to a 10-20-fold increase of the residence time of PNU into the
intercalation sites, compared to DX. This is in line with the stronger
cytotoxic activity with respect to DX, but it can not be the only
explanation for the so potent activity of PNU toward the tumor
cells compared to the parent drug. Actually many factors are in-
deed responsible for the antitumor activity. The residence time,
in the case of longer nucleotides with multiple intercalations might
be significantly more important. In our model system, for instance,
the bis-intercalated complexes of PNU appeared, by the melting
and mass experiments, exceptionally stable compared with those
of MMDX. In PNU complexes the drug is protonated, even though
the titration was performed with the free base. This explains the
fact that the stabilization of the complexes takes some time, as
much as overnight.

A relevant number of NOE interactions allowed a model of the
complexes in solution to be derived through restrained MD calcu-
lations. Small differences in the AT and TA complexes arise from
the orientation of the daunosamine moiety and from the position
of the morpholine ring, which protrudes in the minor groove.
The sugar in the AT complex is located closer to the 3'-5’ strand,
whereas in the TA complex, the sugar and morpholine moieties
lie closer to the 5'-3’ strand. In the AT complex, the daunosamine
3'-NH" is close to the NH, group of guanine G,. This is a conse-
quence of the different sequence of the two nucleotides. The pres-
ence of the triplet CGA appears to favour this geometry, which
allows the positive charge of 3'-NH"* to interact with the elec-
tron-rich NH, group of the guanine. This could then explain the en-
hanced stability of the AT with respect to the TA complex.

4. Experimental
4.1. Sample preparation

The oligonucleotides, purified by HPLC, were purchased from
Primm (Milan, Italy) and dissolved in D0 or in H,O/D,0 (90:10
v/v) at a 0.5-1 mM concentration range, in the absence or in the
presence of 100 mM or 20 mM of NaCl and 10 mM phosphate
buffer, pH 6.7. PNU samples were obtained from Nerviano Medical
Sciences as free base. We decided to use the free base for all the
experiments in order to be sure of the stability of the
compound and also because the drug in this form was used for
the biological and clinical tests. As the free base is insoluble in
water, 1.2 mg/2.1 mg of the drug were dissolved in 200 ml of
DMSO, [9.3 mM/16 mM]. This solution was used for each titration
experiments. Before the titration experiments, the NMR spectrum
in water of PNU was analyzed in the same conditions, as a free base
and as a salt. The salt was obtained with a trace of gaseous HCI
directly in the NMR tube.

4.2. UV experiments

UV spectra were recorded with a Jasco V-560 spectrophotome-
ter in 10 mM sodium phosphate buffer, 20 mM NaCl, pH 6.7 with a

sample concentration of 10~ M, in the absence and in the presence
of the drug at a ratio R = [drug]/[duplex] = 2.0. Temperature-ramp
experiments were performed by using a software-driven, Peltier-
based temperature controller gradient (0.5 °C/min). Fixed wave-
length measurements were taken at 260 nm from 6 to 80 °C. All
the measurements were repeated twice and the variation of the
melting temperature due to the drug has been derived. The equilib-
rium constants were determined following the reported>’ protocol
and equations.

4.3. 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 to 70 °C. Chemical shifts (§) were measured in ppm. 'H
and 3P NMR spectra were referenced respectively to external
DSS (2,2-dimethyl-2-silapentane-5-sulfonate sodium salt) set at
0.00 ppm and MDA (methylenediphosphonic acid) set at
16.8 ppm. Estimated accuracy for protons is within 0.02 ppm, for
phosphorus is within 0.03 ppm.

TH NMR titrations were performed at pH 6.7 and 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 in H,O/D,O until R = [drug]/[duplex]=4.0 was reached.
31p NMR titrations were performed in D,0 and in H,O at 25, 15
and 5 °C. '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 established procedures for the analysis of double stranded
B-DNA.3! All the protons of the bound species were attributed
(data reported in the Supplementary data). The 'H and 3'P assign-
ments for the free oligonucleotides d(CGTACG), and (CGATCG),
have previously been reported.>2-34

The melting experiments were performed by using 'H NMR
spectroscopy at variable temperature in H,O/D,0 solutions with-
out salts.

