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ABSTRACT: The N,N"-bis[(3-hydroxy-4-pyron-2-yl)methyl]-N,N'-dimethylethylen-
diamine (malten) and 4,10-bis[(3-hydroxy-4-pyron-2-yl)methyl]-1,7-dimethyl-
1,4,7,10-tetraazacyclododecane (maltonis) were synthesized and characterized. The
acid—base behavior, structural characterizations, and biochemical studies in aqueous
solution were reported. Each compound contains two 3-hydroxy-2-methyl-4-pyrone
units (maltol) symmetrically spaced by a polyamine fragment, the 1,4-dimethylethy-
lendiamine (malten), or the 1,7-dimethyl-1,4,7,10-tetraazacyclododecane (maltonis).
They are present at physiological pH 7.4 in the form of differently charged species:
neutral but in a zwitterion form for malten and monopositive with an internal
separation of charges for maltonis. Malten and maltonis are both able to alter the
chromatin structure inducing the covalent binding of genomic DNA with proteins, a feature consistent with the known
antiproliferative activity exerted by this class of molecules. Solid-state results and MD simulations in water show that malten,
because of its molecular topology, should be more prone than maltonis to act as a donor of H-bonds in intermolecular contacts,
thus it should give a better noncovalent approach with the negatively charged DNA. Crystal structures of [H,malten]** and
[H,maltonis]** cations were also reported.

B INTRODUCTION maltol were develoged by Orvig and co-workers as insulin-
enhancing agents.®®

Linear and macrocyclic polyamines, generally with sym-
metrical topology, are also known antitumor agents.” With a
goal to produce new anticancer agents, we developed a new
class of maltol-derived molecules coupling maltol and poly-
amine symmetrically.” The newly designed compounds show
two [(3-hydroxy-4-pyron-2-yl)methyl]amine units separated by
different aliphatic spacers with or without a cyclic skeleton. The
N,N'-bis((3-hydroxy-4-pyron-2-yl)methyl)-N,N'-dimethylethy-
lendiamine (malten, Chart 1), showed antiproliferative activity
in eight tumor cell lines. Malten exposure led to a dose-

New molecules for potential pharmacological uses are
continuously synthesized, developed, and tested. Antineoplastic
agents are one of the main targets because, although great
progress has been made in the treatment of neoplastic diseases,
the survival of patients affected by tumor remains in many cases
very limited." In these cases, the main problems are related to
the lack of specific therapies as well as to the resistance to
currently used chemotherapeutic drugs, which are furthermore
cytotoxic, thus causing severe side effects. In this light, there is
an urgent necessity to identify and synthesize new molecules

showing both a higher effective and/or selective antitumor
activity and increased human body tolerability. dependent reduction in cell survival in all of the neoplastic

Recently, we developed a new class of molecules based on models studied, associated with the activation of programmed

the 3-hydroxy-2-methyl-4-pyrone unit (maltol, Chart 1), which cell death (apoptosis) and cell cycle arrest. In accordance with
2,3 biological studies, it was demonstrated that malten exposure

exhibited antineoplastic activity in vitro.” v : !
Maltol is a natural compound used in food, beverage, modulates the expression of genes having key roles in cell cycle
tobacco, brewing, and cosmetics for its flavor and antioxidant progression and apoptosis. Complex DNA structural mod-
ifications are induced by malten treatments, suggesting that a

properties.* It exhibits interesting antineoplastic activities ! e -
attributed to the formation of reactive oxygen species (ROS)’ DNA intermolecular cross-linking actlvné'y could be part of the
mechanism of action of the compound.” Interestingly, the key

as well as coordination properties toward metal ions; for this
reason, ligands containing maltol have been developed and

exploited as new potential metal-based antitumor drugs.**~* In Received: November 9, 2011
addition, oxovanadium(IV) complexes of ligands based on Published: February 1, 2012
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Chart 1. Compounds Maltol, Malten, and Maltonis with Atom Labeling Used in NMR Assignments
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of the activity, compared to the previous maltol derivatives
reported, seems to consist in the simultaneous presence of the
two amino-spaced maltols.

It must be considered that these molecules show acid—base
properties and can be present in solution in neutral form but
also as anionic and cationic species, depending on the pH value.
This aspect is of fundamental importance to better define the
biologically active species.

For this reason, in addition to the detailed synthesis and
chemical characterization of two molecules belonging to this
class, N,N"-bis((3-hydroxy-4-pyron-2-yl)methyl)-N,N"-dimethy-
lethylendiamine (malten) and 4,10-bis[(3-hydroxy-4-pyron-2-
yl)methyl]-1,7-dimethyl-1,4,7,10-tetraazacyclododecane (mal-
tonis, Chart 1), an exhaustive study concerning the acid—base
properties, the structural conformation and proton distribution
of these compounds is also reported. The crystal structures of
the diprotonated species of malten and maltonis (6
[H,malten](ClO,),-2(H,0), 7 = [H,maltonis](ClO,),) are
reported as well as the results of theoretical studies directed to
better understand the conformational space accessible to the
two molecules and to study possible interaction paths between
malten and maltonis and DNA. Finally, additional biological
studies were carried out in tumor cellular models in order to
further clarify the molecular mechanism through which both
malten and maltonis exert their biological effect.

B RESULTS AND DISCUSSION

Synthesis. N,N"-Bis[ (3-hydroxy-4-pyron-2-yl)methyl]-N,N"-
dimethylethylendiamine (malten) and 4,10-bis[ (3-hydroxy-4-
pyron-2-yl)methyl]-1,7-dimethyl-1,4,7,10-tetraazacyclodode-
cane (maltonis) were synthesized following the procedure
reported in Scheme 1. Reagent 3 was obtained from the
commercial compound 2-methyl-3-hydroxy-4-pyrone (1, mal-
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tol) by methods reported in literature.® N,N'-Dimethylethy-
lendiamine (4) is a commercial compound and was used
without further purification, while polyamine 1,7-dimethyl-
1,4,7,10-tetraazacyclododecane (5) was synthesized by follow-
ing standard procedures reported in the literature.” The
synthetic procedure includes the coupling of the maltol (1),
appropriately protected (2), and activated (3) with the
secondary amine present in reagent 4 or 5. Reagent 3 was
not isolated and was used freshly prepared without purification;
2 equiv of 3 was added compared with the polyamines 4 and §,
each of them providing two secondary amine groups. The
obtained crude products were treated with 10% perchloric acid
ethanol solution to obtain the desired compounds malten and
maltonis as hydroperchlorate salts in good yields. The acid
treatment simultaneously allows the deprotection of the
hydroxyl function and the cleansing of compounds, thus
avoiding tedious and expensive chromatographic purifications.
The two final products can be further purified by easy
recrystallization using sodium perchlorate saturated water
solution as nontoxic medium.

