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The capacity of G-quadruplex ligands to stabilize four-stranded
DNA makes them able to inhibit telomerase, which is involved in
tumour cell proliferation. A series of cationic metalloporphyrin
derivatives was prepared by making variations on a meso-tetra-
kis(4-N-methyl-pyridiniumyl)porphyrin skeleton (TMPyP). The DNA
binding properties of nickel(1) and manganese(i11) porphyrins
were studied by surface plasmon resonance, and the capacity of

Introduction

Four strands of DNA can associate into a unique tetrahelical
structure called a G-quadruplex that consists of stacked tet-
rads, which are each planar and stabilized by Hoogsteen-
bonded guanines. The formation of G-quadruplexes in vitro is
stabilized by the presence of monovalent cations (K*, Na™)
positioned in the centre of the structure and coordinated to
the carbonyl oxygens (Scheme 1). Guanine-rich sequences able
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Scheme 1. Structure of a G-tetrad showing the Hoogsteen base pairing.

to form G-quadruplexes are found in many chromosomal loca-
tions, such as the end of the chromosomes, in the telomeric
region,"? in gene promoters, especially the proto-oncogene
c-myc,®¥ in the immunoglobulin switch region,” and at the
DNA flap of HIV-1.%" The formation of G-quadruplex structures
under physiological conditions in vivo, as well as the selective
interaction or binding of several specific proteins with quadru-
plex DNA, suggest that tetrahelical DNA may be formed in
ViVO.[B_B]

Because of their unique structural features and possible cel-
lular function, G-quadruplexes constitute an attractive target
for drug design. In particular, the design of small molecules
able to target the telomeric G-quadruplex structure seems a
promising strategy for new antitumour drugs."' Telomeres
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the nickel porphyrins to inhibit telomerase was tested in a TRAP
assay. The nature of the metal influences the kinetics (the process
is faster for Ni than for Mn) and the mode of interaction (stack-
ing or external binding). The chemical alterations did not lead to
increased telomerase inhibition. The best selectivity for G-quadru-
plex DNA was observed for Mn-TMPyP, which has a tenfold pref-
erence for quadruplex over duplex.

at the end of eukaryotic chromosomes are maintained by telo-
merase, a ribonucleoprotein enzyme. In most human somatic
cells, telomerase is repressed and telomeres shorten progres-
sively with each cell division. In contrast, most human tumours
express telomerase; this results in stabilized telomere length.
Thus, G-quadruplex-interacting drugs have the potential to in-
hibit telomerase-mediated elongation of telomeres by stabiliz-
ing G-quadruplexes and could therefore stop the proliferation
of tumour cells.

Human telomeric DNA consists of double-stranded
d(TTAGGG/CCCTAA) repeats and a single-stranded 3’ overhang.
This single-stranded sequence adopts an intramolecular G-
quadruplex structure in vitro. The NMR-based structure of an
intramolecular quadruplex with anti-parallel strands and three
d(TTA) loops stacked onto the end of the G-quartet was report-
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ed with the 22-mer oligonucle-
otide model d(AGGG(TTA
GGG),)."™ The same human telo-
meric sequence crystallized in a
different way with all the strands
parallel and the resulting diago-
nal loops oriented away from
G-quartets."”? It was recently
shown that the two structures
may exist in solution."® Howev-
er, this sequence still represents
a convenient simplified model
for the in vitro screening of
drugs able to target telomeric
DNA. Several G-quadruplex-inter-
active compounds have been
identified. Most quadruplex li-
gands are polyaromatic mole-
cules bearing one or more posi-
tive charge(s) and are able to in-
teract by stacking with G-tet- NI
rads.'”?® |n addition, some com- |
pounds that interact with the
grooves of G-quadruplexes have

also been reported.”*! —®N/_\
Among the compounds able
to have stacking interactions
with G-quadruplex DNA is the 7
nonmetallated cationic porphyr- \N@

in, meso-tetrakis(4-N-methylpyr-
idiniumyl)porphyrin,  H,-TMPyP
(1-H,) (Scheme 2)." After photo-
chemical activation, this por-
phyrin derivative was shown to
react with the guanine bases of
the last tetrad of the G-quadru-
plex structure; this implies that
it stacks externally to the G-tet-
rads located at the end of the G-
quadruplex. 1-H, inhibited telo-
merase in TRAP assays in vitro
with an ICs, of 6.5 um.'” This
compound was taken as a basic structure for the present work.
A series of metalloporphyrins was prepared with structural
modifications based on a common tris(N-methylpyridiniumyl)
porphyrin to try to improve the G-quadruplex-targetting prop-
erties of the starting 1-H,.

Two types of metalloporphyrins were prepared by metalla-
tion with nickel or manganese. Depending on the nature of
the metal inside the porphyrin macrocycle, the mechanism of
action of these molecules towards telomeric sequences should
be different. Nickel porphyrins are inert with respect to redox
processes under physiological conditions and are not photoac-
tivable. The Ni—porphyrin derivatives are thus going to interact
with the telomeres in a passive way compared to the Mn-por-
phyrin derivatives, which should be able to interact with and
degrade the telomeres by oxidative processes within cells. Fur-
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Scheme 2. Chemical formulae of the molecules studied (Mn stands for Mn"(H,0),).

thermore, the nickel porphyrins are expected to interact by
stacking, whereas stacking interactions are impossible for man-
ganese porphyrins due to the presence of water as axial li-
gands on the manganese.®”

The binding of these porphyrin derivatives to duplex and in-
tramolecular quadruplex DNA was studied by surface plasmon
resonance, and their capacity to inhibit telomerase was mea-
sured by TRAP assays. The data show that, within this series of
metalloporphyrin derivatives, the kinetics of binding to DNA
(kons ko) were highly dependent on the nature of the central
metal. The compounds tested for telomerase inhibition had
similar IC;, values; this is in agreement with their similar affini-
ty for G-quadruplex DNA. The molecule that is most selective
for G-quadruplexes appears to be the simple Mn-TMPyP
(1-Mn), which is not able to interact by stacking interaction
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with a G-tetrad due to the presence of axial ligands on the
metal. 1:-Mn probably binds the G-quadruplex by interaction in
the grooves, and this interaction leads to a binding affinity
that is in the same range as one reached by stacking. Further-
more, this series of molecules allowed us to notice that the
kinetics of drug interaction with G-quadruplex DNA seem to
depend on the mode of binding, stacking versus external
binding.

