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Tetraazaphenanthrene Complex Conjugated to the TAT Peptide:
Efficient Vectorization inside HeLa Cells without Phototoxicity -
The Importance of Cellular Distribution
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/Abstract: The photoreactive [Ru(TAP),(phen)]?* (TAP = 1,4,5,8-
tetraazaphenanthrene; phen = 1,10-phenanthroline) complex
tethered to the cell-penetrating peptide (CPP) TAT was studied
in vitro and in cellulo. The tethering of the complex does not
affect its behavior under blue-light irradiation in the presence
of guanine-containing oligodeoxyribonucleotides (ODNg). Thus,
the luminescence is quenched in the presence of ODNg, and
gel electrophoresis experiments showed the appearance of
products corresponding to the irreversible attachment of the

\conjugate to ODNg upon illumination. The cellular uptake of

the conjugate was examined by flow cytometry, inductively
coupled plasma mass spectrometry (ICP-MS), and confocal im-
aging microscopy. These experiments showed that the
[Ru(TAP),(phen-TAT)] conjugate is readily taken up by Hela cells
and, despite these favorable factors, the cellular survival was
100 %, as measured by a 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT) assay. A possible origin of the
inactivity of [Ru(TAP),(phen-TAT)] under irradiation is proposed
on the basis of the fluorescence-activated cell sorting (FACS),
ICP-MS, and confocal microscopy results. Y,

Introduction

For many years, ruthenium(ll) polypyridyl complexes have re-
ceived a lot of attention thanks to their interactions with DNA,
especially intercalation inside the base-pair stack.'"3! This in-
creased interest is also due to the photoinduced reactivity of
these complexes with the guanine bases of DNA.*! A simple
change of ligand coordinated to the metal center allows the
properties of the resulting complex to be tailored and, thereby,
enables its interaction and photoreactivity with DNA to be
tuned. When the extensively studied dipyrido[3,2-a;2’,3"-c]-
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phenazine (dppz) ligand™ or other large planar ligands such
as 1,10-phenanthrolino[5,6-b]1,4,5,8,9,12-hexaazatriphenylene
(PHEHAT)®! and tetrapyrido[3,2-a:2’,3"-c:3”,2-h:2",3-jlacridine
(tpac)® are chelated to Ru'" centers [in combination with two
other 2,2’-bipyridine (bpy) or 1,10-phenanthroline (phen) spec-
tator ligands], the resulting complexes behave as DNA intercala-
tors. Most of these have been examined as DNA photoprobes
because their luminescence, quenched in water, is switched on
in the presence of DNA.” In contrast, the use of highly m-defi-
cient ligands such as 1,4,5,8-tetraazaphenanthrene (TAP) or
1,4,5,8,9,12-hexaazatriphenylene (HAT) enhances the photo-oxi-
dizing power of the resulting complex, so that a photoinduced
electron transfer (PET) from a guanine (G) base of DNA towards
the excited complex leads to luminescence quenching.” Inter-
estingly, the recombination of the two radical species gener-
ated by this PET process produces an irreversible covalent ad-
duct between the guanine (G) moiety and the Ru' complex
(Figure 1, a).®

Owing to the interest in the study of Ru'" complexes in the
presence of biomolecules, these metallic compounds were also
examined in the presence of living cells to investigate their cel-
lular penetration, intracellular distributions, and interactions
with the different cellular components.”'® Most Ru" poly-
pyridyl complexes are unable to cross the membranes of living
cells, as demonstrated with the standard complexes
[Ru(bpy)s]1?*, [Ru(phen);1?*! and some of their analogues.'"

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. (a) Structure of the photoadduct obtained between a Ru-TAP com-
plex {namely, [Ru(TAP);]?>*} and guanosine monophosphate (GMP). (b) Struc-
tures of the two Ru'-TAT conjugates of this work: the photoreactive conju-
gate [Ru(TAP),(phen-TAT)] (1, X = N) and the photoluminescent conjugate
[Ru(phen),(phen-TAT)] (2, X = CH). The TAT peptide with N-terminal serine 3
is oxidized to TAT-N-terminal aldehyde 4 before the reaction with complexes
bearing an aminooxy function.

This penetration problem was exploited to probe cell viability
through flow cytometry because, in contrast to living cells, dead
cells can internalize the metallic complexes.'? However, com-
plexes based on the 4,7-diphenyl-1,10-phenanthroline (DIP) li-
gand are internalized by living cells.”! The highly lipophilic DIP
ligand enables the complex to be taken up by the cells accord-
ing to a passive diffusion pathway.['3! In the same way, com-
plexes bearing modified dppz ligands with alkyl chains are also
internalized readily in the cytoplasm!' because of their affinity
for liposomal membranes.!'!

The cellular internalization of complexes can be quite differ-
ent upon irradiation. Generally, Ru" complexes have rather good
singlet-oxygen photosensitization quantum yields,"'® which ex-
plains their capacity to alter cellular membranes.'¥ Therefore,
after irradiation, the cell membranes become permeable, and
the Ru" complex can penetrate into the cell rather easily.'"! This
photoinduced internalization was demonstrated with com-
plexes bearing modified dppz ligands. Moreover, after cell pen-
etration, they are released from endosomes inside the cells and
can then reach the nucleus.'*'”) In those cases, the light modi-
fies the cellular distribution, which also depends on the chirality
of the complexes, as has been highlighted for a dinuclear Ru"
complex.['8]

Strategies to enhance the uptake of metal complexes by liv-
ing cells consist of tethering them to penetrating agents such
as nanoparticles,!'®! hormones,’?” or peptides.?'-23! Cell-pene-
trating peptides (CPPs) are small peptides that cross the cell
membrane readily and can be attached to various cargos to
deliver molecular material inside the cells.?*-2% For example,
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octaarginine has been attached to Ru" complexes and effi-
ciently enhanced the internalization of the tethered com-
plexes.123:27]

We have demonstrated that DNA-photoreactive Ru-TAP
complexes conjugated to specific antisense oligonucleotides
and internalized into living cells by particular synthetic poly-
mers specifically inhibit the expression of targeted genes.[282%
This specific photosilencing has demonstrated the efficiency of
Ru-TAP complexes under irradiation inside living cells.