Basicity. Table 1 summarizes the basicity constants of
malten and maltonis potentiometrically determined in 0.15 mol
dm™ NMe,Cl aqueous solution at 298.1 K. Both neutral
compounds L behave as diprotic acids, while neutral malten
behaves as a diprotic and maltonis as a triprotic base under the
experimental conditions used. In fact, as shown in Table 1, they
can be present in solution as anionic species H_,L*", indicating
the removal of the acidic hydrogen atom of each maltol moiety
while they can add up to two or three protons achieving H,L**
or HyL*species for malten and maltonis, respectively.

By analyzing the protonation constants starting from the
anionic H_,L?~ species, it was found that maltonis behaves as a
stronger base than malten in each protonation step; this can be
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Table 1. Protonation Constants (log K) of Malten and
Maltonis Determined by Potentiometric Measurements in
0.15 mol dm™ NMe,Cl Aqueous Solution at 298.1 K

log K
reaction L = malten L = maltonis
H_,L>” + H = H_ L~ 9.03(1)° 11.08(1)
H L +H =L 7.86(1) 9.30(1)
L+ H" = HL* 6.24(1) 8.11(1)
HL' + H' = H,L** 3.17(2) 6.67(2)
H,L*+ H" = HyL* 2.51(3)

“Values in parentheses are the standard deviations on the last
significant figure.

justified considering the higher number of protonation sites in
maltonis than in malten.

Analysis of the protonation constants of maltonis starting
from the anionic H_,L*~ species revealed that maltonis behaves
as a strong base in the addition of the first proton (log K;
11.08), and then it exhibits a quite linear decrease in the
basicity with the addition of the following three protons with
values ranging from 9.30 to 6.67 logarithmic units and a sharp
decrease in the last proton addition (log K = 2.51). This trend
suggests an easy accessibility of the protonation sites up to the
H,L*" species, in agreement with the ligand topology, which is
prevented in the fifth step due to electrostatic repulsion. For
these reasons, the four acidic protons in the H,L** species are
probably located as far as possible from each other, one on each
maltol moiety and the remaining two on noncontiguous amine
groups of the macrocyclic base in a disposition closely
resembling that inferred from the crystal structure of this
species. The values of log K; and log K, are similar to those
found for the free tetraaza-macrocyclic base,'® suggesting the
involvement of the macrocyclic base in the first two
protonation steps; moreover, the basicity of deprotonated
free maltol'" is similar to log K3 and log K, thus supporting the
involvement of the maltol functions in the third and fourth
protonation steps.

Similar reasons can be invoked for malten, in which the value
for the first proton addition is similar to the first protonation
constant of free N,N-dimethylethylendiamine,'” while the
second and third protonation constants are similar to the
third and fourth constants of maltonis in which the involvement
of the maltol functions in the protonation has been suggested.
Thus, presumably, the first protonation step mainly involves the
amine functions while the second and third the maltol groups
of malten. In this case, the drop of the constant value was
observed for the fourth proton addition (log K, = 3.17); taking
into account that free N,N'-dimethylethylendiamine shows a
higher second protonation constant (log K, = 7.3),"* this lower
value must be attributed not only to obviously electrostatic
repulsions involving the remaining unprotonated amine
function but also to a H-bonding network occurring between
the close hydroxyl and these amine functions, making the latter
less accessible to protonation.

The distribution of the protonated species as a function of
pH is reported for both molecules in Figure 1.

UV—vis absorption electronic spectra and 'H and *C NMR
studies were performed in aqueous solution to investigate the
distribution of protons in the various species present in solution
at different pH values in depth.

UV—vis absorption electronic spectra of malten and maltonis
in aqueous solutions show different features in acid or basic pH
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Figure 1. Distibution diagram of the species (—) and trend of the
absorbance (M) for malten (a, A = 321 nm) and maltonis (b, A = 317
nm) in aqueous solution as a function of pH; [malten] = 3.8 X 1075
M, [maltonis] = 4.0 X 107° M, I = 0.15 M NMe,Cl, T = 298.1 K.

fields; for example, the spectrum of malten recorded at pH = 2,
where the H,L** species is prevalent in solution (see Figure
la), exhibits a main band with A, at 275 (¢ = 20200 cm™
mol ™" dm?). Increasing the pH, a new band with ,,,, = 321 nm
is detected, and it reaches its maximum absorbance at pH = 10
(e = 21100 cm™" mol™ dm®) while the band at higher energy
disappears; no further changes were observed in the spectra at
strongly alkaline pH. These different spectral features can be
ascribed to the presence in solution of the neutral form of the
maltol moieties at low pH values and of their deprotonated
form (maltolate) at alkaline pH values. Similar reasoning can be
performed for maltonis; in this case, bands with 4, at 275 (e =
22500 cm™! mol™ dm?®) or 317 (¢ = 19600 cm™' mol™ dm?)
nm are shown in strong acid or basic solution, respectively.

Figure 1 reports the absorbance of the band at lower energy
due to the deprotonated form of maltol together with the
distribution diagram of the species as a function of pH, for
malten (a) and maltonis (b), respectively.

In the case of malten, this band (4,,,, =321 nm) appears at
pH > S.5, where the L neutral species of malten begins to exist
in solution and proceeds to increase up to pH = 10 where the
H_,L" species is fully formed (Figure 1a).