Results and Discussion

The starting point for this study lies in the interesting interac-
tions that have been shown to take place between H,-TMPyP
(1-H,) and quadruplex DNA."® From the location of the
damage resulting from photochemical irradiation, it was de-
duced that the porphyrin interacts with this particular DNA
structure by stacking on the last guanine tetrad. This propensi-
ty of porphyrins for stacking can be exploited to design new
G-quadruplex-interacting compounds with potential applica-
tions in cancer therapy. Chemical modifications have been
made to the porphyrin skeleton to try to improve the quadru-
plex affinity and selectivity over double-stranded DNA.

Synthesis

All the molecules studied here share a tris(N-methylpyridin-
iumyl)porphyrin core. The starting motif 1 is meso-tetrakis(4-N-
methylpyridiniumyl)porphyrin, either as free base (1-H,) or met-
allated with nickel(i1) or manganese(i11). 1-H, was metallated by
nickel(i) to give 1:Ni, in which nickel does not bear axial li-
gands (Scheme 2). This porphyrin should interact with G-quad-
ruplexes in a way similar to the nonmetallated derivative 1-H,,
that is, by stacking with the last G-tetrad. The manganese(i1i)
derivative of 1:H,, 1-Mn (Scheme 2), carries two axial ligands
on the manganese ion. This should preclude a strong stacking
interaction with the G-tetrads. However, this compound is able
to interact with quadruplex DNA since it is very efficient in the
degradation of quadruplex DNA of the human telomeric se-
quence.®” The damage was shown to take place at the exter-
nal tetrad of the quadruplex structure, at the junction between
the quadruplex and the duplex region of the tested DNA
substrate.

The other porphyrins 2, 3 and 4 have a hybrid
structure composed of two chemical moieties that
may contribute in their own specific way to the bind-
ing process. In the case of 2,%¥ an aminoquinoline
motif was chosen for its capacity to stack with aro-
matics in general and nucleic bases in particular. Mol-
ecule 3 bears a polyamine side chain, which gets pro-
tonated in water and can interact with DNA grooves
by ionic interactions. The bisporphyrinic skeleton of
molecule 4 was selected, in combination with a
linker of appropriate length, for the possible forma-
tion of a sandwich-type interaction complex with
quadruplex DNA.

The synthesis of 3 and 4 (Scheme 3) starts with the
two-step preparation of porphyrin 5 3% and its con-
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densation with either bis(3-aminopropyl)amine or 1,4-diamino-
butane. After quaternization of the pyridine nitrogens with
methyl iodide, the porphyrin is metallated with nickel or man-
ganese acetate, and chlorides are introduced as counter ions
by treatment with an anion exchange resin.

Surface plasmon resonance (SPR)

The interaction of the molecules with DNA was studied by
SPR. The 5’-biotin-labelled DNA was immobilized on a sensor
chip through a biotin-streptavidin noncovalent coupling.
Three DNA targets were simultaneously examined under salt
conditions, which are suitable for quadruplex DNA (HBS-EP
buffer from BlAcore supplemented with 200 mm KCI).? The
binding of the molecules to a 22-mer GC-rich hairpin duplex
(5'-TT(CG),TTTT(CG),) and a 20-mer AT-rich hairpin duplex (5'-
CGAATTCGTCTCCGAATTCG) was compared to the binding to a
preformed intramolecular 22-mer quadruplex containing three
repeats of the human telomeric sequence (5-AGGG(TTAGGG),).
Sensorgrams (resonance units, RU, versus time) for the concen-
tration-dependent binding of the porphyrin derivatives on the
quadruplex DNA are shown in Figure 1, with the correspond-
ing Scatchard plots on the right.

Binding constants are highly dependent on ionic strength,
especially in the cases in which ionic interactions are important
contributors to the binding. This, in addition to the fact that
SPR is a heterogeneous technique (the DNA is fixed on a sur-
face), means that no direct comparison can be made between
binding constants determined in solution under different con-
ditions by other techniques ¥ and binding constants deter-
mined by SPR. However results obtained by SPR under similar
experimental conditions can be compared. In the literature
there are few examples of quadruplex binding constants deter-
mined by SPR. Ditercalinium associates with quadruplex DNA
with a high affinity constant (K,=3x10"m™"), but its selectivity
is only modest, a factor of 3.°¢ A bisquinacridine macrocycle
has an affinity constant of 1.2x 10" mM™" and its selectivity is one
order of magnitude in favour of the quadruplex.”” A peptide-
hemicyanine conjugate (Phe-Arg-His-Arg-hemicyanine) binds
quadruplex DNA with a relatively low affinity constant (K,=
6.8x10*m™"), but it has a 40-fold selectivity for quadruplex.®”
The best combination of affinity and selectivity so far reported

3.Ni
3.Mn
4.NiNi
4.MnMn
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N

Scheme 3. Synthetic pathway for the synthesis of metalloporphyrins 3 and 4 from porphyrin
5. ) bis(3-aminopropyl)amine or 1,4-diaminobutane, BOP, NMM. ii) CH;l. iii) Ni(OAc), or
Mn(OAc),. iv) DOWEX 1x8-200, chloride form.

