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ABSTRACT: Many drugs that are applied in anticancer
therapy such as the anthracycline doxorubicin contain DNA-
intercalating 9,10-anthraquinone (AQ) moieties. When Cu(II)
cyclen complexes were functionalized with up to three (2-
anthraquinonyl)methyl substituents, they efficiently inhibited
DNA and RNA synthesis resulting in high cytotoxicity
(selective for cancer cells) accompanied by DNA condensa-
tion/aggregation phenomena. Molecular modeling suggests an
unusual bisintercalation mode with only one base pair between
the two AQ moieties and the metal complex as a linker. A
regioisomer, in which the AQ moieties point in directions
unfavorable for such an interaction, had a much weaker
biological activity. The ligands alone and corresponding Zn(II)
complexes (used as redox inert control compounds) also exhibited lower activity.

B INTRODUCTION static interactions between cationic species and the negatively
charged DNA backbone. In the case of metal ions like Pt(II),
coordinative bonds with DNA bases are also conceivable.”
Moreover, certain intercalating aromatic compounds carrying
alkyl ammonium groups such as mitoxantrone (1,4-dihydroxy-
5,8-bis-[2-(2-hydroxyethylamino)-ethylamino]-anthracene-
9,10-dione), a 9,10-anthraquinone (AQ) derivative, and
YOYO-1 (1,1'-(4,4,8,8-tetramethyl-4,8-diazaundeca-
methylene)bis[4-[(3-methylbenzo-1,3-0xazol-2-yl)-
methylidene]-1,4-dihydroquinolinium]tetraiodide) can act as

DNA condensation is as important in nature as well as in
medicine. Within the 5—10 ym big nucleus of a mammalian
cell, approximately 2 m of DNA are compacted into the
chromatin."”> Gene therapy requires compaction for the
delivery of DNA into the cells to be transfected. Meanwhile,
such condensation phenomena have also been observed to play
a role for antitumoral drugs.”*

DNA condensation and aggregation occurs in the presence of
organic polyamines like spermidine, polycations under

physiological conditions.”® Note: (As stated by Bloomfield condensing agents. However, their mechanism of action is
(Biopolymers 1997, 44, 269—282) condensates of DNA different from that of metal complexes, since they interact not
represent aggregates of limited size and definite morphology, only elegtlrooiﬁfatically but also by intercalation into DNA
whereas aggregation and precipitation are phenomena of less duplexes.” ™" There are a few examples reported, mainly
order. Since it is difficult to distinguish between such effects, we using Pt and Ru, where cytotoxic characteristics resulted from
use these expressions synonymously.) Among metal complexes, the combination of the respective metal ion with a DNA
[Co(NH,)g)** is a known DNA condensing agent,” a property
that has also been reported recently for trinuclear Pt(II) Received: January 9, 2018
complexes.”® The above-mentioned systems rely on electro- Published: April 23, 2018
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intercalating ligand moiety as, for example, in refs 12—14. DNA
condensing agents based on such complexes are scarce.””™"’
The interaction of intercalating AQ cyclen and cyclam
complexes with DNA has been exploited solely for the
recognition of specific sequence patterns and the unwinding
of DNA*7*

We have observed surprising biological effects when using
multiple AQ_ moieties as intercalators on a Cu(Il) cyclen
complex. Not only high cellular uptake and cytotoxicity but also
very eflicient condensation/aggregation of DNA and inhibition
of DNA and RNA synthesis has been found, strongly
depending on the degree and regiochemistry of AQ
substitution. A variety of biophysical techniques was applied
to evaluate the impact of metal complex/DNA interaction on
the DNA conformation and enzymatic synthesis of DNA and
RNA. Molecular and cell biological tools as well as molecular
modeling have contributed to complete the picture of effective
DNA condensing agents with a potential application as
anticancer drugs.