In the case of maltonis, the same band (4,,, =317 nm) starts
to become visible at pH > S, where the HL" species of maltonis
begins to be present in solution, and proceeds to increase up to
pH 10 where the neutral L species is fully formed (Figure 1b).
This confirms, as suggested by the potentiometric measure-
ments, that starting from the H_,L*” species, the amine
functions are involved in the first two protonation steps for
maltonis and in the first one for malten, while the maltol
moieties are involved in the subsequent two steps in both
molecules, i.e., L and HL" as well as H_,L™ and L for maltonis
and malten, respectively.
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In the case of maltonis, the UV—vis experiments do not allow
the localization of the acidic protons on the macrocyclic base;
thus, 'H and *C NMR spectra were recorded over the pH
range of the potentiometric experiments in order to obtain
further information about the distribution of such protons.
'"H-'H and 'H-"3C NMR 2D correlation experiments were
performed to assign all the signals. The number of 'H and "*C
signals in the whole pH range investigated are in agreement
with a C,, symmetry of maltonis mediated on the NMR time-
scale.

Figure 2 reports the trends for the chemical shift of the 'H
resonances of maltonis as a function of pH. Following the trend
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Figure 2. '"H NMR chemical shifts of maltonis in aqueous solution as a
function of pH.

of chemical shifts starting from pH = 12 and lowering the pH,
the main shifts in the range 12—8.5, where the species H_,L*",
H_,L7, and L form, are exhibited by the methyl and methylene
protons H1 and H2 (Chart 1) which show a marked downfield
shift. This proves that the two protonation steps mainly involve
the two methylamine functions of the macrocyclic base.

In the pH range 8—4, where the HL" and H,L** species are
prevalent, the signals attributed to H6 and H7 of maltol
functions shift downfield confirming that the third and fourth
protonation steps occur at the maltol moieties. Obviously, the
fifth protonation which leads to H;L**, mainly giving rise to a
downfield shift of the signals H3 and H4, involves the
macrocyclic base and in particular the amine function bearing
the maltol unit.

A protonation scheme arising from UV-vis and NMR
experiments is summarized in Figure 3a for malten and in
Figure 3b for maltonis.

These studies allow the determination of the active species
present in the biological medium; in fact, at pH = 7.4 the main
species present in solution are L and HL' for malten and
maltonis, respectively. In particular, the L species of malten is a
zwitterion (see Figure 3a), while the HL* of maltonis exhibits
an internal charge separation (see Figure 3b).

In view of its overall positive charge, the latter (HL" species,
maltonis) could be expected to interact better than malten (L
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species) with the negatively charged DNA. On the other hand,
solid-state and modeling data suggest that, irrespective of the
overall charge and its intramolecular distribution, malten
(H,L*, L) should be more prone to act as a donor of H-
bonds in intermolecular contacts than maltonis (H,L>*, HL"),
due to its molecular topology, which allows the ammonium
groups to be generally more accessible to H-bond acceptors
belonging to other species. As a consequence, malten should
behave better than maltonis in a noncovalent approach with the
DNA moiety. This could be the first step in the already
suggested formation of covalently bound DNA structures
induced by malten.’> Within this hypothesis, we speculate that
the maltol unit could behave as a Michael-type acceptor for
nucleophilic sites of DNA, given that the carbon atom in 6-
position (Cg, see labels for maltonis in Chart 1) bears a partial
positive charge. The latter was estimated in the species of
malten and maltonis present at physiological pH (L and HL,
respectively) in different 3D arrangements (see the Exper-
imental Section for details) by using the chu§e derivation
schemes of Mullikan,"? Merz—Singh—Kollman,1 and natural
bond orbital analysis™ implemented in Gaussian 03, Revision
C.02."° In all cases, the C4 carbon atom has a partial positive
charge (never less than 0.2 electrons) and the Cc=C, double
bond is polarized, with C, always negatively charged.

Solid-State Studies. [H,malten](CIO,),-2(H,O) (6). In
the asymmetric unit of [H,malten](ClO,),-2(H,0) half of the
[H,malten]*" cation, one perchlorate anion and one molecule
of water are present.

The two halves of the cation, related by a center of
symmetry, take an o_up—down conformation (see Figure 4a,
Scheme 2, and MD Simulations).

Because of the presence of the center of symmetry, the rings
of the maltol moieties are parallel to each other and lie on
opposite sides with respect to the mean plane defined by the
non-hydrogen atoms of the chain (see Figure Sa). Finally, the
maltol ring mean plane forms an angle of 58.3(2)° with the
mean plane containing the ethylendiamine fragment.

The crystal packing of 6 is built up by some strong hydrogen
bonds'” and z—7 interactions. The presence of these latter,
involving two symmetry related (—x + 1, —y + 1, —z + 2)
maltol rings, leads to the formation of parallel chains of
[H,malten]** cations (the distance between the two interacting
aromatic rings is 3.37(3) A, while the distance between the
centroids of the two rings is 3.79(4) A) (see Figures Sa and
Sb). In addition, the strong hydrogen bond between the
hydrogen bound to N(1) and a symmetry-related O(2) oxygen
atom (x, +y — 1, +2z) (see Figure Sc and 4a for the atom
labeling) holds together these chains, thus forming parallel
sheets of [H,malten]** cations perpendicular to the ¢ axis (see
Figure 5d)."® Lodged in the space between these sheets are the
crystallization water molecules and the perchlorate anions.
More important, hydrogen bonds (see Table 2) build up
assemblies of two perchlorate anions and two water molecules
[2(ClO,7)—2(H,0)] which occupy the cavities present on the
surface of the cation sheets (see Figure 6). Finally, because of
the presence of a strong hydrogen bond involving the hydrogen
linked to O(1) and one oxygen atom (O(4)) of a perchlorate
anion, these 2(ClO,”)—2(H,0) groups link together two
facing sheets."”

[H,Maltonis](ClIO,), (7). The asymmetric unit of
[H,maltonis](ClO,), consists of one [H,maltonis]** cation
and two perchlorate anions. The macrocyclic base of the cation
is in the usual [3333]C-corner conformation’®* (MD Simu-
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Figure 3. Location of acidic hydrogen atoms in the protonated species of malten (a) and maltonis (b).

lations), with all N“N distances comparable (about 2.9—3 A).
The acidic hydrogen atoms bound to N(1) and N(3) point
inside the compound cavity and interact via weak hydrogen
bonds'” with the nitrogen atoms N(2) and N(4). The
[H,maltonis]** cation interacts via a strong hydrogen bond
with an oxygen atom (O13) of a perchlorate anion (see Table
2), which is above the macrocyclic cavity (Figure 7c).