125


www.chembiochem.org

CHEMBIOCHEM

G. Pratviel, B. Meunier et al.

?U] is for a 3,6,9-trisubstituted acri-
1.H . .
60 | 2 0.04,. dine f:ie5|gne.d by molec.u!ar
& modelling, which has an affinity
T ) constant of 1.6x10’m™' and a
40 0.02 : R -
T RU,+C / it ; 40-fold preferenfz?] for quadru
30 plex over duplex.
RU 20 O'ODU ” = The sensorgrams (Figure 1)
o RU,, show that' the-. amount' of bound
molecule is highly variable from
0 one molecule to another (see re-
0 100 200 300 400 500 600 700 80O sponse at t=300s). In four cases
g s ; (1-H, 1:Ni, 1-Mn and 2:Ni), the
100: 0.3 response at 300s is around
| - 4pm 100 RU, but this value rises to
80 1 c :;{f WM 0.2 about 500RU for 3-Ni and it
| -_— nm
6O =t B0 i even goes up to about 1500 RU
50 nm s for 4-NiNi (see Supporting Infor-
40 0.0{-, - 1'00 mation). This shows that the
20 amount of bound 4:NiNi is very
5 high, which could be explained
by the formation of aggregates.
0 100 200 300 400 500 600 700 800 It has to be noted that this ten-
120 dency of 4-NiNi for aggregation
1.Mn — 4pm 03 was not observed in water at mi-
100 — 135um ) cromolar concentrations (UV-visi-
80 :g’g M 0.2 ble spectra, not shown), while
ns .
60 50 nu . the concentrations for SPR anal-
0.1 . ysis ranged from 50 nM to 4 um,
401 ) I (A therefore  this phenomenon
a0 1 o 50 100 seems to be facilitated by DNA.
- The calculation of association
01 and dissociation kinetics would
T ST R V] S TR be biased by the aggregation of
0 100 200 300 400 500 600 700 800 4-NiNi. and so would be the cal-
200, culation of the affinity constant.
0.2 The behaviour of 4:NiNi was
i therefore considered to be unin-
e terpretable, and for this reason
1o the sensorgram and the corre-
5 sponding constants are not
1 0.0 +
0 100 200  shown.
F The sensorgrams show two
distinct trends. On the one hand,
0 100 200 300 400 500 600 700 BO0O
600 -
§3.Ni 0.75 Figure 1. Sensorgrams for molecules 1-H,,
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400 1 — 1.35um plots on the right. All tested molecules
1 _ 4'50 el g were injected on flow cells at a flow rate
300 l — 150 nm A . of 20 uLmin~" and exposed to the sur-
200 | 50 nM 0.00 4 face for 300 s (association phase) fol-
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in the case of 1:Mn, the DNA binding sites are not saturated
by the end of the porphyrin injection, and this behaviour cor-
responds to slow kinetics of interaction. On the other hand, for
all the other molecules, the response reaches a plateau within
the first 300 s of the experiment; this means that the binding
is fast.

Table 1 summarizes the kinetic constants for the association
and dissociation of the molecules with GC duplex, AT duplex
and quadruplex DNA. From these kinetic constants the corre-
sponding affinity constants (K,) were calculated. Scatchard
graphs were plotted for each molecule and each DNA target
(see Supporting Information) in order to determine the rele-
vance of a one-site or a nonequivalent two-site model. The

The sensorgram obtained for the interaction of 1:-Mn with
the DNA quadruplex has the same shape as in the first series
of measurements (Figure 2). Three molecules of the series
(1-Mn, 3:Mn, 4-MnMn) show signals which are far from satura-
tion. Only in one case does the signal almost reach a plateau
within the time frame of the analysis (300 s), that is 2:Mn.
Unlike in the case of the nickel(1) analogues, the highest RU
values observed (350 for 4-MnMn) are consistent with the ab-
sence of aggregation, as expected for such metalloporphyrins
bearing axial ligands.

The association and dissociation kinetic constants and the
affinity constants of the manganese-based molecules with GC
duplex, AT duplex and quadruplex DNA are reported in
Table 2. The affinity constants of
all the manganese porphyrins

relevance of the model was subsequently validated by the
goodness of fit of the BlAeval model applied to each sensor-
gram. In cases in which the experimental data were fitted with
a nonequivalent two-site model, the constants discussed corre-
spond to the site of higher affinity. Under the experimental
conditions used for SPR analysis (200 mm KCl), one molecule
(1-N) has higher affinity for duplex (10’m~") than for quadru-
plex (10°m™"), three molecules (1-H,, 2:Ni, 3-Ni) have similar af-
finity for duplex and quadruplex (10°m~"), and one molecule
(1-Mn) has higher affinity for quadruplex (10’m~") than for
duplex (10°m7").