B RESULTS AND DISCUSSION

Synthesis and Characterization. Five Cu(Il) cyclen
complexes carrying none, one, two, and three AQ-based
substituents (Figure 1, cf. S-1.1) were synthesized. All
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Figure 1. Structural formula of AQ-based doxorubicin and Cu(II)
complexes of ligands L1-LS.

complexes were thoroughly characterized. For [CuL2(NO;)]-
NO;, also X-ray crystal structure analysis was performed. For
the di-AQ_derivative two regioisomers are conceivable, and we
thus prepared the 1,4- and the 1,7-di-AQ-cyclen (L3, L4)
Cu(II) complexes. Complexes comprising Zn(II) as a redox-
inert metal ion were considered for comparison to exclude any
artifacts due to oxidative degradation of DNA.

X-ray Crystal Structure. Although Cu(II) L2 has already
been described by Kimura and co-workers,” to the best of our
knowledge its crystal structure is presented here for the first
time (Figure 2, Table 1, cf. S-2).

Cu(II) L2 contains [CuL2(NO,;)]* cations with square-
pyramidal coordination environment and NO;~ anions. The
Cu(1I) ion is elevated by 0.539 A over the ring plane. At an
angle of 115° (N1-C13—C14) the (2-anthraquinonyl)methyl
group is tethered to the N1 atom. Bond lengths and angles of
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Figure 2. ORTEP*® diagram of the molecular structure of Cu(II) L2
showing the [CuL2(NO;)]* cation. Thermal ellipsoids are drawn at a
probability level of 50%. The counterion and H atoms are omitted for
clarity.

Table 1. Selected Bond Lengths and Angles of
[CuL2(NO,)]*

bond length [A] angle [deg]

Cul—-N1 2.075(1) 031-Cul-N1 104.07(5)
Cul—-N4 2.015(1) 031—-Cul—N4 98.05(5)
Cul—N7 2.025(1) 031-Cul-N7 106.35(5)
Cul-N10 2.002(1) 031-Cul-N10 112.89(5)
Cul-031 2.164(1) N1-Cul—-N4 85.55(5)
C2-C3 1.511(2) N4—Cul-N7 86.30(6)
031-N30 1.278(2) N7—Cul-N10 85.08(6)
N1-C13 1.497(2) N10—Cul—N1 86.88(5)
C13-Cl14 1.513(2) N1-Cul-N7 149.31(6)
C14-C1$ 1.397(2) N4—Cul-N10 149.06(6)
C18—C23 1.484(2) N1-C13-C14 114.85(13)
C23-C28 1.224(2) C13-C14—C15 120.18(15)

the (2-anthraquinonyl)methyl group are in accordance with the
published structure of 2-methylanthraquinone.”” Furthermore,
the AQ moiety is perfectly planar and shows no distortion from
the mean aromatic plane compared to 2-methylanthraquinone
(in average 0.024 A deviation), whose non-hydrogen atoms
differ by 0.022 A from the mean aromatic plane.”’
Biophysical Evaluation of Metal Complex/DNA Inter-
action. DNA melting experiments were performed to
determine the effect of the Cu(II) complexes of ligands L1
to LS on the thermal stability of calf thymus DNA (CT-DNA,
Table 2). Intercalation into the double helix is known to

Table 2. Effect of the Cu(II) Complexes of Ligands L1-L5
on the Melting Temperature of CT-DNA®

compound AT, [°C]
Cu(ll) L1 02+ 03
Cu(1D) L2 60 + 2.8
Cu(1l) L3 50+ LS
Cu(Il) L4 1.6 + 06
Cu(I) LS 1.0 + 0.1

“Ty, =824 + 0.2 °C, cf. S-3 for conditions and diagrams including also
ligands and Zn(II) complexes.

increase the meltmg temperature of DNA (T,) due to
increased stability.”® The melting temperature of CT-DNA
was not influenced by Cu(Il) L1, whereas the complexes of
AQ-containing ligands L2—LS increased T, indicating thermal
stabilization by intercalation. The stabilizing effect, however,
decreased when going from Cu(II) L2 carrying one AQ group
(AT, = 6.0 + 2.8 °C) to Cu(Il) LS with three substituents
(AT, = 1.0 + 0.1 °C), probably due to increasing steric crowd
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and/or aggregation phenomena. The corresponding ligands
and Zn(II) complexes showed the same tendencies on T,
although less pronounced (cf. S-3).