The goal of the present work was to use these Ru-TAP com-
pounds to target and damage most of the DNA content of HelLa
cells instead of damaging a specific DNA sequence. On the ba-
sis of previous results, this DNA photodamaging action should
result in cell death!3% through a mechanism quite different from
the classical oxygen photosensitization used in photodynamic
therapy (PDT). Indeed, as explained above, the Ru-TAP com-
pounds are able to photoinduce irreversible covalent binding
of the TAP ligand to the G bases of DNA under visible-light
irradiation (Figure 1, a)."! However, as the naked Ru-TAP com-
plexes cannot cross the cellular membranes, we tethered them
to the TAT peptide [sequence (S)GRKKRRQRRR], which corre-
sponds to the 48-57 sequence of the trans-activating transcrip-
tional protein (TAT) of HIV-1.B" The results presented in this
paper are quite unexpected. Indeed, despite an excellent pho-
toreactivity of the Ru-TAP complex tethered to the TAT peptide
with in vitro G-containing DNA, this conjugate was unable to
induce Hela cell death under blue-light irradiation. This con-
trasts with the significant mortality caused by TAT conjugated
to [Ru(phen);]?* (Figure 1, b) with the same cell internalization
and irradiation conditions. The origin of this unexpected behav-
ior for the Ru-TAP conjugate is discussed on the basis of induc-
tively coupled plasma mass spectrometry (ICP-MS), fluores-
cence-activated cell sorting (FACS), and confocal microscopy re-
sults.

Results and Discussion

Tethering of Ru'' Complexes to TAT Peptide

Two different complexes, namely, [Ru(TAP),(phen)]** and
[Ru(phen);]?*, were successfully tethered to the TAT peptide
(Supporting Information, Figure SI1) through the derivatization
of their phen ligands (Figure 1, b) to obtain [Ru(TAP),(phen-
TAT)] (1) and [Ru(phen),(phen-TAT)] (2).5233! [Ru(TAP),(phen)]?*
is photoreactive towards the G bases of DNA and gives rise
to a PET, as explained in the Introduction. In contrast,
[Ru(phen);]?* is not photoreactive towards the G bases. This is
the reason why the resulting conjugate 2 was used for compari-
son purposes (see below).

As the TAT peptide could affect the excited-state behavior of
the complex and, therefore, its photoreactivity with a G base,
we first examined the possible effect of the TAT attachment to
[Ru(TAP),(phen)1?* upon blue-light irradiation in the absence
and presence of 17-mer oligodeoxyribonucleotides (ODNs) con-
taining no G base (ODN,) or one G base (ODNg) (Table 1, ODNg
contains a G base at the 10th position). The best criterion of
excited-state reactivity is the luminescence lifetime of the ex-
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cited complex, which decreases if an electron transfer (ET) proc-
ess occurs from the G base. Thus, we determined the excited-
state lifetimes of 1 by time-correlated single-photon counting
(TC-SPC) measurements in the absence and presence of oligo-
nucleotide. As the quenching by the G base could be different
whether it is incorporated into single-stranded (ss) or double-
stranded (ds) ODNg, both types of ODNg were examined
(Table 2). In all cases, conjugate 1 shows two lifetime compo-
nents; therefore, the excited complex can sense more than one
microenvironment of the peptide, the ODN, or both. For conju-
gate 1 in the absence of ODN, the calculated average lumines-
cence lifetime (z,,) is longer than that for the corresponding
free complex [Ru(TAP),(phen)]?*; therefore, the excited state is
protected slightly by the TAT peptide owing to decreased radia-
tionless deactivation by solvent molecules. This lifetime length-
ening is enhanced in the presence of ODN,, especially dsODN,.
In contrast, t,, becomes shorter in the presence of ODNg, and
this effect is also stronger with dsODNg than with ssODNg (with
dsODNg, a component as short as 37 ns with a contribution
of almost 60 % is observed).®* These decreased luminescence
lifetimes are a signature of quenching by PET processes with
the G base of ODNg. Thus, the data from the lifetime measure-
ments suggest unambiguously that Ru-TAT conjugate 1 inter-
acts with ODNs and that the photoreactivity of the complex is
still efficient after it is anchored to the TAT peptide.

Table 1. Sequences of ODN duplexes used in this study.

ODN, S-TAA  ATT TAA TAA AAA AAY
TATT  TAA ATT ATT TTT T
ODNg S-TAA  ATT TAA GAA AAA AAY
TATT  TAA ATT cTT TTT T

Table 2. Luminescence lifetimes of excited [Ru(TAP),phen]?* and 1 in the
absence and presence of ODN, and ODNg (Tris/HCl 10 mm pH 7; NaCl 50 mm)
under air.

Luminescence lifetime [ns] (A 7,y [ns]®!
[Ru(TAP),phen]>* 648 (100 %) 648
1 670 (87 %) 1089 (13 %) 724
1 + ssODN, 576 (50 %) 994 (50 %) 785
1 + dsODN, 560 (40 %) 1609 (60 %) 1190
1 + ssODNg 486 (73 %) 996 (27 %) 624
1 + dsODNg 37 (58 %) 513 (25 %) 1310 (17 %) 372

[a] The luminescence decays monitored at A = 650 nm were analyzed accord-
ing to a multiexponential function: lo(t) = Za; exp(-t/t), (i = 1, ...). The per-
centage contribution of the different decay components at the initial emis-
sion are shown in parentheses and were calculated according to A; = a;/
(Za). ¥ was used to evaluate the quality of the fit. [b] Weighted-average
luminescence lifetimes obtained according to 7,, = Za;r/Za;. Experimental
errors 5 %.