In summary, one molecule stands out of this series, namely
1-Mn. It is interesting both in terms of affinity for quadruplex
DNA (K,=8x10°m~") and in terms of selectivity for quadruplex
over duplex, by one order of magnitude. To test the hypothesis
that manganese(i11), possibly because of its axial ligands, was
responsible for such behaviour, a second series of molecules
was synthesized and analyzed by SPR (Figure 2). 1-Mn was
measured once more and taken as a reference for this second
series of measurements.
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Table 1. Kinetic constants for the association (k,, [M~'s™']) and dissociation (k. [s”']) of the given molecules with for dUp|eX DNA are in the range
GC duplex, AT duplex and quadruplex DNA, and corresponding affinity constants (K, [m~']). When fitted with a 10°-10’m~".  This is slightly
nonequivalent two-site model, the second set of values corresponds to the site of lower affinity. higher than their nickel(1i) coun-
1H, 1-Ni 1-Mn 2.Ni 3-Ni terparts, and the values can be
xplain h itional -
GC duplex Kon 339x10° 368x10° 0.95x10° 265x10° 65.8x10° ?' plained by the additiona pos.
145%10° _ B 213%10° 136%10° itive charge brought by the tri-
Kot 201x1073 46x1073 2.72x1073 262x1073 33.3x10°3 valent metal ion. The major dif-
433x10°7 - - 3.39%10° 256x10° | ference stands in the kinetics of
K, 1.69%10° 8x10° 0.35x10° 1.01x10° 1.98x10° interaction. which are slower in
0.33x10° - - 0.63x10° 0.53x10° ! " .
AT duplex Kon 446%10° 546%10° 1.67x10° 233%10° 2.03x10° the case of Mn". One exception
37.2x10° 141x10° - 10.2x10° 21.3x10° is found for 2:-Mn, which is par-
Ko 24.5><10’z 35.1><10’33 1.74x1073 73.4><10’j 1.27><103’3 ticular within this second series
23.8x10° 3.29x10° - 15.4%10" 26.0x10" . . .
ei ntains an aromati
K, 1.82x10° 15.6%10° 0.96x10° 3.17x10° 1.60% 10° be.caus. t CO. tains é aromatic
1.56%10° 0.43%10° B 0.66%10° 0.82%10° quinoline moiety. It is notewor-
Quadruplex Kon 4.75%10° 74.4x10° 27.2x10° 82.9x10° 0.011x10° thy that 2:-Mn shows an 80-fold
- . 3.05><10j 0.26x1033 0.59><1303 7.99%10° ; preference for GC duplex over
Kot 6.60x10" 446%10” 3.35x10” 161x 10~ 0.003x10~
- 335x10°3 1.65x1073 8.86x107 16x1073 AT duplex. On .the other hand,
K, 072x10° 1.67%10° 8.12x10° 051x10° 3.66x10° 3-Mn has the highest affinity of
- 0.91x10° 0.16x10° 0.07x10° 0.50%10° all porphyrins tested (nearly
108m~" for quadruplex DNA),

but this is not accompanied by
selectivity.

Comparison of the two sets of data leads us to propose dif-
ferent interaction modes for the molecules depending on their
slow or fast kinetics of interaction. All the fast-binding mole-
cules (1:H,, 1-Ni, 2:Ni, 3:Ni, 2:-Mn) have in common an aromatic
moiety that is capable of interacting with DNA by stacking.
Both 2:Ni and 2:Mn contain a quinoline substituent, which
should be able to stack with a guanine tetrad and may govern
the interaction of the conjugate with DNA. On the other hand,
the slow-binding molecules (1:Mn, 3:Mn, 4:-MnMn) all contain a
manganese porphyrin, and these slower kinetics could be ex-
plained either by the perturbation of the coordination sphere
of the metal ion upon interaction with DNA, or, more likely,
by a binding mode that is different from stacking (external
binding).

TRAP assay

The cell-free enzyme-based telomeric repeat amplification pro-
tocol (TRAP) assay was performed with 3-Ni and 4:NiNi to de-
termine whether these new molecules could be telomerase in-
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%0 1 4Mn indicate that the tris(N-methyl-
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| R 0.0+ interaction should allow for dis-
sl [k 0 200 400 60O L .
J- i, crimination between the various
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Figure 2. Sensorgrams for molecules 1-Mn, 2-Mn, 3-Mn and 4-MnMn on quadruplex DNA, with the corresponding
Scatchard plots on the right. All tested molecules were injected on flow cells at a flow rate of 20 uL min~' and exposed
to the surface for 300 s (association phase) followed by a 300 s flow running during which the dissociation occurred.
Molecules were injected at different concentrations ranging from 50 nm to 4 pum in HBS-EP buffer supplemented with
200 mm KCI. Results are expressed in resonance units (RU) as a function of time in seconds.

hibitors. The two compounds caused inhibition of telomerase-
mediated elongation of the telomere primer at micromolar
concentrations. The ICs, values are given in Table 3. The similar
values obtained for telomerase inhibition are consistent with
the similar affinity constants found by SPR. This seems again to
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Experimental Section