The binding affinities of the Cu(II) complexes toward CT-
DNA were determined employing the ethidium bromide (EB)
displacement assay (Table 3). While the binding constant of

Table 3. Effect of the Cu(II) Complexes of Ligands L1-LS
on K, Values [M™!] of CT-DNA®

app
compound K IM™'] x 107
Cu(Il) L1 0.44
Cu(II) L2 7.26
Cu(II) L3 3.38
Cu(1l) L4 0.73 (1.45)
Cu(Il) LS 0.40 (0.80)

“Values for bisintercalation are considered in parentheses; cf. S-4 for
conditions and diagrams.

Cu(Il) L1 as expected rules out an intercalative binding mode,
the binding constants of the complexes of ligands L2 to LS are
in a range that indicates intercalative DNA binding.”” As
suggested already by the structural formula (Figure 1), Cu(II)
L4 and Cu(II) LS should be able to bisintercalate DNA, and
such a scenario is considered also in Table 3, when the
complexes displace two EB molecules at a time. Higher binding
constants (e.g, at least an order of magnitude higher)‘w’31 in
comparison to the monointercalating complexes of L2—L3
should be expected. This was not observed here in the same
way it was in the melting studies due to the prompt aggregation
even at low concentrations of Cu(Il) L4—L5 (vide infra). A
quantitative comparison of K, values for these complexes is
thus not reasonable. Nevertheless, the general trend of binding
affinity is in accordance with the one obtained by DNA melting
studies. For Cu(II) L2, Kimura et al. have shown before that
EB was more efficiently displaced from poly(dG) X poly(dC)
than CT-DNA.*' Under the conditions we used, the Cu(II)
complexes of ligands L2—LS$ had binding constants K, in the
same order of magnitude toward CT-DNA and poly(dG) X
poly(dC) but much lower ones for poly(dA) X poly(dT) (cf. S-
4 for displacement studies of homopolymers and Kgy and K,
values for all oligonucleotides), suggesting a preference of these
complexes for G-rich sequences.

The ability of the complexes to condense DNA was explored
by total intensity light scattering.’”* The intensity of scattered
light is low in absence or at low concentrations of a condensing
agent, but it is markedly increased at a critical concentration
due to the formation of condensed DNA particles;
subsequently, it levels off (cf. S-5). The efficacy of a DNA
condenser can be quantified by determining the ECs, value,
which is the concentration of a condensing agent at the
midpoint of DNA condensation. Cu(II) L2 induced con-
densation only at concentrations higher than 30 uM (Table 4).
In contrast, the remaining complexes Cu(II) L3—L5 condensed
DNA at concentrations ~1 pM. Spermine, a polyamine
(polyammonium cations under physiological conditions) and
known DNA condenser, is 4 times less efficient under the same
conditions.”

As a fourth, complementary, biophysical technique linear
dichroism (LD) spectroscopy was applied. This analysis
provides a good indicator of the orientation of the ligand on
the DNA. If a molecule is bound to DNA in a specific
orientation with respect to the biopolymer it exhibits an LD
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Table 4. EC, Values of the Cu(II) Complexes of Ligands
L2—LS for CT-DNA Obtained from Total Intensity Light
Scattering®

compound ECs, [uM]
Cu(Il) L2 >30

Cu(ll) L3 0.85 + 0.08
Cu(1l) L4 0.78 + 0.07
Cu(ll) LS 1.16 + 0.05
spermine 4.10 £ 0.507°

“ECs values were determined by plotting the scattered light intensity
against the concentration of condensing agents (cf. S-5). Data are
means + standard deviation (SD) of three separate measurements.

signal. By contrast, if the molecule is unbound or bound
randomly to DNA then no LD signal can be detected. The LD
spectra of CT-DNA titrated with the Cu(II) complexes of L2—
L4 (Figure 3, cf. S-6) show a negative signal in the 300—375
nm range and negative bands in the DNA region (220—300
nm).
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Figure 3. LD spectra of free CT-DNA and in the presence of
increasing concentrations of Cu(II) L2 (top) and Cu(II) LS (bottom).