The two maltol moieties lie on the same side with respect to
the mean plane defined by the four nitrogen atoms of the base
(see Figure 4b). Four strong intermolecular hydrogen bonds
between two [H,maltonis]** cations (see Table 2 and Figure 7)
give rise to the formation of a dimer. The two perchlorate
anions interacting with the dimer lie on opposite sides with
respect to the mean plane defined by the maltol units of the
two cations (see Figure 7c).

In view of the biological test results (vide infra), it must be
noted here that the [H,L]*" cation is involved in the same
number of intermolecular H-bond interactions in the crystal
lattice of 6 and 7 (L = malten and maltonis in 6 and 7,
respectively). In fact, in both compounds, the two protonated
nitrogen atoms and the oxygen of the two hydroxyl groups act
as H-bonding donors while the acceptors are the oxygen atoms
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of the two carbonyl groups, in malten, and the oxygen atoms of
a carbonyl and a hydroxyl group, in maltonis. However, the two
acidic hydrogen atoms of the [H,maltonis]** cation are
somehow shielded (see Figure 4b) given that they point inside
the compound cavity. As a consequence, they should be less
prone to interact with bulky surrounding species, as indirectly
quantified by the mean distance between the opposite nitrogen
atoms of the tetraaza ring (i.e, N(1)—N(3) and N(2)-N(4),
4.1 A) and that separating the carbon atoms C(11)—C(17) and
C(9)—C(10) (6.0 A, see Figure 4b for the atom labeling),
which indicates that only an acceptor atom belonging to a small
group, as the perchlorate anion, can interact with these
hydrogen atoms.

Modeling Studies. Molecular Dynamics (MD) simulations
were performed both on the malten and maltonis H,L** cations
(see the experimental details) and on the species present at
physiological pH (L and HL* for malten and maltonis,
respectively) to gain an idea of their conformational space. As
expected, a comparison between the preferred conformers
obtained on the basis of an energy ground highlights how the
two compounds arrange in different ways depending on their
overall charge and on the nature of the surrounding medium. In
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Figure 4. ORTEP3 views together with the atom labeling of
[H,malten]** (a) and [H,maltonis]** (b) species. Ellipsoids are
drawn at 30% probability.

Scheme 2. Orientations of Side Arms: (a) Open; (b) Face-
to-Face; (c) Bent; (d) p_Up-Down; (e) o_Up-Down; (f) p—
o_Up-Down

—

a b c

!

B
f

particular, we focused on the conformation adopted by the
polyamine scaffold, the orientation of the two side-arms, the
distances between maltol centroids, and finally on the H-
bonding interactions. Five different conformations as regards
the [12]aneN, macrocycle, namely the [2334]-, [3333]-,
[2424]-, [13233]-, and [12333]C-corners types,zo’21 and two
conformations concerning the ethylendiamine moiety, i.e., the
anti-periplanar (NCH,CH,N torsion angle between 150° and
210°) and the syn-clinal (angle between 30° and 90°)*° modes,
were retrieved. Six side arm orientation types were found,
which are illustrated in Scheme 2, and these are mainly
characterized by the two side arms either both on the same side
with respect to the mean plane of the polyamine framework
(open (a), face-to-face (b), bent (c)) or one above and the
other below the plane (parallel up—down (p_up—down, d),
orthogonal up—down (o_up—down, e), or parallel-orthogonal
up—down (p-o_up—down, f).

In any case, MD simulation results suggest a certain degree of
flexibility, given that all of the above 3D arrangements of the
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d

Figure 5. [H,malten]** assemblies in the crystal packing of 6: (a and
b) 7—x interactions; (c) H-bond interactions viewed along the c axis;
(d) sheets of [H,malten]** viewed along the b axis.

Table 2. Intermolecular Hydrogen Bonds in Compounds 6
and 7

compd D-H--A H--A (A) D—H:A (deg)

6 N(1)—H(1n)--0O(2)* 1.73(6) 175(4)
O(1w)—H(1w)--0(5) 2.19(3) 159(4)
O(1w)—H(2w)--0(4)® 2.06(6) 147(6)
0(1)-H(10)--O(4) 2.07(5) 161(6)

7 N(1)—H(1n)--O(13) 2.12(2) 158(2)
N(3)—H(3n)--0(13) 2.26(2) 154(2)
O(4)—H(40)--0(2)° 1.86(3) 155(3)
O(1)—H(l1o)--0(4)¢ 2.18(3) 165(3)

Wty — L4z Pmx + 2,—y + 2,—z + 1. “—x +1,—y,—z + L.

e N AW

e e B S v S VR
AT TR
e e ;or TS

Figure 6. Crystal packing of 6: (a and b) views along the c and b axes.

H,L*" and L/HL" species of the two compounds are contained
in a small energy range (up to S kcal mol™).

Malten. H,L?* Species. The ethylendiamine moiety
arranges itself in the anti-periplanar mode only in vacuo,
while in most cases the syn-clinal mode is observed in the
implicit water model, in agreement with the two positive
charges to be kept apart, in the former medium, and a higher
folding degree in the latter one. In vacuo, the outstretched
orientation of the side arms represents 89% of the sampling,
with the open arrangement (Scheme 2, Figure 8a;), in
particular, being the preferred one, while, as expected in polar
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Figure 7. Crystal packing of 7: (a) and (b) top and side views of the [H,maltonis]** dimer; (c) [H,maltonis]** dimer together with the interacting
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Figure 8. (a) Malten, HZLZ+ species: (i) anti-periplanar open
conformation in vacuo; (ii) anti-periplanar o_up—down conformation
in vacuo; (iii) syn-clinal face-to-face conformation in water. L species:
(iv) syn-clinal p-o_up—down conformation in vacuo; (v) syn-clinal
face-to-face conformation in water. (b) Maltonis, H,L** species: (i)
face-to-face [2334]C-corners conformation in vacuo; (ii) open
[3333]C-corners conformation in vacuo; (iii) face-to-face [2334]C-
corners conformation in water. HL' species: (iv) o_up—down
[3333]C-corners conformation in vacuo; (v) bent [3333]C-corners
conformation in water; (vi) face-to-face [2334]C-corners conforma-
tion in water.

solvent, the face-to-face orientation (Scheme 2, Figure 8ay) is
favored and a shortening of centroid distances is generally
observed for all conformations. It is noteworthy that the o_up—
down arrangement (Scheme 2, Figure 8a;) found in vacuo is
perfectly superimposable with the H,L** cation retrieved in 6; it
lies S kcal mol™ from the preferred face-to-face conformation,
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but it is the most populated family in vacuo, representing the
only type which does not show intramolecular H-bondings. In
fact, all of the other conformations show such interactions
between each hydroxyl and the closest acidic hydrogen atom
(NH*~OH), while in water most conformations do not show
H-bondings, with a weakening of those still present, in
agreement with the increased polarity.