Synthesis: The following com-
pounds were commercially availa-
ble: bis(3-aminopropyl)amine (Al-
drich, dried over KOH), NaOH
(Fluka, small beads), N-methylmor-
pholine (NMM, Fluka, dried over KOH), benzotriazol-1-yloxytris(di-
methylamino)phosphonium hexafluorophosphate (BOP, Fluka), HCI
(1m) in diethyl ether (Aldrich), methyl iodide (Aldrich), potassium
hexafluorophosphate (Fluka), nickel(1) acetate tetrahydrate (Al-
drich), manganese(i) acetate tetrahydrate (Fluka), 2,4,6-collidine
(Aldrich), DOWEX 1x8-200 resin (chloride form, Acros), 1,4-diami-
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Table 2. Kinetic constants for the association (k,, [M~'s™']) and dissociation
(ko [s~"]) of the given molecules with GC duplex, AT duplex and quadruplex
DNA, and corresponding affinity constants (K, [m~']). When fitted with a
nonequivalent two-site model, the second set of values corresponds to the
site of lower dffinity.
1-Mn 2:-Mn 3-Mn 4-MnMn®
GC duplex  k,, 0.42x10°  3540x10° 0.12x10° 0.35x10°
- 0.86x10° 0.79%10° -
kg 366x1073  153x10°  0.012x107° 2.52x10°°
- 15%1073 10.5x1073 -
K, 011x10°  23.14x10° 10.0x10° 0.14x10°
- 0.06x 10° 0.07x10° -
AT duplex  k,, 081x10° 323x10°  0.18x10° 527x10°
- - 1.38x10° -
kg 3.05x1073  109x1073  0.004x107° 3.24x107°
- - 120x107° -
K, 027x10°  030x10°  450x10° 1.63x10°
- - 0.11x10° -
Quadruplex  k,, 52.9x10° 174x10° 0.23x10° 236x10°
1.19x 10 1.05x 10 1.10x10° -
kg 192x1073  103x10°  0.003x107° 2.07x107°
1.56x107°  465x107° 7.22x107° -
K, 276x10° 169x10°  76.7x10° 1.14x10°
0.76x10° 0.23x10° 0.15x10° -
[a] Fitted with a one-site Langmuir model. Fitting was not improved by
using a two-site model; this reflects the complexity of the interaction (as
seen in the shape of the sensorgrams).

Table 3. ICs, values [um] for the inhibition of telomerase, measured in a
TRAP assay.
1-H, 1-Ni

1-Mn 2-Ni 3-Ni 4-NiNi

ICsp 6.5 5! 25.9%! 7.3® 12.8 9.9

[a] From ref. [19]. [b] From ref. [33].

nobutane (Janssen), meso-tetrakis(N-methylpyridiniumyl)porphyrin
tetra-p-tosylate (Aldrich). Porphyrin 5, 1:Ni, and 1-Mn were pre-
pared according to literature procedures.**** Molecules 2:Ni and
2:Mn had been obtained from previous studies.®® Silica gel refers
to Merck 63-200 um silica (ref. 107734) and alumina refers to neu-
tral Merck alumina (ref. 101077). TLC analysis was performed with
Merck 60 F,s, silica-coated aluminium plates. Aqueous ammonium
hydroxide solution was 28% by weight. DMF was dried over 4 A
molecular sieves. '"H NMR spectra were recorded on a Bruker
Avance 300 spectrometer with the residual solvent peak as internal
calibration. Mass spectra were recorded either on a Perkin-Elmer
SCIEX API 365 (electrospray) or on a Nermag R1010 apparatus
(chemical ionization). UV-visible spectra were recorded on a Hew-
lett Packard 8452A spectrophotometer.

Synthesis of 6: Freshly dried 5 (190 mg, 0.26 mmol) was dissolved
in bis(3-aminopropyl)amine (>500 equiv, 20 mL) under argon.
NMM (50 eq, 1.5 mL) and BOP (2 eq, 245 mg) were added, and the
reaction mixture was stirred at room temperature overnight. One
more equivalent of BOP was added, and the mixture was stirred
for a further 4 h at room temperature. The crude mixture was dilut-
ed with water (150 mL) and extracted with CH,Cl, (3x50 mL) and
CHCI; (50 mL). The dark red organic layer was evaporated to dry-
ness. The product was purified by dissolution in CHCl; (20 mL) fol-
lowed by precipitation at 4°C with hexane (80 mL) overnight. Yield
46% (102 mg); purple solid; '"H NMR (300 MHz, CDCl;) 6=9.07 (d,
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3)=6.0 Hz, 6H), 9.00 (d, 3J=4.8 Hz, 2H), 8.87 (s, 4H), 8.83 (d, *J=
4.8 Hz, 2H), 8.18 (d, 3J=5.9 Hz, 6H), 8.12 (d, >J=8.7 Hz, 2H), 7.31
(d, 3J=89Hz, 2H), 431 (t, ¥)=7.5Hz, 2H), 3.44 (m, 2H), 2.83 (m,
2H), 2.76 (t, 3J=7.5Hz, 2H), 2.48 (m, 2H), 2.05 (m, 4H), 1.62 (m,
2H), 1.47 (m, 2H), 0.89 (t, >J=7.4 Hz, 2H), —2.86 ppm (brs, 2H); CI-
MS: 848 (IM+H]™), 790 (IM—(CH,);NH,+2H]™), 733 (IM—(CH,);NH-
(CH,)sNH,4-2H1), 634 (IM—(CH,),CONH(CH,);NH(CH,);NH,+-2 H] ).

