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Abstract: Telomeric DNA represents a novel target for the
development of anticancer drugs. By application of a catalytic
metallodrug strategy, a copper—acridine—ATCUN complex
(CuGGHK-Acr) has been designed that targets G-quadruplex
telomeric DNA. Both fluorescence solution assays and gel
sequencing demonstrate the CuGGHK-Acr catalyst to selec-
tively bind and cleave the G-quadruplex telomere sequence.
The cleavage pathway has been mapped by matrix assisted
laser desorption ionization time-of-flight mass spectrometry
(MALDI-TOF MS) experiments. CuGGHK-Acr promotes
significant inhibition of cancer cell proliferation and short-
ening of telomere length. Both senescence and apoptosis are
induced in the breast cancer cell line MCF7.

Essential to DNA replication and cell division,!"! telomeric
DNA has the potential to form a type of nucleic acid
secondary structure known as the G-quadruplex (G4).?! This,
and other structured nucleic acid motifs are a current focus of
drug discovery efforts.”! The replicative capacity of cells is
determined by telomere length since cellular senescence
occurs following its reduction to a critical level (Hayflick
limit).™ Telomere length is maintained by telomerase in most
cancer cells, but is shorter as a consequence of frequent cell
division.”! Accordingly, there is increasing interest in the
development of G4 ligands as anticancer drugs.!!

G4 ligands can interfere with telomere maintenance by
stabilizing G-quadruplex telomere structure.” However,
a significant change of a cancer cell’s telomere length typically
requires long-term treatment, because only about 50 to 200 nt
of telomere length is lost during each round of cell division.®!
In that regard, a Ce'VEDTP-DNA (EDTP = ethylenedi-
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aminetetra(methylenephosphonic  acid)) conjugate has
recently been reported to induce sequence-specific cleavage
of telomeric DNA by assembling a (3+1) intermolecular G-
quadruplex. However, a combination of low cellular uptake,
instability to natural nucleases, and self-cleavage are unfa-
vorable to further application.”) Thus far, no DNA-cleaving
agents have been reported that exhibit selective cleavage of
intramolecular G-quadruplex telomeric DNA.

In our previous studies, an amino-terminal copper/nickel
binding motif (ATCUN) has been incorporated into a variety
of peptide frameworks to develop antiviral metallopeptides
that cleave HIV and HCV (hepatitis C virus) RNA.'Y The
ATCUN motif coordinates a copper ion with a high affinity, is
redox active in the 3+/2 + states, and can promote DNA
cleavage under physiologically relevant conditions."!! Herein,
we develop a G4-cleaving agent by coupling GGHK, an
ATCUN peptide, to an acridine-based G4 ligand that has the
capability of positioning a CuGGH moiety in close proximity
to the G4 telomeric DNA, and promoting selective cleavage
(Scheme 1). In addition, recent studies suggest that more G4
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Scheme 1. Chemical structure of CuGGHK-Acr.

DNA is formed during DNA replication than the G0/G1
phase of cell cycle division; therefore, cancer cells should be
more vulnerable to G4-targeting drugs as a result of their
frequent cell division.!'”

A fluorescein-labeled G4 oligonucleotide of human
telomeric DNA (22G4: 5-FAM-d(AGGGTTAGGGT-
TAGGGTTAGGG)) was employed as a model for binding
and cleavage reactivity studies. Binding of CuGGHK-Acr to
22G4 DNA yielded a Kp~0.51 um by monitoring the
quenching of FAM (fluorescein) emission at 520 nm (4., =
494 nm), which indicates a significant affinity of CuGGHK-
Acr toward 22G4 in K" solution (Figure S1). By contrast,
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titration of the metal-binding motif CuGGH to a solution of
22G4 DNA resulted in a negligible change of emission (data
not shown), suggesting Forster resonance energy transfer
from FAM to the acridine ring of CuGGHK-Acr. The affinity
of CuGGHK-Acr is consistent with the affinity of other
reported acridine analogues.™ In fact, prior structural studies
suggest the acridine ring to stack on the surface of the G-
tetrad, with the positively charged nitrogen atom of the
pyrrolidine ring interacting with a water molecule near the
phosphate backbone.

The addition of calf thymus DNA (CT-DNA) to a solution
containing both CuGGHK-Acr and 22G4 recovered the
emission of 22G4 due to the nonselective binding of G4 ligand
to CT-DNA. However, the addition of 120-fold equivalents of
CT-DNA only yielded a 32% recovery of emission (Fig-
ure S2). In addition, titration of CuGGHK-Acr to a 22mer
self-complementary duplex telomeric DNA (ds22Telo: 5'-
FAM-d(TTAGGGTTAGG)-(CH,CH,0):-d(CCTAACCC-
TAA)) resulted in a Kp~12.0 um (Figure S3). Both the
competition assay with CT-DNA and binding affinity with
ds22telo indicate CuGGHK-Acr to have a significant prefer-
ence for binding to 22G4 DNA over duplex DNA.