To get further information on the interactions between con-
jugate 1 and ODNs, the influence of the addition of 1 on the
melting temperature (T,,) of the 17-mer ODNg duplex was ex-
amined. The melting temperatures (Table 3) were determined
by monitoring the absorbance of the solution at A = 260 nm
versus temperature. Upon the addition of increasing amounts
of 1, an increase of the melting temperature was observed;
therefore, a relatively strong association between 1 and the
dsODNg occurs. It should be noted that the effect is more im-
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portant for the lower ionic strength (50 mm NaCl; Table 3),
which indicates that the interaction is probably electrostatic.

Table 3. Melting temperatures of ODNg duplex (2 pum) in the absence or pres-
ence of different equivalents of 1 without irradiation.

Equivalents of 1 Melting temperature [°C] [

0 33 (41)
1 33 (41)
2 36 (42)
3 40 (42)

[a] The melting temperatures were determined from the absorbance at 1 =
260 nm as a function of temperature. The salt concentration was either 50
or 150 mm (in parentheses) in 10 mm Tris/HCl (pH 7).

Atomistic molecular modeling was performed next on these
systems through molecular dynamics (MD) simulations. The a-

@ O

(b)

Figure 2. Molecular modeling of 1 (water molecules removed for clarity). Se-
lected MD snapshots of (a) 1, (b) 1 interacting with ssODNg (1/ssODNg), and
(c) the covalent binding between 1 and dsODNg (1-dsODNg). Conjugate 1 is
shown in sticks with the TAT peptide helix as an orange ribbon [for clarity,
the lateral chains are only depicted in (a)]; the ODN is depicted with the
backbones as a tube and the bases as blue and green rings according to the
strand. For clarity, the guanine base is red.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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helix geometry of 1 was found as a stable conformation in the
absence of ODN, as shown in Figure 2 (a). From this geometry,
MD calculations were performed on the 1/s-ODNg and 1/
dsODNg systems (Figures 2, b and SI2, respectively). MD snap-
shots were selected for the proximity of the TAP ligands of the
Ru" complex with the G base of ODN (depicted in red). For
the 1/ssODNg system, the flexible ssODNg is folded around 1,
primarily because of the electrostatic and H-bonding interac-
tions between the lysine (Lys) and arginine (Arg) side-chains of
TAT and the phosphodiester groups of the ssODNg. The TAT
peptide remains in the a-helical conformation over the MD run;
in this conformation (Figure 2, b), the nearest distance between
a TAP ligand (a-carbon atom to the N atom) and the G base
(amino nitrogen) is ca. 7.8 A. For the MD simulation of the 1/
dsODNg system, the ODN duplex remains in the B-helix confor-
mation; the TAT part of 1 is accommodated along the major
groove, and the Arg and Lys residues point towards the oxygen
atoms of the phosphodiester DNA linkage. In this case, the
nearest distance between a TAP ligand (a-carbon atom of the
nonchelating nitrogen atom) and the G base (amino nitrogen
atom) is ca. 6.3 A. The shorter distance between the guanine
and the complex for 1/dsODNg than for 1/ssODNg is in agree-
ment with the luminescence lifetimes, for which a more signifi-
cant lifetime decrease by PET is detected with dsODNg.

Irreversible Photoadduct Formation between 1 and ODNg

If the quenching of excited conjugate 1 by ODNg indeed occurs
through an ET process, the radicals formed by this PET can react

(b)

\¢

(a)

\G
samme®  Scaaa,

N

N

- + - + - + hv

ss ss ss ss ds ds

1 2 3 4 5 6
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together™ to form a covalent bond between the TAP ligand
and the G base of the ODN (Figure 1, a). This process should
result in irreversible photo-crosslinking between 1 and ODNg.
Polyacrylamide gel electrophoresis (PAGE) experiments under
denaturing conditions with ODN sequences 32P-radiolabeled at
their 5" extremities (Table 1) were performed to assess this pho-
toreactivity. The results obtained after the blue-light irradiation
of 1in the presence of ODN, (ss and ds) and ODNg (ss and ds)
are shown in Figure 3.

When conjugate 1 is irradiated in the presence of (ss or ds)
ODNg (Figure 3, Lanes 2, 4, and 6 in the image on the right), a
band with a lower electrophoretic mobility is observed,
whereas no such bands can be detected with (ss or ds) ODN,
(Figure 3, Lanes 2, 4, and 6 in the image on the left). These
retarded bands with ODNg are attributed to photo-crosslinking
between 1 (through the Ru" complex) and the G base of radio-
labeled ODNg (i.e., the formation of a photoadduct such as that
in Figure 1, a). The irreversibly photo-crosslinked peptide-Ru-
ODNg product has not only a higher molecular weight but also
additional positive charges that slow down the migration in the
gel.

It should be noted that the ionic strength influences the
photo-crosslinking yield, which is lower in conditions of higher
ionic strength (see Figure 3, Lane 4 compared to 2 in the image
on the right; Table 4). This difference is attributed to the weaker
interaction between the ODN and 1 in presence of salt, which
decreases the electrostatic interactions. The quantification of
the different radiolabeled products also indicates that the yield