Synthesis of 7: Compound 6 (19 mg, 23 umol) was dissolved in
CHCl; (5 mL). 2 equivalents of HCl (1 m in Et,O, 52 pL) were added
to protonate the alkylamine functions; this caused partial precipita-
tion of the porphyrin, which was solubilized by adding the mini-
mum amount of MeOH (3 mL). Excess CH;l (100 eq, 170 uL) was
added, the flask was stoppered with a septum, and the reaction
mixture was stirred at room temperature and in the dark over the
weekend. The mixture was evaporated and taken in the minimum
of MeCN/MeOH (1:1), the charged compounds were precipitated
as hexafluorophosphate salts by adding saturated aqueous KPFg
and evaporating the organic solvents. The precipitate was filtered
on a fritted glass (porosity 4), washed thoroughly with water to
eliminate inorganic salts and washed with CH,Cl, and CHCl;. The
chlorinated filtrates were colourless; this shows that all starting
material has disappeared. The precipitate was taken in MeOH and
dried. Yield 100% (30 mg); purple-brown solid; '"H NMR (300 MHz,
CD,;CN), 0=9.02 (m, 14H), 8.84 (m, 6H), 8.23 (m, 2H), 7.41 (m, 2H),
4.70 (s, 9H), 4.34 (m, 2H), 3.40 (m, 2H), 3,17 (m, 2H), 3.10 (m, 2H),
3.03 (m, 2H), 2.49 (m, 2H), 2.11 (m, 4H), 1.44 (m, 2H), —2.90 ppm
(brs, 2H). NB: whatever the NMR solvent used (CD,CN, CD,0D,
[Dglacetone, [Dg]DMSO), some methylene peaks are superimposed
with solvent and/or water peaks, hence in these four cases there
are always less than ten clear methylene signals. ES*-MS, m/z:
1181.6 (IM—PF(*), 1167.5 (IM—PFs—CH,+H]"), 1110.5 ([M—PFs—
CHs4+H—(CH,);NH,]*), 10215 (IM—2PF,—CH,]*), 10075 (IM—
2PF,—2CH,+H 1%), 804.4 (IM—3PF,—2CH,+H—(CH,);NH,]*), 747.4
(IM—3PF4—2 CH,+H—(CH,);NH(CH,);NH,]*),  647.3  (IM—3PF—
2 CH;+H—(CH,),CONH(CH,);NH(CH,)sNH,]*), 5185 (IM—2PFJ*"),
5113 (IM—2PF—CH,+HI*t), 438.4(IM—3PF,—CH,1**), 409.9
([(M—3 PFy—CH;—(CH,)sNH,]**), 3315 (IM—3PF,—CHs+H—(CH,),-
CONH(CH,);NH(CH,);NH,J* ).

Synthesis of 3:Ni: Compound 7 (14 mg, 10 umol) and nickel(i1)
acetate tetrahydrate (3 equiv, 7.5 mg) were heated in DMF (1 mL)
and 2,4,6-collidine (0.5 mL) at 110°C in the dark for 3 h. The prod-
uct was precipitated as a hexafluorophosphate salt by adding satu-
rated aqueous KPFg, filtered on a fritted glass (porosity 4), washed
with water, taken in acetone and dried. Yield 90% (12.5 mg); red-
orange solid.

Anion exchange was performed on DOWEX 1x8-200 resin (chlo-
ride form) by stirring a suspension of the porphyrin in water
(15 mL) at 50°C for 48 h. The resin was filtered on a fritted glass
(porosity 3) and washed with MeOH, MeCN and H,O. The solvents
were evaporated, the product was taken in MeOH and dried. Yield
100% (11 mg); red-orange solid. ES*-MS: m/z: 917.6 (IM—3Cl—
2CH,—HI™), 903.6 (IM—3Cl—3CH,]t), 458.8 (IM—3Cl—2CH,—HI**),
4518 (IM—3Cl—3CH.**). UVNVis (H,0) Ana (€)=418 (78500),
532 nm (7400 mol~"Lem ™).

Synthesis of 3-Mn: Compound 7 (14 mg, 10 umol) and mangane-
se(11) acetate tetrahydrate (8 equiv, 20 mg) were heated in DMF
(1 mL) and 2,4,6-collidine (0.5 mL) at 110°C in the dark for 2'/, h. A
second batch of Mn(OAc),-4H,0 (8 equiv, 20 mg) was added as an
aqueous solution (0.5 mL), and heating was maintained for an ad-
ditional 3'/, h. The product was precipitated as a hexafluorophos-
phate salt by adding saturated aqueous KPFg, filtered on a fritted
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glass (porosity 4), washed with water, taken in acetone and dried.
Yield 78% (12 mg); green-brown solid.

Anion exchange was performed on DOWEX 1x8-200 resin (chlo-
ride form) by stirring the porphyrin in water (25 mL) at 50°C for
48 h (final water volume 10 mL). The resin was filtered on a fritted
glass (porosity 3) and washed with MeOH, MeCN and water. The
solvents were evaporated, the product was taken in MeOH and
precipitated with diethyl ether. The precipitate was filtered,
washed with Et,0, taken in MeOH and dried. Yield 100% (10 mg);
green-brown solid; ES*-MS: m/z: 815.3 (IM— 4Cl—(CH,);NH(CH,);-
NH,+H—CH,]*), 8004 ([M—4Cl—(CH,);NH(CH,);NH,+H—2CH,]"),
785.3 ([M—4Cl—(CH,);NH(CH,);NH,+H— 3CH,]*), 407.7 ((M—4Cl—
(CH,)sNH(CH,);NH,+H—CH,**), 4003 (IM—4Cl—(CH,);NH(CH,);-
NH,+H—2CH,]*"), 391.7 (IM—4Cl—(CH,);NH(CH,);NH,4+-H—3 CH,]*");
UV/Vis (H,0) Amax (€) =466 nm (40000 mol 'Lem™).