As the concentration of Cu(Il) complexes is increased, the
intensity of LD signals increases. This is in agreement with a
coplanar arrangement of the DNA base pairs and the AQ
moieties, which is highly suggestive of an intercalative mode of
binding.** Whereas the effects are distinct for Cu(II) L2, they
are less pronounced for Cu(II) L3 and even less for Cu(II) L4.
This order can be correlated with the thermal stability results
and binding constants (Tables 2 and 3) suggesting concordant
decreasing intercalation and binding strength. The LD spectra
of CT-DNA in the presence of Cu(Il) LS (Figure 3), however,
look completely different. An unexpected decrease of the LD
signals is observed, which suggests that the AQ moieties are not
perpendicularly arranged to the DNA helix axis anymore. This
can be due to kinking, bending, or condensation/aggregation of
DNA.*** Since our molecular modeling studies (vide infra)
indicate low perturbation of the DNA structure, bent/kinked
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DNA can be rather excluded, whereas condensation can be
considered a conclusive explanation. Note: (We did an energy
minimization into the nearest local energy minimum. Although
it seems unlikely, we cannot completely exclude the possibility
that there are other energy minima, which might correspond to
a kinked or bent DNA structure.) The intermediate behavior of
Cu(Il) L3 and Cu(II) L4 suggests a transition from coplanar
arrangement of the AQ units to condensation effects.

LD studies with poly(dG) X poly(dC) and poly(dA) X
poly(dT) homopolymers showed no major differences to the
behavior toward CT-DNA for Cu(II) L3 (cf. S-6). Poly(dG) X
poly(dC) exhibits an A conformation® with the DNA base
planes being more inclined and not perfectly perpendicular to
the axis like in B-form DNA. Consequently, this gives rise to
the low LD signal in the absence of the complexes. Once
Cu(Il) L3 is added, the signal increases significantly suggesting
a straightening of the DNA duplex due to intercalation of an
AQ moiety. However, Cu(II) L4 was peculiar showing, on the
one hand, first increasing and then decreasing LD signals for
poly(dA) X poly(dT) (for a base/complex ratio > 15:1). On
the other hand, no obvious changes were observed for
poly(dG) X poly(dC). The latter observation indicates a
cramping of the A-DNA conformation due to the assumed
bisintercalation binding mode—even at lowest concentrations.
For poly(dA) X poly(dT), however, such a cramping might
occur only when a certain concentration is exceeded to allow a
switching monointercalation — bisintercalation (increasing —
decreasing LD signals).

Molecular Biological Evaluation of Metal Complex/
DNA Interaction. A gel retardation assay provided insight in
the DNA condensation ability of L2—LS and their correspond-
ing Zn(II) and Cu(II) complexes (cf. S-7). Addition of the
complexes of L3—L5 (10—20 uM) led to plasmid DNA
remaining in the gel loading wells. Note: (In some cases at 50
uM ligand/complex, no DNA at all could be detected, since
binding of these compounds can impede DNA visualization due
to disturbed intercalation of the EB gel stain (J. Phys. Chem. B
2014, 118, 4832—4839).) In earlier reports similar concen-
trations were used but at higher complex/DNA ratios'>*°
accompanied by DNA damage.'® No significant differences
between the retardation effects of Zn(Il) and Cu(II) complexes
were observed. Ligands L2—L4, however, showed almost no or
very little effect on DNA migration up to S0 M concentration,
and ligand LS alone inhibited the migration only at the highest
concentration tested (50 uM). This observation is similar to
reported retardation effects of macrocyclic polyamine con-
densers,”” strongly suggesting the importance of the metal ion
for efficient condensation. The results could be correlated with
total intensity light scattering measurements (vide supra). To
test representatively, if the otherwise used buffer system Tris-
HCl as a potential competitive ligand for Cu(1)** could
interfere with the biological activity of the complexes, a Good’s
buffer system® was also tested. The 3-(N-morpholino)-
propanesulfonic acid (MOPS) buffer had no changes to the
results obtained with the Tris system (cf. S-7). It should be
mentioned, that the competing reaction with Tris could be
more problematic in case of the Zn(II) complexes due to their
lower stability. Whereas a log K = 24.8*° is reported for Cu(II)
cyclen, it is only log K = 162" for Zn(Il) cyclen. The
formation constants of the Tris complexes, however, differ not
that much: log K; = 4.1 for Cu(Il) vs 2.4 for Zn(II)."" The
potential release of the metal ion from the complexes in case of
Zn(II), but not of Cu(Il), might explain the intermediate

5007

behavior of the Zn(II) complexes between the ligands and the
Cu(II) species in most of the presented experiments.