- + - + - +
ss ss ss ss ds ds

1 2 3 4 5 6

Figure 3. Polyacrylamide gel electrophoresis (PAGE 20 %) under denaturing conditions (urea 7 m) for samples containing 1 (5 pm) and ODN (5 pm) in aqueous
solution (Tris/HCI 10 mm, pH 7), migration from top to bottom. Either radiolabeled ODN, (left) or ODNg (right) was used. Lanes 1, 3, and 5 correspond to
samples kept in the dark (-), and lanes 2, 4, and 6 correspond to samples irradiated for 20 min at 1 = 405 nm (+). The ODNs are used as ss without salt (lanes
1-2) or in the presence of 50 mm NaCl as ss (lanes 3 and 4) or ds (lanes 5 and 6). The band declining from 1 to 6 on the right is an artefact of the experiment.
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of photo-crosslinked 1-ODNg is slightly higher with ssODNg
than with dsODNg (Table 4). This result seems surprising in re-
gard to previous observations that the luminescence lifetime of
the conjugate 1 with dsODNg is more strongly reduced than
with ssODNg. This apparent contradiction between these results
can be explained easily. Indeed, the PET responsible for the
shortening of the excited-state lifetime depends on the dis-
tance between the quencher (G base) and the Ru center,
whereas the photoadduct (or photo-crosslinking) yield depends
much more on the geometry adopted by the Ru-TAT conjugate
(especially the position of the a-carbon atom to the TAP nitro-
gen atom) in front of the amino group of the G base.3>3¢ The
MD simulation provides an insight into these geometric con-
strains. Indeed, if the geometry is clearly more favorable for
the ssODNg (Figure 2, b) owing to the relative freedom of the
arrangement of the ssODNg strand, the situation is different for
dsODNg. In the structure obtained for the photo-crosslinked
product (Figure 2, c), obtained by forcing the covalent bond
between the TAP ligand and the amino group of G, there is a
significant deformation of the duplex. The MD snapshot of the
crosslinked structure 1-dsODNg (Figure 2, ¢) shows that the G
base has to flip out in this case to expose the guanine amino
group to the exterior of the helix, as previously proposed.3*36
This flip out of the G base as well as the partial duplex unfold-
ing indicate a significant destabilization of the dsODNg in the
photo-crosslinked structure that disfavors the formation of this
photoadduct. Thus, even if the distance between the two atoms
involved in the covalent bond to be formed is shorter for 1 with
the dsODNg before the photoreaction, geometrical constraints
lead to the observation of more favorable photo-crosslinking
with ssODNg. Thus, molecular modeling strengthens the PAGE
results and shows that the formation of photo-crosslinked prod-
uct 1-dsODNg; is less favored because of geometrical factors.

Table 4. PAGE experiments under denaturing conditions. Quantification of the
retarded band attributed to the photoadduct between 1 and ODN.

Lane number as in Sequence™  Cyaq [mMM] Photo-crosslinking™®!
Figure 3 [%]

2 - left ssODNg 0 5

4 - left ssODNg 50 4

6 — left dsODN, 50 1

2 - right ssODNg 0 43

4 - right ssODNg 50 30

6 - right dsODNg 50 20

[a] The radiolabeled ODNs were irradiated for 10 min with a He/Cd laser
(Melles Griot) at A = 440 nm in the presence of 1 (5 pum), 10 mm Tris/HCl (pH
7), and either ssODN or dsODN. [b] The percentages of the photoproducts
were determined as contributions relative to the sum of the intensity of all
bands. Errors estimated to 5 %.

Cell Penetration

To assess the efficiency of the TAT peptide tethered to the Ru"
complexes for enhancing the cellular internalization of the re-
sulting conjugate, we performed flow cytometry experiments
with Hela cells. Hela cells were incubated in the presence of 1
or the photoluminescent conjugate 2 and, for comparison, in
the presence of the corresponding nontethered [Ru(phen)s]**
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complex at various concentrations. The Hela cells were pro-
tected from direct light during the incubation process to avoid
photoinduced cell internalization.'™ As expected, we were un-
able to detect luminescence from cells incubated with 1 (1 um).
This absence of luminescence could be anticipated a priori, as
conjugate 1 is photoreactive and, thus, its luminescence could
be quenched inside the cells (see below). Although the free
[Ru(phen);]>* complex cannot cross the cell membrane, a dra-
matic increase of internalization of this complex by the cells
was induced by tethering the complex to the TAT peptide. In-
deed, at a concentration of 1 pm, at which free [Ru(phen);]**
barely penetrates inside Hela cells with a transfection yield of
0.2 %, conjugate 2 shows 27 % transfection (Figure SI3). At a
higher concentration of 2 (10 um), a transfection yield of 65 %
was reached. Thus, the concept of anchoring TAT peptide onto
[Ru(phen);]** was demonstrated, as it allows the incorporation
of the complex. The photoreactivity of the Ru-TAP complex pre-
vented the use of flow cytometry to confirm the cellular inter-
nalization of 1. As [Ru(phen);]>* and [Ru(TAP)5]?* share a similar
geometry, we could postulate that conjugate 1 should a priori
behave similarly to photoluminescent conjugate 2 regarding
the TAT properties that allow the cellular penetration. However,
another technique that does not rely on the luminescence of
the Ru" complex was used to assay the cellular penetration.

ICP-MS measurements were performed with Hela cells to
quantify the cellular uptake of both 1 and 2. The influence of
the transfection time was investigated for conjugate 2. Hela
cells were treated with 2.5 um of conjugate 2 for 30, 60, 120,
and 200 min. After thorough washing, the cells were lysed, and
the whole-cell lysates were analyzed for their ruthenium con-
tent by ICP-MS for each sample and normalized to the protein
content. As shown in Figure 4, after a transfection time of 30
or 60 min, the intracellular concentration conjugate 2 was
(21 £ 1) ngry/MGprotein- This intracellular concentration remains
constant over 1 h.

25 1
5 I
Eg 20 ]
0
°2 15 I
Sp
= 10
é’i o < @
83 ] i o =
o= o™ - -
k=
o -
30 60 120 200
Time (mn)

Figure 4. ICP-MS assay for the whole-cell ruthenium accumulation. Hela cells
were treated with 2.5 um of Ru-TAT conjugate 2 for 30, 60, 120, and 200 min.
The cells were analyzed for their ruthenium content by ICP-MS. The ruth-
enium amount was normalized to the protein content, which was determined
by Bradford assay.