Synthesis of 8: Under anhydrous conditions, freshly dried 5
(90 mg, 0.123 mmol) was placed under argon and dissolved in dry
DMF (10 mL). BOP (2 equiv, 109 mg) was added as a solid, followed
by NMM (20 equiv, 0.27 mL). The reaction mixture was stirred at
room temperature for 30 min to form the activated ester. 1,4-dia-
minobutane (0.75 equiv, 10 plL) was added, and the solution was
stirred under argon at room temperature overnight. The porphyrin-
ic products were precipitated by the addition of diethyl ether
(80 mL), filtered and washed with Et,0. The crude mixture con-
tained only two major porphyrin bands and a trace of starting ma-
terial, as shown by TLC (SiO,, CH,Cl,/EtOH/ag. NH,OH 90:10:0.5).
Purification was achieved by silica gel column chromatography
(height 30 cm, id. 2.8.cm). The desired bisporphyrin was first
eluted with CH,Cl,/10% EtOH/1% NH,OH (65 mg, 70%), and the
1:1 condensation product was eluted with CH,Cl,/15% MeOH/1%
NH,OH (30 mg, 30%). Purple solids; '"H NMR (300 MHz, CDCl;), 6 =
9.05 (m, 4H), 9.02 (m, 8H), 8.95 (d, >)=5 Hz, 4H), 8.84 (s, 8H), 8.79
(d, 3)=5Hz, 4H), 8.15 (m, 4H), 8.13 (m, 8H), 8.09 (d, >)=8.7 Hz,
4H), 7.28 (d, *J=8.7 Hz, 4H), 599 (t, >J=6 Hz, 2H), 429 (m, 4H),
3.42 (m, 4H), 2.44 (m, 4H), 2.05 (m, 8H), 1.68 (m, 4H), —2.85 ppm
(s, 4H); EST-MS: m/z: 1558.8 (IM+K]*), 1542.7 (IM+Na]™*), 1520.7
(IM+H]*), 884.6 (IM—PorphPhO(CH,);+K]*), 868.5 (IM—Porph-
PhO(CH,);+Nal*), 846.7 (IM—PorphPhO(CH,);+HI*).

1:1 condensation product 9: 'H NMR (300 MHz, CDCl;), 5=8.96
(m, 6H), 8.80 (m, 8H), 8.16 (m, 6H), 8.05 (d, >J=8.7 Hz, 2H), 7.25 (d,
*J=8.7 Hz, 2H), 424 (t, >)=5.7 Hz, 2H), 3.27 (t, >)=6.5Hz, 2H),
3.00 (m, no integration due to water peak), 2.38 (t, >J=6.6 Hz, 2H),
197 (m, 4H), 1.66 (m, 4H), —2.92 ppm (s, 2H); CI-MS: 804
(IM+H1*), 634 (IM—(CH,),CONH(CH,),NH,+HI*).

Synthesis of 10: Compound 8 (23 mg, 15 umol) was dissolved in
CHCl;/MeCN/MeOH (1:3:2 mL) at 70°C. Excess Mel (1.5 mL) was
added, and the heating was maintained for 8 h in the dark. After
the mixture had been cooled to room temperature, the porphyrin
was precipitated with Et,O (50 mL). The red-brown precipitate was
filtered on a fritted glass (porosity 4), washed with Et,0 and CH,Cl,,
taken in the minimum amount of hot MeCN/MeOH (1:1) and dried
under vacuum. Yield 98% (35 mg); purple-brown solid; 'H NMR
(300 MHz, CD;CN), 6=9.04 (m, 28H), 8.81 (m, 12H), 8.12 (d, *J=
8.7 Hz, 4H), 7.37 (d, J=8.7 Hz, 4H), 6.53 (brt, >J=5.7 Hz, 2H), 4.67
(s, 12H), 4.66 (s, 6H), 4.29 (m, 4H), 3.23 (m, 4H), 2.30 (t, *J=7.2 Hz,
4H), 1.53 (m, 8H), 1.26 (m, 4H), —2.93 (s, 4H); ES*-MS: m/z (as PFg
salt): 1095.1 (IM—2PFJ**), 681.7 (IM—3PF*"), 475.1 (IM—4PF,**).

Synthesis of 4:NiNi: Compound 10 (35 mg, 14 umol) and nickel(i1)
acetate tetrahydrate (3 equiv, 7.5 mg) were heated in DMF (3 mL)
and 2,4,6-collidine (0.5 mL) at 110°C in the dark for 5 h. The prod-
uct was precipitated with Et,O (40 mL), filtered on a fritted glass
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(porosity 4), washed with Et,0 and CH,Cl,, taken in MeOH/H,0O
(1:1) and dried. Anion exchange was performed on DOWEX 1x 8-
200 resin (chloride form) by stirring a suspension of the porphyrin
in MeOH/H,0 (1:2, 15 mL) at room temperature for 4 h. The resin
was filtered on a fritted glass (porosity 4) and washed with MeOH
and H,0. The solvents were evaporated and the product was dried
under vacuum. Yield 92% (25 mg); red-orange solid; ES*-MS: m/z:
867.50 [M—4ClI"—4CH,+H***, 860.50 [M—4Cl —5CH,+2H*T*Y,
852.50 [M—4CI"—6CH,+3HT1**, 578.69 [M—4Cl —4CH,+H* ™,
573.40 [M—4Cl"—5CH;+2H*?*, 568.74 [M—4Cl"—6CH,+3H*PP;
UVNVis (H,0) Anma (8) =422 (160500), 538 nm (15200 mol'Lcm ™).

Synthesis of 4-MnMn: Compound 10 (16 mg, 6.5 umol) and man-
ganese(i) acetate tetrahydrate (8 equiv, 12.5 mg) were heated in
DMF (1 mL) and 2,4,6-collidine (0.5 mL) at 110°C in the dark for
3h. A second batch of Mn(OAc),4H,0 (8 equiv, 12.5 mg) was
added as an aqueous solution (0.5 mL), and heating was main-
tained for an additional 3 h. The product was precipitated as a hexa-
fluorophosphate salt by adding saturated aqueous KPFg, filtered on
a fritted glass (porosity 3), washed with water, taken in acetone
and dried. Anion exchange was performed on DOWEX 1x8-200
resin (chloride form) by stirring the porphyrin in water (10 mL) at
50°C for 90 h. The resin was filtered on a fritted glass (porosity 3)
and washed with MeOH, MeCN and water. The solvents were
evaporated, the product was taken in MeOH and precipitated with
diethyl ether. The precipitate was filtered, washed with Et,0, taken
in MeOH and dried. Yield 96% (12.5mg); green-brown solid;
EST-MS: m/z: 357.7 [M—6CIPPY; UV/NVis (H,0) A, (¢)=466
(120000 mol~'Lcm™).