Atomic force microscopy (AFM) is a useful imaging
technique for investigating DNA intercalation as well as
aggregation.”**>** The formation of DNA aggregates in the
presence of Cu(II) complexes of L3—LS was observed at low
micromolar concentrations (Figure 4, cf. S-8). Additionally, for

Figure 4. Representative AFM images of linearized plasmid pSP73
DNA in the presence of Cu(II) L4 at 1.56 uM (A) and 3.13 uM (B).
Untreated reference cf. S-8.

Cu(II) L4 and Cu(Il) LS typical loop structures and
plectonemic coils (interwound DNA strands visible as thick-
stranded features) were observed (blue frames in Figure 4 and
S$-8.4). Such DNA—DNA contacts arise from bisintercalation**
and reduction of the negative charge of DNA when binding to
positively charged molecules.”” Increasing the complex
concentration led to the formation of larger and more compact
DNA aggregates and eventually to disappearance of DNA
molecules from the substrate (cf, e.g., Figure S-8.4C),
indicating little adhesion to the surface during rinsing after
immobilization.

To examine whether the complexes Cu(Il) L1-LS were able
to inhibit synthesis of DNA when bound to it, we utilized the
polymerase chain reaction (PCR) as an ex vivo model for the
DNA replication machinery."* A 279 bp insert of pBR322
plasmid DNA was amplified in the presence of the complexes.
Inhibition of the Thermus aquaticus (Taq) polymerase was
observable through missing DNA bands on an agarose gel. In
agreement with the literature,** the well-known DNA binder
cisplatin inhibited DNA synthesis at concentrations higher than
50 uM only (cf. S-9). For the complexes Cu(Il) L2—L5 the
extent of inhibition was dependent on the number of AQ
groups coupled to the cyclen backbone. The higher the number
of AQ substituents, the more efficient was the inhibition. While
3 uM of Cu(Il) L2 was needed, already 1 uM of the cis-
substituted complex Cu(II) L3, 0.1 zM of the trans-substituted
complex Cu(II) L4 and 75 nM Cu(Il) L5 caused the same
effect (Figure 5). Concordantly with the gel retardation, LS and
Zn(II) LS also inhibited the PCR, although at higher
concentrations (cf. S-9).

An additional DNA transcription assay showed that Cu(1I)
L4 and Cu(Il) L5 also inhibited transcription of the circular
form of pBR322 DNA into RNA at even milder conditions
compared to the PCR assay (cf. S-10). Here the transcriptional
activity was monitored by measuring the increase of
fluorescence resulting from the formation of aminonaphthale-
nesulfonate (AmNS) by its cleavage from the terminal
phosphate group of uridine triphosphate (UTP)." Even
though an absorption effect of the AQ groups must be taken
into account, the results obtained are in accordance with the
PCR experiment: again Cu(II) L4 and Cu(II) LS are most

DOI: 10.1021/acs.inorgchem.8b00027
Inorg. Chem. 2018, 57, 50045012


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b00027/suppl_file/ic8b00027_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b00027/suppl_file/ic8b00027_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b00027/suppl_file/ic8b00027_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b00027/suppl_file/ic8b00027_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b00027/suppl_file/ic8b00027_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b00027/suppl_file/ic8b00027_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b00027/suppl_file/ic8b00027_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b00027/suppl_file/ic8b00027_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b00027/suppl_file/ic8b00027_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b00027/suppl_file/ic8b00027_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.8b00027

Inorganic Chemistry

cu(L2_

0 1 2 3

e

Cu(l) L3

Cu(ll) L4
0 2.5 5 75
PN ey ey ey

100

PR

Cu(ll) L5 *
0 25 5

P B ey

Figure S. Inhibition of the synthesis of a 279 bp insert of linearized
pBR322 plasmid DNA in the presence of Cu(II) L2—LS analyzed by
agarose gel electrophoresis.