L Species. Both in vacuo and in water, the anti-periplanar as
well as the syn-clinal conformations are present, the latter being
the most populated and the energetically preferred. The p-
o_up—down and the face-to-face conformations (Scheme 2,
Figure 8a;, and 8a,) are the preferred orientations in vacuo and
in water, respectively. Most conformations show intramolecular
H-bondings in vacuo, with about half being between the
charged oxygen and the acidic hydrogen atoms (O™~HN"), as
expected, while such interactions are not generally present in
water.

To sum up, on moving from H,L** to L species, the syn-clinal
mode becomes (vacuum) or remains (water) the most
populated and the distances between centroids generally
shorten, in agreement with the fact that the two positive
charges, in their attempt to lie as far apart as possible, are no
longer present.

Finally, on moving from vacuum to water conditions, the
number of side-arm orientations increases and, as expected,
arrangements switch from outstretched to more folded modes.
Furthermore, intramolecular H-bondings generally disappear or
become weaker.

Maltonis. H,L?* Species. In both media, the preferred
orientation of the side arms is the face-to-face one (Scheme 2,
Figure 8b,b;;). Although this was expected in the polar
medium, in vacuo this species is likely to be strongly stabilized
by multiple H-bonding interactions, making this family slightly
energetically favored even if it is not the most populated one,
with this being instead the outstretched open type (Scheme 2,
Figure 8b;) that is about 4 kcal mol™" higher in energy and the
same as retrieved in the H,L*" cation found in 7.

HL* Species. As expected, in vacuo the preferred orientation
of the side arms is the o_up—down (Scheme 2, Figure 8b,,),
which is more outstretched than the favored families found in
water, namely the bent and the face-to-face conformations
(Scheme 2, Figure 8b,b,). In both media, the majority of
conformations show intramolecular H-bondings, mainly
between the charged oxygen of the maltolate unit and both
acidic hydrogen atoms (NH*---O™---HN"). However, in water
such interactions are less numerous and weaker than in vacuo.
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In summary, as expected, moving from H,L** to HL" species,
the number of intramolecular H-bonding interactions generally
increases, especially in the vacuum model, the majority
involving the charged oxygen atom, while moving from vacuum
to solvent model, the conformations become more numerous
and more folded. In all cases, acidic hydrogen atoms point
inside the cavity of the macrocycle.

Docking Simulations. A preliminary study on the
possibility for the two species of malten and maltonis present
at physiological pH to interact with DNA was performed, the
latter mimicked by a polynucleotide (details in the
Experimental Section) at its physiological pH protonation
degree. Two minimized outstretched species of L and HL" for
malten and maltonis, respectively, were employed in the
docking simulation. Both malten and maltonis are able to
bridge two double-helix fragments through H-bonding and 7-
interactions at 300 K in vacuo and implicit water model. These
results could account for the possibility for the two species to
lie in a favorable position for the proposed covalent binding
(see ref 3 and this work). In fact, a noncovalent approach with
the DNA moiety could be the first step for the two species to
place themselves in a favorable position to allow the formation
of covalently bound DNA structures induced by malten,® whose
partially positive C¢ could act as a Michael-type acceptor for
nucleophilic sites of DNA, as stated above. However, malten
shows a greater tendency to interact with DNA than maltonis,
probably due to its flexibility which allows the maltol rings to
position themselves better within the polynucleotide fragments
and the ethylendiamine moiety to exhibit the acidic hydrogen
atom, making it more accessible to acceptors of H-bonds than
those bound to the cyclen ring of maltonis, which always point
inside the cavity.

Biological Studies. DNA—Protein Covalent Binding
Induced by Malten and Maltonis. Previous studies revealed
the ability of malten to induce a complex structural alteration of
genomic DNA due to the generation of DNA intermolecular
cross-linking (different DNA molecules covalently bound).
Herein, we further investigated - in cancer cells - the possible
action of both malten and maltonis to alter the chromatin
structure inducing covalent binding of genomic DNA with
proteins. Promonocytic leukemia U937 cells were subjected to
malten and maltonis treatments at concentrations ranging
between 0.1 and 2 mM. As previously reported, malten and
maltonis are able to induce a biological response in U937 cells
at micromolar concentrations (ICSO values, calculated after
treatments of 72 h, were 8.54 M for malten® and 1.65 uM for
maltonis®). Thus, due to the expected biological response (e.g,,
apoptosis), cellular treatments were performed at short
exposure times (8 h) and high doses of compounds in order
to limit the interference resulting from apoptosis-related DNA
fragmentation. Two different assays to investigate the
hypothesized action of malten and maltonis as modifiers of
the chromatin structure were considered.

First, SDS/KCI precipitation assay was performed as follows:
cells were treated with malten and maltonis at the
concentrations reported in panel A of Figure 9, protein-
bound and unbound DNA fractions were separated, and the
amount (percentage) of DNA in each fraction was fluorimetri-
cally estimated. A dose-dependent increase of DNA in protein-
bound fractions was observed in cells previously treated with
both malten and maltonis when compared with the amount of
DNA (2.85%) estimated in the protein-bound fraction of
untreated (control) cells. However, the effect induced by
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Figure 9. DNA—protein binding activity of malten and maltonis in
U937 cells. (A) SDS/KCI precipitation assay. Cellular lysates obtained
from U937 cells, previously treated for 8 h with different
concentrations of malten (#) or maltonis (@), were fractioned by
SDS/KCI precipitation and the amount of DNA fluorimetrically
quantified. (B) Impaired electrophoretic mobility of genomic DNA.
Genomic DNA, extracted from U937 cells treated or not treated (n.t.)
for 8 h with the reported concentrations of malten or maltonis, were
incubated in 2% SDS solution, digested or not digested with 200 ug/
mL proteinase K and separated by agarose gel electrophoresis (AGE).
(Black bar) genomic DNA with impared electophoretic mobility.

malten and maltonis is quite different: up to 45% of DNA can
be monitored in the protein-bound fraction of cells incubated
with malten at the concentration of 1 mM, while only 7.3% of
DNA can be estimated at the same concentration of maltonis.