Surface plasmon resonance (BIACORE) analysis

Principle: Binding events between two molecules were monitored
in real time, without the use of any label, by using an optical phe-
nomenon called surface plasmon resonance (SPR). Biomolecular
binding events cause changes in the refractive index close to the
surface layer of a chip that are detected as changes in the SPR
signal. During a binding analysis, SPR changes occur as a solution
is passed over the surface of a sensor chip. To perform an analysis,
one interactant (ligand) is immobilized over a carboxymethylated
dextran matrix of a sensor chip. The sensor surface forms one wall
of a flow cell. A sample containing the other interactant (analyte)
is injected over this surface in a precisely controlled flow. The prog-
ress of interaction is monitored as a sensorgram that expresses
resonance units (RU) as a function of time. The analyte binds to
the surface-attached ligand during sample injection; this results in
an increase in signal. At the end of the injection, the sample is re-
placed by a continuous flow of buffer, and the decrease in signal
reflects dissociation of interactant from the surface-bound
complex.

Materials: All binding studies based on the SPR phenomenon were
performed on a four-channel BIACORE 3000 optical biosensor
instrument (BlAcore AB, Uppsala, Sweden). All experiments were
performed on sensor chips SA (sensor chips with streptavidin cova-
lently immobilized on a carboxymethylated dextran matrix) ob-
tained from BlAcore AB, Uppsala, Sweden.

Immobilization of biotinylated DNA probes: Both flow cells of an SA
streptavidin sensor chip were coated with biotinylated probes.
Three 5’-biotin-labelled oligonucleotide sequences (Eurogentec,
Belgium) were used in these experiments. Two hairpin duplexes
were chosen from previous published work® referred to as
the 22-mer [(CG),], (5'-TTCGCGCGCGTTTTCGCGCGCG sequence;
303 RU immobilized on flow cell 2) and the 20-mer [AATT] (5'-
CGAATTCGTCTCCGAATTCG sequence; 333 RU immobilized on flow
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cell 3) and the human telomeric quadruplex DNA, referred to as
the 22-mer [G,], corresponding to 5-AGGGTTAGGGTTAGGGT-
TAGGG sequence (328 RU immobilized on flow cell 4). No target
oligonucleotide was captured on flow cell 1, so it could be used as
a reference surface. All immobilization steps were performed at a
final DNA concentration of 10 nm and at a flow rate of 2 uLmin™".
Injections were stopped when sufficient RU levels were obtained.

BIA analysis: Binding analyses were performed with multiple injec-
tions of different compound concentrations over the immobilized
DNA surface at 25°C. All samples were diluted in HBS-EP/KCI buffer
and were injected over the sensor surface for 5 min at a flow rate
of 20 uLmin~". All diluted samples were injected at the same time
over the four channels (flow cells). Flow cell 1 was used to obtain
control sensorgrams showing nonspecific binding to the streptavi-
din-coated surface as well as refractive-index changes resulting
from changes in the bulk properties of each solution. Control sen-
sorgrams were subtracted from sensorgrams obtained with immo-
bilized DNAs to yield true binding responses. Kinetics constants
were calculated by using BlAevaluation 4.0.1 software and ap-
parent association constants (K,) were calculated as the ratio of
kon/koff‘

For each molecule, we calculated k,,, k. and K, constants using
both one-site (Langmuir) and two-site algorithms and selected the
better fit corresponding to the lower Chi2 parameter value (not
shown).

Scatchard analysis: For all the molecules tested, data obtained
from sensorgrams were used for Scatchard analysis by using the
equation:

Req/c =K, (Rmafoeq)

here R, is the response at equilibrium in resonance units (RU), C is
the concentration of analyte in solution [nm] and R, is the theo-
retical maximum response (proportional to the amount of immobi-
lized ligand). R, was calculated by BlAevaluation 4.0.1 software. As
Rax Temains constant, a plot of R,,/C versus R, has a slope of —K,
in the case of the one-site model of interaction. The one-site or
nonequivalent two-site model of interaction was determined from
Scatchard plots.

Telomeric repeat amplification protocol, TRAP assay: Exponen-
tially growing Hela cell cultures were trypsinized, washed in PBS
and S-100 extracts obtained as described.””’ Stock-protein concen-
tration was adjusted to 5ugmm3, flash-frozen and stored at
—80°C. To assess telomerase activity, compounds were serially di-
luted in lysis buffer (range, 50 um to 25 nm) and mixed 1:1 with
Hela cell extract (1.25 pg; final volume 5 mm?®). Extension and am-
plification reactions and electrophoresis were carried out as de-
scribed.*® For quantification, autoradiographs were scanned in a
Storm 860 scanner, and the signal intensity of telomerase ladder
and PCR internal control (ITAS) were measured by using Image-
Quant v1.2 software. Dose-dependent PCR inhibition was observed
(diminished or absent internal control (ITAS) signal at concentra-
tions >25 pm); these data points were therefore excluded from
analysis. Regression curves and ICs;, values were calculated by
using GraphPad Prism software, and values were expressed as per-
centage activity of an equal amount of untreated Hela cell extract.
Negative controls were included in all assays by preincubating
Hela extracts with RNAse for 10 min at 30°C prior to the extension
reaction. All compounds were assayed in at least two separate
TRAP assays; regression curves for each compound were highly
reproducible.
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