The Michaelis-Menten kinetics of CuGGHK-Acr was
measured from the change of emission following cleavage,
which may result either from the change of microenvironment
or the dissociation of catalyst from cleavage product. No
significant cleavage was observed in the absence of ascorbate
or H,O, A plot of initial velocity versus substrate concen-
tration yielded a K,, of 1.43 um and k, of 0.0578s™"' (Fig-
ure S4). The K, is approximately 3 times the value of Kp,
yielding a k; of 0.063 um~'s™" and k_; of 0.032 s. In addition,
CuGGH exhibited a similar k., (0.0215s7!) as that observed
for CuGGHK-Acr, consistent with CuGGH attacking DNA
from various orientations, whereas the position of the Cu
center in CuGGHK-Acr is restricted by the interaction
between the G-tetrad and acridine groups. CuGGH, lacking
the binding moiety for G4 substrate, has a significantly higher
K, (20.5 um) than that observed for CuGGHK-Acr, resulting
in a ~38-fold smaller k.,/K, for CuGGH relative to
CuGGHK-Acr.

To characterize the 22G4 cleavage site(s) promoted by
CuGGHK-Acr, and confirm its specific binding pattern,
products from the reaction mixture were separated by
denaturing PAGE. Time-dependent cleavage by CuGGHK-
Acr was observed (Figure 1a). Especially, in lane 9, the major
cleavage sites were located at Al (12.8%), G2 (10.2%), T6
(13.7%), A7 (7.6 %), and other nearby nucleotides, demon-
strating the Cu center to be located near the groove formed by
the stacked G2-G4 trinucleotides and the T5-A7 loop (Fig-
ure 1b). Minor cleavage events at other nucleotides near this
groove most likely reflect the flexibility of the lysine side
chain carrying the reactive CuGGH moiety, as well as the
short-range local diffusion of reactive oxygen species. By
contrast, DNA fragments from the cleavage by CuGGH are
manifested as an average distribution indicating the metal-
binding motif to exhibit a random cleavage pattern (Fig-
ure S5).

Duplex telomeric DNA and unstructured telomeric DNA
(22G4 in the absence of monovalent metal cation) served as
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Figure 1. a) Denaturing polyacrylamide gel electrophoresis (15%
PAGE) showing the sequence-specific cleavage of 22G4 by CuGGHK-
Acr in 10 mm Tris-HCl and 100 mm KCl at 37°C. Lane 1: A+G DNA
Ladder; Lane 2: DNA only; Lane 3: DNA+ ascorbate + H,0,; Lanes 4
to 9: CuGGHK-Acr + DNA + ascorbate + H,O, (0, 30, 60, 90, 120, and
180 min). [22G4] =10 um (strand concentration), [CuGGHK-

Acr]=2 um, [ascorbate] =1 mwm, [H,0,]=1 mm. b) Summary of major
cleavage sites (highlighted by CPK atoms) identified in parallel G4
telomeric DNA (PDB: 1KF1). c) Selective cleavage by CuGGHK-Acr on
three substrates at 37°C. G-quadruplex DNA (H): 22G4 in 10 mm Tris-
HCI (pH 7.4), 100 mm KCI; unstructured DNA (@): 22G4 in 10 mm
Tris-HCI (pH 7.4); duplex DNA (A): ds12Telo in 10 mm Tris-HCl

(pH 7.4), 100 mm LiCl. Each of the above reactions used 220 um
(nucleotide concentration) of DNA, 2 um CuGGHK-Acr, T mm of
ascorbate, and 1 mm of H,0,.

controls to evaluate the cleavage selectivity. Sequencing gels
demonstrate CuGGHK-Acr to exhibit weaker cleavage
activity with unstructured 22G4 relative to the G-quadruplex
(Figures 1¢ and S6). Unfortunately, ds22telo cannot be
completely denatured under the PAGE conditions used;
therefore a shorter self-complementary duplex telomeric
DNA dsl2Telo  (5'-FAM-d(TTAGGG)-(CH,CH,0),-d-
(CCCTAA)) was designed to evaluate the cleavage selectiv-
ity. Cleavage of ds12Telo was performed in the presence of
Li*, which destabilizes G-quadruplex DNA without influenc-
ing duplex DNA.™! In fact, cleavage of dsl2Telo was
observed to be even weaker than for unstructured 22G4,
reflecting preferential binding of CuGGHK-Acr to G-quad-
ruplex DNA (Figures S6 and S7). In comparison to the duplex
telomeric DNA, unstructured 22G4 may be more accessible.
Moreover, the double filter mechanism for metallodrug
activity can also contribute to this selective cleavage.!'
Mass spectrometry was used to characterize the 3’ over-
hang fragments from specific degradation paths at each site.
Major 3’ overhang products were identified as 3’-hydroxy, 3'-
phosphate, 3'-phosphoglycolate, and 3’-phosphoglycaldehyde
(Figure 2), and confirmed by the broadening of gel bands in
PAGE due to the distinct negative charges of these fragments.
Unlike the oxidative path initiated by hydrogen abstraction
from 1’,3', and 4 CH positions of the deoxyribose ring,"” the
3’-hydroxy product should reflect hydrolysis of phosphate
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Figure 2. The 3’ overhang cleavage products generated from both
hydrolysis and oxidative cleavage mechanisms. The relative intensities
of the cleavage products characterized by MALDI-MS are shown. DNA
cleavage was performed with the following reagents: [22G4]=10 pm
(strand concentration), [CUGGHK-Acr]=2 um, [ascorbate] =1 mm,
[H,0,]=1 mm, in 10 mm Tris-HCl, and 100 mm KCl at 37°C for