The DNA—protein binding activity of malten and maltonis
was then further investigated in U937 cells through a canonical
agarose gel electrophoretic assay. As shown in panel B of Figure
9, we demonstrated that both molecules impair the electro-
phoretic migration of SDS-extracted genomic DNA. In
accordance with the previous assay, we found that malten
induces a significant effect starting from the concentration of
0.5 mM, while maltonis activity is detectable only at the dose of
1 mM. In order to establish if the impaired electrophoretic
migration was ascribable to the binding of genomic DNA with
proteins, samples were subjected to protein digestion with
proteinase K. Interestingly, we found that proteinase K
treatment totally reverses this effect, indicating that the binding
of DNA with proteins was mainly responsible for the impaired
electrophoretic migration of genomic DNA. Interestingly,
CDDP (or cisplatin), a compound largely used as chemo-
therapeutic agent, is known to act prevalently modifying DNA
through the generation of intrastrand and interstrand molecular
cross-linking (covalent modification that takes place in the
same DNA molecule), but it is not able to generate
intermolecular cross-linking. Recently, the ability of CDDP to
form DNA—protein cross-links in a cell-free assay has been
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proven.”® Furthermore, a novel trans-platinum compound
(ATZ) demonstrates antiproliferative and cytotoxic effects
against cancer cells reconducible to its ability to induce DNA
covalent modifications and DNA breaks. The authors
demonstrated also that AZT was able to generate DNA—
protein cross-linking by a similar experimental procedure
(SDS/KCI precipitation assay) using a short exposure time
(12 h) and with the necessity to increase the concentration of
the drug in the cellular treatments in order to avoid interference
with the precipitation assay itself.”’

Taken together, these observations demonstrate that both
molecules are able to induce the binding of cellular proteins
with genomic DNA, thus suggesting the ability of malten (and
to a lesser extent of maltonis) to alter the chromatin structure.

B CONCLUSIONS

The N,N"-bis[(3-hydroxy-4-pyron-2-yl)methyl]-N,N"-dimethy-
lethylendiamine (malten) and 4,10-bis[(3-hydroxy-4-pyron-2-
yl)methyl]-1,7-dimethyl-1,4,7,10-tetraazacyclododecane (mal-
tonis) were synthesized and characterized; the synthetic
procedure allows the attainment of both molecules as
hydroperchlorate salts in good yields.

The neutral species of both molecules behaves as a diprotic
acid while it behaves as a diprotic or triprotic base for malten
and maltonis, respectively, in aqueous solution under the
experimental conditions used. The NMR and UV—vis experi-
ments allowed the determination of the disposition of the acidic
protons occurring in the several species present at different pH
values; in particular, at pH 7.4 the main species present in
solution are L and HL" for malten and maltonis, respectively.
The L species of malten, showing one deprotonated maltol unit
and one protonated amine group, is in a zwitterionic form; the
HL* species of maltonis exhibits an internal separation of the
charges with the presence of two ammonium groups and a
deprotonated maltol unit.

Solid-state results reveal that although the [H,L]*" cations
are involved in the same number of intermolecular H-bonds,
the two acidic hydrogen atoms of the [H,maltonis]** cation,
which point inside the compound cavity, are undoubtedly
shielded and thus less accessible to bulky surrounding species.
In addition, MD simulations in water mimicked medium on the
[malten] species show a large variety of different conformations
of side-arms and a small tendency to form intramolecular H-
bondings. In the same simulation conditions, the [Hmaltonis]*
cation can also access numerous different conformations;
however, the acidic hydrogen atoms always point inside the
cavity of the cation and the intramolecolar network of H-bonds
is maintained. Thus, on the basis of these results, we can
hypothesize a different biological activity/efficiency of malten
with respect to maltonis: the molecular topology of the open
compound should be favored in the H-bond mediated
interaction with the DNA moiety, as suggested by the docking
simulations. In support of this hypothesis, malten was more
efficient than maltonis in inducing the chromatin modifications
(Figure 9).

The novel observation shown in this study regarding the
ability to induce covalent binding between DNA and proteins,
together with the previous reported property of malten to cause
complex structural alteration of genomic DNA,”> strongly
supports the hypothesis of an interference with the chromatin
structure as part of the molecular mechanisms responsible for
the biological activity exerted by this group of molecules against
cancer cells.
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B EXPERIMENTAL SECTION

General Methods. UV/vis absorption spectra were recorded at
298 K on a spectrophotometer equipped with a temperature control
unit. '"H and C NMR spectra were recorded on an instrument,
operating at 200.13 and 50.33 MHz, respectively, and equipped with a
variable-temperature controller. The temperature of the NMR probe
was calibrated using 1,2-ethanediol as calibration sample. For the
spectra recorded in D, O, the peak positions are reported with respect
to HOD (4.75 ppm) for 'H NMR spectra, while dioxane was used as
reference standard in *C NMR spectra (5§ = 67.4 ppm). For the
spectra recorded in CDCl; the peak positions are reported with
respect to TMS. 'H—'H and 'H—"C correlation experiments were
performed to assign the signals.

Synthesis. Compounds malten and maltonis were obtained
following the synthetic procedure reported in Scheme 1. 1,7-
Dimethyl-1,4,7,10-tetraazacyclododecane (5)° was prepared as pre-
viously described. All other chemicals were purchased in the highest
quality commercially available. The solvents were RP grade, unless
otherwise indicated.

3-(tert-Butyldimethylsilyl)oxy-2-methyl-4-pyrone (2). A solution
of imidazole (Im, 5.45 g 0.08 mol) in N,N-dimethylformamide (20
mL) was added in an inert atmosphere and dropwise to a solution
containing 3-hydroxy-2-methyl-4-pyrone (1) (5.00 g, 0.04 mol) and
tert-butyldimethylchlorosilane (TBDMSC], 7.00 g, 0.044 mol) in N,N-
dimethylformamide (100 mL). The mixture obtained was maintained
under stirring at a room temperature for 6 h and then diluted by
addition of a 5% hydrogen carbonate aqueous solution (150 mL). The
mixture obtained was extracted with hexane (6 X SO mL); the
extracted organic phases were combined, dried on sodium sulfate, and
evaporated under vacuum to obtain the 3-(tert-butyldimethylsilyl) oxy-
2-methyl-4-pyrone (2) as a colorless crystalline solid (9.61 g, 98%): 'H
NMR (CDCl,, 25 °C) 7.58 (d, 1H, J = 5.56 Hz), 6.29 (d, 1H, ] = 5.56
Hz), 2.31 (s, 3H), 0.96 (s, 9H), 0.26 (s, 6H); *C NMR (CDCl,, 25
°C) 174.0, 154.6, 152.8, 142.8, 115.5, 25.9, 18.7, 14.8, 3.8.