Phase sensitive NOESY spectra were acquired at 25, 15 and
10°C in TPPI mode, with 4K times 512 complex FIDs, spectral
width of 8400 and 15.000 Hz for D,0 and H,O solutions respec-
tively, recycling delay of 1.5 s, 120 scans. Mixing times ranged from
50 to 300 ms. The experiments were performed on all the solutions
from R =1 to R = 4. The NOE data reported in Table 4 were obtained
with R = 3, corresponding to a 2:1 complex. TOCSY spectra were ac-
quired with the use of a MLEV-173% 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 x 1K
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 standard Bruker pulse
program libraries were employed. 3'P-2D-NOESY exchange exper-
iments!'” were acquired (2 K x 320 FIDs, 420 scans) at different
mixing times ranging from 50 to 300 ms. The value of k. results
by fitting of the experimental data on the following equations :

Ina = 1/2[1 + exp(—2Ktmix)|€XP(—tmix/T})Mao

Ing = 1/2[1 — exp(—2Ktmix)|eXP(—tmix /TS )Mo

Where Ix5 and Iap are the intensities of diagonal and cross peaks
respectively, tmix is the mixing time and Mug, Mpg are the equilib-
rium magnetizations. T¢ and T} are the longitudinal relaxation
times of phosphates at the site A and B. Heteronuclear 2D J-
resolved spectra were acquired by the proton-flip method>®, using
the pulse sequence HET2D] included in the spectrometer library.
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Pseudo two-dimensional DOSY2® experiments were acquired using
the pulse-program ‘stebpgp1s’, diffusion delay: 0.12-0.45 s; gradi-
ent pulse: 1.5 ms; number of increments: 64. Raw data were pro-
cessed using the standard DOSY software present in the Bruker
library (TOPSPIN v. 1.3). A calibration curve was obtained using,
as standards, samples with a range of MW from 180 to 23.500, as
reported.?°

4.4. Molecular modeling

Molecular models of d(CGTACG),, d(CGATCG), and PNU were
built with Insight II & Discover (version 97.0 MSI, San Diego, CA)
on a Silicon Graphics 02 workstation, using standard fragments
from the Silicon Graphics library. The AMBER36 force-field was uti-
lized without explicit inclusion of solvent molecules, setting a dis-
tance-dependent relative permittivity e = 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 MOPAC37 and the potentials were
set by similarity with the DNA aromatic and sugar atoms. The
drug-DNA complexes were then constructed following the NOE
interactions. The models were energy minimized and then a
100 ps of restrained MD simulation was performed at a constant
temperature of 300 K sampling the trajectory every picosecond.
As restraints the hydrogen bonds between helical base pairs (ex-
cept terminal base pairs) and the drug-DNA interproton distances
were applied.

4.5. MS experiments

HPLC-MS and MS/MS experiments were performed by using a
Q-TOF Ultima (Waters, Manchester, UK) mass spectrometer oper-
ating in negative ion mode and connected to a 1100 p-HPLC sys-
tem (Agilent, Palo Alto, US).

Analyses were performed on a column XTerra MS C18 column
1.0 x 50 mm, 2.5 um particle size (Waters, Milford, US) with mo-
bile phase A HFIP (0.1 M)/TEA pH 8.2 and methanol (mobile phase
B). (95% A — 50% A over 25 min, 50% A for 5 min, flow rate 40 pL/
min).

Solutions of PNU with both AT and TA oligomers (R = [drug]/
[DNA] = 4.0) were digested as previously described.?®> Enzymatic
digestion was done on DNA solution 30 uM using nuclease P1
2 U/mL (Sigma-Aldrich, St. Louis, US) in 20 mM ammonium acetate
buffer (pH 5.5 and 6.8) with 500 uM ZnCl,. Samples were incu-
bated at 37 °C for 12 h. Ten microliters of this solution were di-
rectly analyzed by HPLC-MS/UV on a LCQ (Thermo, San Jose, US)
ion trap instrument, equipped with an electrospray ion source,
connected to a P4000 HPLC pump with UV6000LP diode array
detector (TSP, San Jose, US). A Waters Atlantis dC18 column
150 x 4.6 mm, 5 pum particle size was used. Mobile phase A was
ammonium acetate 5 mM buffer (pH 5.5 with acetic acid), and mo-
bile phase B was methanol (100% A for 10 min, 100% A — 10% A
over 10 min, 10% A for 2 min, flow rate 1 mL/min).
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