180 min.

backbone by transient formation of the strong Lewis acid
Cu’* species.™ Since oxidative cleavage products are not
generally accepted as typical substrates of telomerase,['”] the
advantage of this cleavage pattern is that telomeric DNA will
be more difficult to elongate by telomerase following
cleavage, unless these DNA lesions are first repaired by
other DNA repair mechanisms.

The effects of CuGGHK-Acr on cancer cell proliferation
have also been studied. CuGGHK-Acr shows more signifi-
cant anticancer activity against both MCF7 and HuH7 cell
lines (Table 1) than the metal-free ligand GGHK-Acr, or the

Table 1: Activity of cell proliferation inhibition expressed as ICs, value.

Compound  Features of molecule 1Cs, [um]®?

ACTUN Cu HuH-7 MCF7 Caco2
CuGGHK-Acr + + 9.8+23 89£1.1 17.2+29
GGHK-Acr + - 26.6+2.2 20.8+0.8 24.1+3.0
HO-Acr — — 16.7+£1.6 183+1.8 24.6+3.5

[a] ICs values were measured with the MTT assay after 72 h exposure.

prescursor (HO-Acr) lacking the ATCUN motif, indicating
the importance of Cu. Caco2 cells are growing slower and as
a result the influence is less clear. To further confirm the
effect on MCF7 breast carcinoma cells, cellular senescence
and apoptosis studies were performed. In fact, 8 um of
CuGGHK-Acr can induce more senescent cells (~37%)
and apoptotic cells (~32 %) than the same amount of either
GGHK-Acr or HO-Acr (Figures 3 a, 4, and S8). Despite the
apoptotic resistance often observed in many types of senes-
cent cell,” both apoptosis and senescence are actually p53-
dependent. In addition, the telomere length in MCF7 cells
measured by real-time PCR suggests that CuGGHK-Acr can
shorten the telomere by 50-60%, relative to that of the
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Figure 3. a) Percentage of senescing MCF7 cells revealed by a senes-
cence-associated beta-galactosidase assay after a 7 day treatment
period with the indicated concentration of CuGGHK-Acr, GGHK-Acr, or
HO-Acr. b) Relative telomere length of MCF7 cells measured by real-
time PCR after a 7 day treatment period with the indicated com-
pounds.

untreated MCF7 cells, whereas HO-Acr alone decreases the
length by <7% (Figure3b). We hypothesized that
CuGGHK-Acr could cleave the telomeric DNA of cancer
cells by targeting the G-quadruplex, with persistent telomere
shortening eventually activating p53. Relative to HO-Acr,
both a more extensive shortening of telomeric DNA, and
a larger number of senescent cells were observed after
treatment of copper-free GGHK-Acr, which most likely
reflects the recruitment of copper from serum to form the
active CuGGHK-Acr complex. Interestingly, the percentage
of dead cells (~ 33 % ) caused by HO-Acr approximates to that
of CuGGHK-Acr (~32%). Considering that HO-Acr does
not induce obvious early apoptosis, the dead cells (annexin
V+/PI1+) caused by HO-Acr should mainly arise from
NECTrosis.

In summary, we have designed a novel DNA-cleaving
agent CuGGHK-Acr that targets G4 telomeric DNA by
application of a catalytic metallodrug. These results demon-
strate that CuGGHK-Acr can selectively bind to G4 telo-
meric DNA, relative to CT-DNA, and promote efficient
irreversible cleavage of G4 telomeric DNA, relative to
telomeric DNA in other structural states. Major selective
cleavage sites were identified as A1-G2 and T6-A7 nucleo-
tides from a model G-quadruplex oligonucleotide derived
from telomeric DNA. Results from MALDI-MS suggest that
both hydrolysis and oxidative cleavage mechanisms are
involved in DNA cleavage, but both require redox co-
reagents. Significant inhibition of cancer cell proliferation
was also observed. As a result of the significant shortening of
telomeric DNA, more effective cellular senescence and
apoptosis are induced in MCF7 cells by CuGGHK-Acr than
its analogues lacking the Cu center. Overall, this study
represents an important first step in a novel approach to
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designing selective telomeric DNA-cleaving agents that have
the potential to be developed into potent anticancer drugs.
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