active followed by Cu(Il) L3 and Cu(II) L2. S0% inhibition of
the transcriptional activity was achieved with only 10 uM of
Cu(II) L4, whereas hundredfold more was needed in case of
the condenser spermine under the same conditions.*’

Although Cu(II) L3—LS are efficient condensers, Cu(Il) L4
and Cu(II) L5 were the most potent inhibitors of DNA
replication and transcription despite their relatively weak DNA
binding strength. This might be due to a bisintercalative
binding mode of Cu(ll) L4 and Cu(II) LS resulting in
enhanced disturbance of the Taq polymerase and the RNA
polymerase.

Evaluation of Cytotoxicity. Because of potent inhibition
of DNA synthesis in vitro we studied cytotoxic properties of the
Cu(II) complexes of L1—LS to assess if their activity is retained
in cellulo. Adenocarcinomic human alveolar basal epithelial
AS49 cells were incubated with the complexes for 48 h, and
their survival was determined by the 3-(4,5-dimethylthiazol-2-
y1)-2,5-diphenyltetrazolium bromide (MTT) assay. As a control
normal human dermal fibroblasts (NHDF) were employed to
discern if the complexes are cytotoxic specifically toward cancer
cells (Table S, cf. S-11). As expected Cu(II) L1 only showed a
slight cytotoxic effect on AS49 cells (ICs, = 109.4 uM). The

Table 5. ICy, [uM] Values and 95% Confidence Intervals
(CI, in Brackets) Obtained by the MTT Assay (48 h) against
A549 and NHDF Cells for the Cu(II) Complexes of L1-LS,
Compared with the Reference Drugs Doxorubicin and
Cisplatin“

compound AS49 NHDF
Cu(l) L1 109.4 (71.3—167.7) 93.1 (79.5-109.2)
Cu(Il) L2 96.9 (77.8—120.6) 77.6 (62.9-95.7)
Cu(1l) L3 28.3 (204-39.2) 432 (23.5-79.3)
Cu(ll) L4 1.3 (0.4-3.5) 13.4 (22-80.2)
Cu(Il) LS 14 (0.6-3.5) 8.1 (3.1-21.2)
doxorubicin 2.0 (n/a)* 2.5 (n/a)*
cisplatin 13.0 (n/a)"’ 94.6 (n/a)*’

“cf. S-11 for diagrams including also ligands and Zn(II) complexes.
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results obtained for the AQ-substituted cyclen complexes are in
accordance with the results obtained by the PCR assay: the 1,4-
di-AQ_complex Cu(Il) L3 is ~3 times more effective than the
mono-AQ _complex Cu(II) L2 (ICs, = 96.9 uM vs 28.3 uM). As
expected Cu(II) L4 and Cu(Il) LS show even higher activity
(ICs = 1.3 and 14 uM) correlating with their inhibitory
activity toward DNA and RNA synthesis. Cu(Il) L4 and Cu(II)
LS yet outperform doxorubicin and cisplatin, of which 2.0 and
13.0 uM, respectively, are needed to achieve the same effect
under similar conditions.***” Cu(II) L1 and Cu(II) L2 show
lower cytotoxicity towards the studied cancer cell line AS49
over normal human dermal fibroblasts. In comparison, Cu(1I)
L3 shows slight selectivity for the cancer cells, whereas Cu(II)
L4 and Cu(II) L5 show a distinct selectivity factor of 10 and 6,
respectively, for the cancer over the fibroblast cells. They are
thus equally (Cu(II) LS) or even more (Cu(Il) L4) selective
than cisplatin under similar conditions.

In contrast to other systems, for example, a Cu(Il)
bisterpyridine (bistpy) derivative,'® high cytotoxicity was not
accompanied by obvious damage of DNA on the agarose gel.
This could be attributed to the higher stability of the presented
system (log K = 24.8" for cycen vs 19.1*° for bistpy),
preventing a release of “free” Cu(Il), which is prone to cleave
DNA.