N,N'-Bis[(3-hydroxy-4-pyron-2-yl)methyl]-N,N’-dimethylethylen-
diamine Dihydroperchlorate (Malten-2HCIO,). a,a’-Azoisobutyrroni-
trile (AIBN, 0.33 g, 0.002 mol) was added under an inert atmosphere
to a refluxing and stirred solution of 2 (3.5 g, 0.015 mol) and N-
bromosuccinimide (NBS, 3.0 g, 0.016 mol) in CCl, (70 mL). The
resulting mixture was maintained by stirring and with reflux for 1 h and
testing with TLC on silica gel (hexane/ethyl acetate 1:1 eluent; Re=
0.85); the mixture was subsequently cooled at room temperature and
then filtered. The resulting yellow solution containing compound 3
was used without further purification by adding it dropwise in an inert
atmosphere at 0 °C to a solution of N,N'-dimethylethylendiamine (4,
0.4S g, 0.00S mol) and triethylamine (TEA, 2.12 mL, 0.015 mol) in
THF (70 mL). The reaction mixture was maintained by stirring at 0
°C for 48 h and then filtered, resulting in a red-orange solution which
was coevaporated under vacuum several times with ethanol (3 X 100
mL). The resulting red oil residue was dissolved in ethanol (50 mL),
and 10% perchloric acid solution was added dropwise to the resulting
solution until total precipitation of a yellow solid. The solid was
filtered, washed with ethanol, and recrystallized using sodium
perchlorate saturated water to obtain malten-2HCIO, as a white
solid (1.67 g, 58%): '"H NMR (D,0 pH =2, 25 °C) 7.97 (d, 2H, ] =
5.55 Hz), 6.43 (d, 2H, ] = 5.55 Hz), 4.43 (s, 4H), 3.62 (s, 4H), 2.87 (s,
6H); C NMR (D,0 pH = 2, 25 °C) 175.3, 157.2, 147.0, 140.1,
114.0, 52.1, 49.1, 40.9; MS (m/z) 337.3 (M + H). Anal. Calcd for
C1H,,CLN,O,,: C, 32.76; H, 4.32; N, 5.46. Found: C, 32.8; H, 4.3;
N, S.S.

[H,Malten](ClO,),-2(H;0) (6). Colorless crystals suitable for X-ray
analysis were obtained by slow evaporation of malten-2HCIO, (53.7
mg, 0.1 mmol) dissolved in H,O (10 mL) and adjusting the pH to 2
with HCIO, 0.1 M. Anal. Caled for [H,malten](ClO,),(H,0) (6)
C;6H,4CLN,O,5: C, 34.61; H, 4.36; N, 5.04. Found: C, 34.6; H, 4.3;
N, 5.1.

4,10-Bis[(3-hydroxy-4-pyron-2-yl)methyl]-1,7-dimethyl-1,4,7,10-
tetraazacyclododecane Tetrahydroperchlorate (Maltonis-3H-
ClO,H;0). Compound 3 was prepared as previously disclosed from
a,-azoisobutyronitrile (AIBN, 0.33 g, 0.002 mol), 2 (3.5 g 0.015
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mol), and N-bromosuccinimide (NBS, 3.0 g, 0.016 mol) in carbon
tetrachloride and used immediately without further purification.
Compound 3 was added at 0 °C dropwise in an inert atmosphere
to a solution of 1,7-dimethyl-1,4,7,10-tetraazacyclododecane (5, 1.00 g,
0.005 mol) and triethylamine (TEA, 2.12 mL, 0.015 mol) in THF (70
mL). The reaction mixture was maintained by stirring at 0 °C for 12 h
and then coevaporated under vacuum with ethanol (3 X 100 mL). The
resulting residue was a red oil which was solubilized in ethanol (50
mL); 10% perchloric acid solution in ethanol was added dropwise to
the resulting solution until total precipitation of a white solid which
was filtered, washed with ethanol, and recrystallized by sodium
perchlorate saturated water obtaining maltonis-3HCIO,-H,0 as a
white solid (1.69 g, 44%): 'H NMR (D,0 pH =2, 25 °C) 7.99 (d, 2H,
] = 5.50 Hz), 6.46 (d, 2H, ] = 5.50 Hz), 3.89 (s, 4H), 3.36 (m, 8H),
2.96 (m, 8H), 2.88 (s, 6H); *C NMR (D,0 pH = 2, 25 °C) 1754,
157.1, 149.8, 144.7, 114.0, 53.4, 49.0, 47.2, 42.4; MS (m/z) 449.5 (M
+ H). Anal. Caled for C,,Hy,CLN,Oy: C, 34.41; H, 4.86; N, 7.30.
Found: C, 344; H, 48; N, 7.4.

[H,Maltonis](ClO,), (7). Maltonis-3HCIO,-H,0 (38.4 mg, 0.05
mmol) was dissolved in H,0 (10 mL), NaClO, (61 mg, 0.5 mmol)
was added to the solution, and the pH was adjusted to 4.5 with NaOH
0.1 M. Colorless crystals suitable for X-ray analysis formed in 1 day at
room temperature (23 mg, 71%). Anal. Caled for [H,maltonis]-
(ClO,), (7) CyuH;,CLN,O,,: C, 40.69; H, 5.28; N, 8.63. Found: C,
40.6; H,5.3; N, 8.6.

Caution. Perchlorate salts of organic compounds are potentially
explosive; these compounds must be prepared and handled with care!