On the basis of these results, a transfection time of 30 min
was chosen for the following experiments. Hela cells were
treated with different concentrations of 1 and 2 for 30 min, and
the whole-cell lysate was analyzed to determine the ruthenium
levels by ICP-MS and normalized to the protein content (Fig-
ure 5). For comparison, the experiments were also performed
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with [Ru(phen);]?* and [Ru(DIP),phen]®* (see Supporting Infor-
mation).
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Figure 5. ICP-MS assay for the whole-cell ruthenium accumulation. Hela cells
were treated with different concentrations of free [Ru(phen);]>* and the Ru-
TAT conjugates 1 and 2 for 30 min. The cells were analyzed for the ruthenium
contents by ICP-MS. The ruthenium amounts were normalized to the protein
content, which was determined by Bradford assay. Ctr corresponds to the
negative control in which the cells were not treated with any Ru complex or
conjugate.

As expected and consistent with the results obtained by flow
cytometry (see above), free [Ru(phen);]>* exhibits a penetration
rate close to zero at 1 pm. [Ru(DIP),phen]** bearing two DIP
ligands, which improve cellular uptake dramatically,
shows penetration rates of (1.68 + 0.10) and (4.46 + 0.24) ngr./
MJprotein @t 1 and at 5 pm, respectively (Figure Sl4). Thus, the
internalization of [Ru(DIP),phen]?>* was confirmed. However, in
comparison, the uptake for conjugate 2 at 5 um is much higher
[(17.86 £ 1.77) Ngru/MJprotein]. CONjugate 2 reveals an increased
internalization as a function of the external applied concentra-
tion: it rises from (1.08 £0.09) Ngry/MJprorein at 1 um to
(144.60 + 15.73) Ngry/MPprotein at 50 Pm. In contrast, conjugate
1 exhibits a slightly lower cellular uptake as a function of the
external applied concentration; the intracellular concentration
at 1 um is very low [(0.64 £ 0.08) Ngr./MQprotein] @and it increases
slightly to (32.97 + 4.45) ngru/MJprotein at 50 UM concentration,
at which a plateau seems to have been reached. Indeed, at
75 pm, the intracellular concentration is more or less the same.
In contrast to our initial hypothesis, the two Ru-TAT conjugates
exhibit different cellular internalization behavior, and conjugate
2 exhibits a greater uptake than that of conjugate 1.7 How-
ever, both 1 and 2 show a large improvement of cell penetra-
tion in comparison with those of the unmodified complexes
[Ru(phen);]?* and [Ru(TAP),phen]?*; thus, these results confirm
the role of the TAT peptide.
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Photocytotoxicity against HeLa Cells

The internalization of 1 should induce a significant photocyto-
toxicity owing to its photoreaction through a PET process with
the guanine bases of DNA or RNA. Conjugate 2 could also be
photoactive but through an oxygen photosensitization process.
Thus, the cytotoxicities and photocytotoxicities of 1, 2, and the
free reference complexes {[Ru(phen);]?* and [Ru(TAP),(phen)]?*}
were evaluated by MTT assays. For the free complexes tested in
the dark or after blue-light irradiation, negligible cytotoxicities
and photocytotoxicities were observed (Figure SI5). Indeed,
only 5-10 % of mortality was obtained independently of the
concentration of the complexes. This confirms that both com-
plexes are unable to penetrate into the cells (in the dark), and
the illumination does not affect the cell viability in this case.

Concerning conjugates 1 and 2, as the ICP-MS results
showed that they have different penetration rates (Figure 5), we
performed MTT assays with these two conjugates at the same
intracellular concentration with different external incubation
concentrations but the same incubation time (higher external
concentration for 1 than for 2, see Table 5). The survival rates
of the Hela cells under such conditions (i.e., for the same intra-
cellular concentrations) are shown in Table 5. At 1 ngg./
MJprotein iNtracellular concentration, there is almost no toxicity
for both 1 and 2 either in the dark or under irradiation. With a
higher intracellular concentration of 25 Nngr,/MQgproteins an effect
on the survival rate was observed for conjugate 2. Indeed, the
survival rate dropped by 50 % under irradiation. However, more
surprisingly, no effect was observed for the irradiation of cells
treated with 1, and their survival yield was unaffected.

This observation was quite unexpected. Indeed, it means
that even at the same intracellular concentration, conjugate 2
has a far greater photocytotoxic effect on Hela cells than conju-
gate 1, despite the capacity of conjugate 1 to photoreact with
DNA and RNA in vitro and to form photoadducts. A possible
explanation would be that conjugate 1 has no access to the
genetic material so that no photoelectron transfer could take
place and the DNA photoadduct could not form.

To confirm this hypothesis, confocal microscopy was per-
formed on Hela cells incubated with conjugates 1 and 2. A
specific marker of nuclei (Drag5) was used to stain the cell nu-
clei to obtain information on the localization of the tethered
complexes inside the cells. The pictures are shown in Figure 6.
To enable the observation of both conjugates 1 and 2 inside
the cells, we used a concentration of 50 um of 1 and 2 for the
confocal microscopy experiments. A negative control (Fig-
ure SI6) experiment was also performed to detect possible au-
tofluorescence of the Hela cells. In Figure 6 (b), the intracellular

Table 5. Survival rate of Hela cells determined by MTT assays for the same intracellular concentrations, as determined by ICP-MS measurements.