It was noted that the dose—response relationship of Cu(II)
L4 and Cu(II) LS as well as Zn(II) LS, according to the MTT
assay, was more flat than with the ligand alone or Cu(Il) L1—
L3 with both cell types. Even at the lowest concentrations used,
the calculated relative viabilities did not reach the 100% plateau,
leading to less well-fitted dose—response curves (cf. S-11). As
the MTT assay measures metabolic activity that is proportional
to the cell number, we analyzed whether the low values resulted
from an actually low cell number or from interference of the
compounds with cell metabolism. With flow cytometry, intact
cells were counted after incubation with the highest and lowest
concentrations investigated in the MTT assay of Cu(II) L2, L4,
and LS. This experiment revealed that the cell number was
slightly increased rather than decreased at low concentrations,
while at higher concentrations, the cell number was decreased
(cf. S-12), similarly to the results from the MTT test.
Consequently, at low concentrations Cu(II) L4 and LS seem
to inhibit metabolic activity rather than actually being
responsible for cell death.

As in the PCR assay ligand LS and its corresponding Zn(II)
complex also exhibited activity in the cytotoxicity assay;
nevertheless, they were less effective than the Cu(II) complex
(9.0 and 2.5 uM, respectively, in AS49 cells, cf. S-11). The
cytotoxicity of LS is in agreement with the literature
invesgi%giaoting macrocyclic polyamines with intercalating moi-
eties.”"”

Interestingly, metal coordination alleviates cytotoxicity in
AS549 cells in case of L1—L3 similarly for Cu(II) and Zn(II),
whereas, for L4 and LS, the presence of Zn(II) and Cu(Il) ions
increases cytotoxicity. This indicates either a better cellular
uptake for the ligands L1-L3 in comparison to their metal
complexes or a toxic disturbance of metal ion homeostasis by
these ligands. Binding of the cyclen ligands to DNA should be
easily accomplished (at pH 7.4 cyclen is doubly protonated®")
and might also contribute to the ligand cytotoxicity. Also
peculiar is the general trend that the Cu(Il) complexes were
more cytotoxic than the Zn(II) complexes in cancer cells,
whereas it was vice versa in the fibroblast cells. It can be
assumed that the different redox states of the two cell lines play
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a role for this observation: in the cancer cells, Cu(II) is reduced
more easily to Cu(I) due to elevated levels of intracellular
reductants like glutathione.”> This leads to generation of
oxidative stress and thus high cytotoxicity”’—in contrast to the
redox-inert Zn(I) complexes. The phenomenon that Zn(II)
can be more toxic than Cu(II) in fibroblast cells has been
described before in the literature.**

To gain a better insight into the importance of cellular
uptake for the cytotoxicity, Cu(Il) L1 and Cu(Il) L4 as two
representative compounds with low and high cytotoxicity were
incubated with AS49 cells, and the Cu(II) content was
determined by atomic absorption spectroscopy (AAS). Where-
as only 0.07 nmol Cu/mg protein was detected for Cu(II) L1
after 24 h, it was almost 40 times as much for Cu(II) L4 (cf. S-
13). These results correlate well with the IC, values and can be
explained by the more hydrophobic character of Cu(II) L4 due
to the two AQ moieties, which facilitate the permeation of the
complex through the lipid bilayer of cell membranes.

The use of bisintercalators as antagonists of DNA
metabolism is a strategy for anticancer drugs, which was
already introduced in the 1970s.>> For instance, bifunctional
anthracycline derivatives were shown to be more cytotoxic than
the anthracycline alone, also in doxorubicin-resistant cell
lines.*>*° Bisintercalating AQ_derivatives have shown efficacy
in vivo in tumor-engrafted mice;>” however, no studies on the
molecular level like the ones performed here have been
undertaken before.