EMF Measurements. Equilibrium constants for protonation
reactions with malten and maltonis were determined by pH-metric
measurements (pH = —log [H*]) in 0.15 M NMe,Cl at 298.1 + 0.1 K,
using the fully automatic equipment that has already been described;*®
the EMF data were acquired with the PASAT computer program.”
The combined glass electrode was calibrated as a hydrogen
concentration probe by titrating known amounts of HCIO, with
CO,-free NMe,OH solutions and determining the equivalent point by
Gran’s method,® which gives the standard potential E° and the ionic
product of water (pK,, = 13.83(1), K,, = [H"][OH"]). At least three
potentiometric titrations were performed for each system in the pH
range 2—11. All titrations were treated either as single sets or as
separate entities, for each system; no significant variations were found
in the values of the determined constants. The HYPERQUAD
computer program was used to process the potentiometric data.*!

Cell Cultures and Treatments. Immortalized promonocytic
leukemia U937 cells were obtained from the American Type Culture
Collection (ATTC, Rockville, MD). Cells were grown in RPMI 1640
(Cambrex, Walkersville, MD) supplemented with 10% fetal bovine
serum, 1% penicillin—streptomycin, and 1% glutamine under
conditions as previously described.*

Malten and maltonis were dissolved, respectively, at 25 and 12 mM
in double-distilled water as stock solution, stored at —80 °C, and
subsequently diluted just before use. Treatments were performed for 8
h at the concentrations reported in the figures.

SDS/KCI Precipitation Assay. SDS/KCl assays were conducted as
described.** DNA—protein cross-link formation in rat nasal epithelial
cells by hexamethylphosphoramide and its correlation with form-
aldehyde production (mutation res 343:209-218) were studied. Briefly,
after incubation with malten or maltonis, U937 cells were harvested,
washed with ice-cold 1X PBS, and resuspended in 1X PBS, 2.5% SDS.
DNA was shared by pipetting, and KCl was added at the final
concentration of 175 mM. After incubation on ice for S5 min,
precipitated proteins and DNA—protein complexes were pelletted by
centrifugation at 13400¢ for S min (at 4 °C), and supernatants,
containing the unbound fractions of DNA, were collected. Pellets were
washed two times in ice-cold 0.1 M KCI, 0.1 mM EDTA, 10 mM Tris-
HCI (pH 7.4); each wash step was followed by S min of incubation on
ice and centrifugation at 13400g for S min (at 4 °C). Supernatants,
obtained from each wash step, were pooled with previous unbound
DNA fractions. Then pellets were resuspended in 1 mL of 0.1 M KC],
10 mM EDTA, and 40 mM Tris—HCI (pH 6.5) and digested with 200
ug/mL proteinase K for 3 h at 45 °C. After further incubation on ice
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for S min, samples were centrifuged at 13400g for S min (at 4 °C) and
supernatants containing the bound fraction of DNA were collected.
Finally, DNA contents of both bound and unbound fractions were
fluorimetrically quantified by Qubit (Invitrogen, Carlsbad, CA).

DNA Electrophoretic Mobility Assay. U937 cells untreated
(control), or treated with malten or maltonis, were harvested, washed
once with ice-cold 1X PBS, resuspended in a solution containing 1X
PBS, 2% SDS, 10 ug/mL RNase A at the concentration of 10° cells/
mlL, and incubated overnight at 4 °C.> Subsequently, each sample was
divided into two aliquots: the first aliquot was digested with 200 ug/
mL proteinase K for 3 h at 45 °C, while the second was incubated 3 h
at 45 °C in the absence of proteinase K. Genomic DNA was then
separated by 1% agarose gel electrophoresis (AGE) and detected by
ethidium bromide staining.

X-ray Crystallography. Intensity data for compounds
[H,malten](ClO,),"(H,0) (6) and [H,maltonis](ClO,), (7) were
collected on a diffractometer using Mo Ka radiation (1 = 0.71069 A).
Data collection was performed with the program CrysAlis CCD;>*
data reduction for the two structures was carried out with the program
CrysAlis RED;* absorption correction was performed with the
program ABSPACK in CrysAlis RED.*

The structures of 6 and 7 were solved by using the SIR-97
package®” and subsequently refined on the F* values by the full-matrix
least-squares program SHELXL-97.%%

All of the non-hydrogen atoms of the two structures were
anisotropically refined, while all the hydrogen atoms were found via
Fourier synthesis and refined isotropically.

Geometrical calculations were performed by PARST97,’ and
molecular plots were produced by the Mercury 2.4*° and ORTEP3*!
programs.

Crystallographic data and refinement parameters are reported in the
Supporting Information (Table S1).

Computational Details. The Gaussian03 (Revision C.02)'
package implemented on a personal computer was used. In all cases,
the level of theory was HF-SCF, the basis set was 6—3(11G(cl,p),42 and
the Berny algorithm was used.” The input geometries for the L and
HL" species of malten and maltonis, respectively, were chosen among
those found in the MD simulations.

Molecular Simulations. Geometric optimizations (MM) and
molecular dynamics (MD) simulations were performed on the H,L**
cations found in the two X-ray crystal structures 6 and 7 and on the L
and HL" species (for malten and maltonis, respectively), derived from
the parent compound. The starting geometries of all the species
employed in the MD simulations were obtained minimizing the H,L**
conformations retrieved in 6 and 7. MD simulations were carried out
at 300, 600, and 900 K, both in vacuo as well as in an implicit water
model; water calculations were performed mimicking the solvent by
using a distance-dependent dielectric constant of 80.0. All calculations
were made by using the CHARMm** force field. MM calculations
were performed on each species by using the Smart Minimizer energy
minimization procedure implemented in Accelrys Discovery Studio
2.1* and before starting the MD simulations, the geometry of each
compound was further optimized using the steepest descent, conjugate
gradient and finally Newton—Raphson algorithms. In the molecular
dynamics, the time step was 1 fs for all runs, while equilibration times
ranged from 100 to 8000 ps and production times from 1000 to
100000 ps, depending on the charge and the surrounding medium.
The programs used for the MD and the energy minimization were the
simulation protocols Standard Dynamics Cascade and Minimization
implemented in Discovery Studio. The starting geometry for the
polynucleotide 5-D(*CP*AP*CP*GP*TP*G)-3*¢ was retrieved
from the RCSB Protein Bank Database. Docking simulations were
performed at 300 K both in vacuo and in the simulated water solvent
by using the same protocol Standard Dynamics Cascade implemented
in Discovery Studio.
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