Conjugate 2

Conjugate 1

Applied concentration [um] 1 9 5 35
Intracellular concentration [Ngry/Mgprotein] 1 25 1 25
Survival in the dark [%]%! 85+ 10 76 £ 10 103+9 106 + 12
Survival under light [%]?! 100 + 16 51+10 109 + 13 113+15

[a] Cells were incubated with Ru-TAT conjugate for 2 h and then washed and irradiated for 2 h. The MTT assay was performed after 24 h. The survival rate
[%] was calculated relative to untreated and nonirradiated cells. The measurements were performed twelve times.
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Figure 6. Confocal imaging of HeLa cells incubated with 50 um of (a) 1 and (b) 2 for 30 min. The luminescence of the Ru" complex is yellow (left),*®! and the
cell nuclei were labeled with Drag5 (blue: middle). The absence of colocalization in the overlay (right) indicates that the ruthenium conjugates are not

internalized in the cell nuclei but are localized inside the cytoplasm.

distribution of conjugate 2 can be observed as a diffuse stain-
ing in the cytoplasm with localization within endosomal and
endoplasmic reticulum vesicles. The intracellular distribution of
conjugate 1 (Figure 6, a) is very similar to that observed for 2.
Thus, confocal microscopy indicates that both conjugates 1 and
2 are mainly localized in the vesicles and in the cytoplasm but
not inside the nuclei.

This localization of both conjugates could be at the origin of
the absence of photocytotoxicity for 1, which has no access to
the genetic material. This would also be the case for conjugate
2. However, 2 would probably be able to produce much more
'0,* than 1 by photosensitization. As singlet oxygen can proba-
bly induce rupture of the endosomal membranes, 2 would be
liberated and free to generate cellular damage and, thus, induce
photocytotoxicity, as observed experimentally.

To support this hypothesis, the yields of singlet-oxygen pho-
tosensitization by the two free complexes [Ru(TAP),(phen)]?*
and [Ru(phen);]** were compared. As shown in Table 6, the
quantum yield of '0,* production for [Ru(phen);]** is twice that
for [Ru(TAP),(phen)]** in H,0 (0.22 vs. 0.13). Thus, the TAP com-
plex is not as good a photosensitizer as the phen complex. It
should also be noted that excited [Ru(TAP),(phen)]?* could be
quenched inside the cytoplasm by other quenchers such as
tryptophan and tyrosine3®#2! through a PET process. In addi-
tion to a lower singlet-oxygen photosensitization yield and an
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endosomal localization, this quenching would likely make con-
jugate 1 inefficient for the induction of cell death through the
formation of DNA photoadducts.

Table 6. Quantum yield of singlet-oxygen production from photosensitization
by [Ru(TAP),phen]?* and [Ru(phen);]** in water.

Complex o [ns] @ Targon [NS] @ D pair®!
[Ru(phen);]** 505 933 0.22
[RU(TAP),phen]?* 724 840 0.13

[a] Errors estimated to 5 %. [b] The quantum yield of singlet-oxygen photo-
sensitization in water under air was calculated from the experimental data
with oxygen-saturated D,0 solutions (see Experimental Section).

Conclusions

This study shows that the tethering of Ru-TAP complexes to the
TAT peptide does not induce a decrease of the photoreactivity
towards oligonucleotides containing at least one G base. The
ICP-MS technique leads to the conclusion that the TAT peptide
helps Ru-TAP complexes to penetrate inside the cells but at a
lower concentration than that of the reference complex
[Ru(phen)s]?*. This shows that the properties of the cargo of
the Ru complex can also influence the TAT penetration. Never-
theless, for the same Ru concentration inside the cell, conjugate

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

35UBO 1T SUOLUILLIOD dA81D 3|qedt|dde auy Aq pausenob afe saiLe YO 8sh JO sa|nJ oy AreuqiauljuQ A8 |1 UO (SUONIPUOD-PUR-SLUB)WOD AS | 1M Afelq 1 jpul|uo//sdiy) SUOIIPUOD pue sWwd L aY)38S *[£202/S0/v2] Uo Algiauluo A3|1IM ‘Uotnels uoe Aruqiabel jo AsieAun Aq 822009102 216/200T 0T/I0p/wod A8 |1m Ariq 1 puljuoadone-Ans iweyd//:sdny wouy papeojumod ‘8T ‘9T0Z 92890660T



,@**ChemPubSoc
Dol Europe

1 does not induce cellular death, whereas conjugate 2 does.
The difference likely originates from their different mechanisms
of action under irradiation. Indeed, Ru-TAP complexes are very
efficient for inducing a PET with the guanine bases of DNA, as
shown in several previous studies.*?82°] The present results
show that the TAT peptide transports the Ru complex mainly
into vesicles and into the cytoplasm; therefore, the Ru-TAP
complex cannot reach its DNA or RNA targets. In contrast, the
Ru-phen complex also transported into the vesicles by the TAT
peptide can behave as an excellent singlet-oxygen photosensi-
tizer, which is not the case for the Ru-TAP complex. Thanks to
this singlet-oxygen generation, the Ru-phen complex could be
liberated from endosomes into the cytoplasm to find different
targets, which explains the cell death.

This work emphasizes that photoactivable drugs such as Ru-
TAP complexes can become quite inefficient if their transporters
such as the TAT peptide deliver their cargo to cellular sites iso-
lated from the targets, even if the drugs are very efficient for
damaging genetic material.282!

Experimental Section

Synthesis: Conjugates 1 and 2 (Figure 1, b) were synthesized as
described previously.'3233 Briefly, a modified phenanthroline ligand
bearing an aminooxy group was coordinated to the desired bische-
lated precursor {either [Ru(TAP),Cl,] or [Ru(phen),Cl,]}. TAT peptide
[corresponding to the 48-57 residues of the trans-activating tran-
scriptional (tat) protein of HIV-1] containing an extra N-terminal ser-
ine group (3) was oxidized to yield N-terminal aldehyde-containing
peptide (4), which was subsequently reacted with the aminooxy
function of the complex to form the final oxime ligation product.
The so-obtained Ru'-TAT conjugates 1 and 2 were purified by pre-
parative HPLC and characterized by HRMS (Figures S1 and SI7).