Molecular Modeling. The surprising finding that the
regioisomers Cu(Il) L3 and Cu(II) L4 equally efficiently
aggregate DNA but differ significantly in their DNA and RNA
synthesis inhibiting and cytotoxic properties was further
elucidated with molecular modeling. This method has been
used before successfully to correlate structural variations of
DNA-intercalating agents with their cytotoxicity.”® The
complexes were intercalated with their AQ moieties into a
short G-rich DNA duplex (PDB:440D) at the minor and major
groove (cf. S-14), since Cu(II) L2 is known to selectively
recognize consecutive G sequences.”’ G-rich sequences favor A-
DNA conformation,® wherein the minor groove is wider and
shallower compared to B-DNA. Such a minor groove is a
preferred binding site for AQ-based antibiotics like chromo-
mycin A3.%

The calculated conformational energy values did not show
significant differences for Cu(Il) L3 and Cu(Il) L4 in the
minor and major groove within the accuracy of the force field.
For Cu(II) L4 (and L5), additionally, a conformation with both
AQ moieties being intercalated was found at comparable energy
values as the singly intercalated complexes (Figure 6, Figure S-
14.5). Whereas bisintercalation into B-DNA conformations is
sterically impossible (Figure S-14.6), the bisintercalative
binding mode in G-rich sequences’” exhibiting A-DNA
conformation might present the main reason for the high
cytotoxicity of Cu(Il) L4 and Cu(II) LS as well as for efficient
DNA and RNA synthesis inhibition and DNA aggregation
propensity.

The found bisintercalation mode is very interesting, since it
disagrees with the “neighbor exclusion principle”. Whereas this
principle requests intercalating molecules to have at least two
base pairs between them,” here only a single base pair is
sandwiched between the AQ moieties. The distance of these
moieties in Cu(Il) L4 is only 6.5 A (Figure S-14.7), thus
geometrically adequate to span one base pair. Coplanar
insertion with two base pairs between would require a larger
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Figure 6. Cu(II) L4 intercalated into a short DNA double helix in the
minor groove showing insertion of both AQ_ moieties.

distance (~10 A as, eg, in a bisintercalating Pt-acridine
compound—to our knowledge the only example besides the
one presented here consisting of two intercalators linked by a
metal complex®).

There are many examples of organic bisintercalators, natural
ones like echinomycin and artificial ones like ditercalinjium and
diacridines with various linker lengths. Nevertheless, only very
few of them (e.g, a bisintercalating peptide®') seem to violate
the neighbor exclusion principle. Alternative conceivable
binding modes like bisintercalation obeying the neighbor
exclusion principle or inter/intrastrand cross-linking are
improbable for Cu(II) L4 and Cu(II) LS: (1) perturbed
DNA structures are energetically not preferred.”> (2) The
neighbor exclusion principle seems to apply only to short
sequences like pentanucleotides® but not to longer ones like in
the present experimental and theoretical studies. (3) A cross-
linking of two DNA duplexes (meaning considerable steric
crowd) is possible only for longer linkers (>8.8 A®**). (4)
The cross-linking of two strands within one duplex would have
resulted in higher thermal stabilization of the DNA.%

B CONCLUSIONS

Whereas multiply AQ-substituted Cu(II) cyclen complexes
exhibited modest DNA binding affinities compared to
monosubstituted species, dramatic effects on the DNA
morphology, efficient inhibition of DNA/RNA synthesis, and
high cytotoxicity have been observed. The ligands alone and the
corresponding Zn(II) complexes, which are less stable than
their Cu(Il) counterparts under the conditions of the
experiments, showed weaker effects. This suggests the
importance of the metal ion for the interaction with DNA
(electrostatic and/or coordinative) next to the AQ-based
intercalation. Although the interconnection of the effects
could not be completely elucidated, bisintercalation was
identified as the most likely reason for them. Most interesting
is the behavior of Cu(II) L3 and L4—regioisomeric
compounds, which represent equally efficient DNA condensers,
but only the latter one is an efficient inhibitor of DNA/RNA
synthesis and cytotoxic agent due to bisintercalating properties.
Cu(ll) L4 and Cu(Il) LS thus fulfill the requirements for
transcription inhibitors discussed as anticancer agents (modest
binding affinity, bulky groups in the minor groove, polymerase
inhibition).>* By combining the endogenous metal Cu (in
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contrast to exogenous Pt and Ru as in some anticancer drugs/
drug candidates and DNA condensers) with a structural motif
of the drug doxorubicin (AQ) an application as anticancer drug
with low side effects can be envisioned. Also, selective toxicity is
conceivable for such bisintercalators due to discrimination of
DNA sequences.”
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