Thermal Denaturation Experiments: Before the thermal denatura-
tion experiments of ODN, and ODNg (the sequences are presented
in Table 1), the ODN duplexes [2 um in tris(hydroxymethyl)amino-
methane/HCI (Tris/HCl) buffer 10 mm, pH 7, and 50 or 150 mm NaCl]
were annealed at 90 °C for 10 min and then cooled to room temper-
ature. The absorbance at A = 260 nm was monitored as a function
of temperature between 10 and 60°. Three cycles were performed
at a rate of 1 °C/min with a Perkin-Elmer Lambda 35 UV/Vis spectro-
photometer with a 0.1 °C step, controlled by a PTP-1 Peltier temper-
ature programmer and a temperature-sensor accessory. The absorb-
ance was recorded with the program TEMPLAB 2.00. The melting
temperatures were determined by fitting the data in the MATLAB
7.1 software.

Lifetime Measurements: The luminescence lifetimes were meas-
ured by TC-SPC with an Edinburgh Instruments FL900 spectrometer
equipped with a hypobaric nitrogen-filled discharge lamp pulsed
at 30 kHz and a red-sensitive, Peltier-cooled photomultiplier (R928,
Hamamatsu). The samples were kept at (20 + 2) °C with a Haake
NB22 temperature controller. The sample was excited at A =379 nm,
and the emission was measured at the maximum emission of the
complex (4 = 640 nm). The data were collected by a multichannel
analyzer (2048 channels) with the minimum number of counts in
the first channel (t = 0) equal to 10% The resulting decays were
analyzed with the Edinburgh Instruments software (version 3.0), de-
convoluted for the instrumental response, and fitted to exponential
functions based on nonlinear least-squares regressions using a
modified Marquardt algorithm. The reduced y?, weighted residuals,
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and autocorrelation function were employed to judge the quality
of the fits.

Singlet-Oxygen Photosensitization: The quantum yield of singlet-
oxygen production was measured through the time-resolved detec-
tion of the '0, phosphorescence at A = 1270 nm. Solutions of the
complexes (sample and reference, both as chloride salts) were pre-
pared in D,O with a matched absorbance of 0.40 at A = 532 nm.
The solutions were purged thoroughly with O, or argon for a mini-
mum of 30 min. The experiments were performed with an Edin-
burgh Instruments (UK) LP-900 laser kinetic spectrometer system
equipped with a Nd:YAG laser (Minilite Il, Continuum, CA) for excita-
tion at A = 532 nm and a Hamamatsu H10330-45 NIR photomulti-
plier tube (PMT) for singlet-oxygen emission monitored at 1 =
1260 nm (Bentham TM300 monochromator) with a 10 kQ resistance
at the signal output for proper amplification. An Ophir AN/2 energy
meter with a thermopile head (Ophir Optronics Ltd., Israel) was em-
ployed to monitor the energy of the laser pulse (E), which was
varied from 100 to 500 pJ/pulse to avoid even partial saturation of
the emission signal and keep it in the linear region. The near-IR
(NIR) emission from the sample was monitored at 90° with respect
to the excitation pathway and detected with the NIR PMT after
passing through an interference filter centered at A = 1265 nm
[77 nm full width at half-maximum (FWMH), Roithner Laser]. Typi-
cally, 40 laser shots were averaged for each signal to improve the
signal-to-noise (s/n) ratio. All of the 'O, luminescence decay profiles
were fitted to an exponential function after the exclusion of the
fast decay of the Ru" sensitizer emission even under O, saturation.
The 'O, luminescence lifetime was checked frequently (at least at
the beginning and end of the series of the measurements at differ-
ent laser energies); in every case, it was coincident with the litera-
ture value [(62 £ 4) ps in D,O].

After the extrapolation of the intensities of the 0, signal at zero
time with the exponential decay curve and the calculation of the
area under the curve (S) for the sample and reference at the differ-
ent laser energies (Origin 9.0), the respective regression lines were
built. The @, value of the unknown solution was calculated from
the following equation with [Ru(phen);]?* as the reference (@'Ef =
0.39 + 0.03 in 100 % O,-saturated D,O at room temperature): 43!

q)sample — (Dref Slopesample

A A slope,.r
The quantum yields of singlet-oxygen production in oxygen-satu-
rated solutions of the complexes in D,O are presented in Table SI8.

The quantum yields of singlet-oxygen production under other con-
ditions (H,O/air) were further estimated from the luminescence life-
times of the complexes under these conditions, with the assump-
tion that the fraction of quenched triplets by oxygen to yield '0,
(foT) is the same in D,0 and H,0, by using the following equations:

®y = PPy fa

PT = th,[0,] =1——

To
@+ is the quantum vyield of formation of the excited triplet metal-
to-ligand charge-transfer (*MLCT) state (considered as 1), Pg is the
proportion of triplet excited states quenched by O,, and f" is the
yield of "0, produced by the quenching. Pj, can be expressed as a
function of the ratio of the excited-state lifetimes of the complex
in the absence and presence of oxygen. From the luminescence
lifetimes of the complex under different conditions, the quantum
yield of singlet-oxygen photosensitization in water under air can be
calculated through the relationship:
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PAGE Experiments: For the gel electrophoresis experiments, ODNs
were 5’-end-labeled by T4 polynucleotide kinase (Roche Belgium)
with y-[32P]-ATP (3000 Ci/mmol, Perkin-Elmer Life Sciences) at 37 °C
for 20 min. The ODN duplex solutions were prepared by mixing
equimolar solutions of each ODN and complementary strands. The
ODNs were hybridized at 90 °C for 10 min and then cooled to room
temperature overnight. The samples were prepared with 3 pm ODN
(ssODN or dsODN), 3 um of 1, 0 or 50 mm of NaCl, and 10 mm of
Tris/HCI buffer (pH 7). The samples were illuminated for 10 min with
a 442 nm He/Cd laser (Melles Griot He/Cd Laser Omnichrome LC-
500). The sample (10 yL) was added to the loading buffer (95 %
formamide, 0.1 % xylene cyanol, and 0.1 % bromophenol blue). The
mixture was loaded on polyacrylamide gel (20 % with a 19:1 acryl-
amide/bisacrylamide ratio) containing 7 m urea in a TBE buffer
[90 mm Tris-borate and 2 mm ethylenediaminetetraacetic acid
(EDTA)]. After migration, the gel was exposed to a Phosphor Imager
screen overnight at 3 °C. The screen was scanned with a Phosphor
Imager Storm 860 (Amersham Pharmacia Biotech) instrument.

Molecular Modeling: The initial structure of the Ru-TAT conjugate
was obtained by linking the Ru" complex (structure obtained by
DFT calculations)®¥ to the linker + TAT peptide in a-helical confor-
mation, as suggested previously.*! The Ru" complex was con-
strained in an octahedral geometry with harmonic restraints for
subsequent MD simulations. From selected structures from the pre-
liminary MD simulations for noncovalent Ru-TAT/ODN complexes,
the structures of the Ru-TAT-ODN covalent adducts were obtained
as described previously.*®! The MD simulations of Ru-TAT and Ru-
TAT-ODN were performed with the CHARMM force-field,'*” and wa-
ter was considered explicitly through the use of the water box
model. The MD simulations were performed in (N,V,T) at 300 K with
a time step of 1 fs from 1 ns to 10 ns. The calculations, analysis,
and visualization were performed with DS 4.0 package from Biovia
and the Chimera program.[8]

Flow Cytometry: Hela cells were grown over 2 d at 37 °C in a
humidified atmosphere with 5 % CO, in Dulbecco's modified Eagle
medium (DMEM, without phenol red) in six-well plates to reach a
density of ca. 800000 cells/well. The cells were washed twice with
phosphate-buffered saline (PBS). OptiMEM medium containing the
desired concentration of an aqueous solution of the complexes
(never exceeding 1 % v/v) was added. The cells were incubated in
the dark at 37 °C for 30 min. To remove noninternalized complexes,
the cells were washed three times with OptiMEM medium and then
trypsinized and resuspended in PBS for the analysis of their emis-
sion. The flow cytometric data were acquired with a FACS Calibur
flow cytometer (BD Biosciences) and analyzed by the Cellquest soft-
ware (BD Biosciences). The mean luminescence values were calcu-
lated with the Cellquest software. An argon laser (1 = 405 nm) was
used for the excitation of the complexes, and the emission was
detected at A > 502 nm. Side- and forward-scattered light from a
second laser at 1 = 488 nm was used to exclude debris.

ICP-MS Experiments for Ruthenium Content of the Whole Cell:
Hela cells were plated at 400000 cells/well in a six-well plate. The
cells were allowed to adhere for 24 h and then treated with 700 pum
of different concentrations of the complexes. After 30 min of incu-
bation in the dark, the media were eliminated, and the cell mono-
layer was washed three times with PBS (1 mL). PBS (800 uL) was
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added to the cells, which were then scratched from the plate. The
resuspended cells were then lysed by sonication with a Bioruptor
processor (Diagenode) for 15 min at the highest amplitude in ice.
The lysate (750 pL) was then combined with a 2 % HNO; (v/v) solu-
tion (750 pL). The remaining lysate was quantified for protein by
Bradford assay; the absorption of the dye (Coomassie blue) used
for this assay was measured at 4 = 595 nm, at which the absorption
of the Ru complexes is negligible. It was not expected that the Ru
complex or the TAT peptide would interfere with the determination
of the protein concentrations. The ruthenium content of the solu-
tion was analyzed with an Agilent 7700x quadrupole ICP-MS unit
with a He collision cell. The ruthenium levels were normalized as a
function of the protein amount determined by the Bradford assay
and expressed as Ngr,/MJpotein- FOr €ach set of conditions (concen-
tration of the complex, incubation time of the complex), three inde-
pendent experiments were performed, and the errors were calcu-
lated from those three independent measurements.

Photocytotoxicity Experiments: Hela cells were cultured in a 96-
well plate for 1 d in DMEM (without phenol red) to reach 80 %
confluence. The cells were rinsed, and fresh medium containing the
desired concentration of the complexes was added. After 2 h of
incubation at 37 °C in the dark, the cells were rinsed twice to re-
move noninternalized complexes. lllumination was performed with
five 20 W white bulbs, and a 0.1 m NaNO, solution was used to
filter UV light. The distance between the light source and the cul-
ture plate was 25 cm. Before illumination, the cultures were rinsed
with PBS and illuminated in PBS to avoid absorption by colored
culture medium. Plates serving as a dark control were placed on
the illumination block but protected from illumination with alumi-
num foil. All of the cultures were kept on a heating block set at
37 °C during the 2 h of illumination. llluminated and control cul-
tures were returned immediately to the incubator at 37 °C in a
humidified environment and cultured in culture medium for an ad-
ditional 24 h. The cell viability was measured 1 d postirradiation
through MTT assay (Vybrant® MTT Cell Proliferation Assay Kit, Life-
Technologies). The cells were incubated for 3 h with the MTT solu-
tion, and then SDS-HCI (SDS = sodium dodecyl sulfate) solution
was added to each well to solubilize the precipitated formazan as
described in the Vybrant® MTT Cell Proliferation Assay Kit protocol.
The cells were incubated for 3 h, and then the developed color of
the formazan derivative was read with a spectrophotometer at A =
570 nm. The ratio of the optical density (OD) at A = 570 nm under
each set of conditions relative to that of the control cells (nontrans-
fected and nonirradiated, 100 % viability) was used to determine a
relative viability. The measurements were performed twelve times.

Confocal Laser Scanning Microscopy: Hela cells were grown at
37 °Cin a humidified atmosphere with 5 % CO, in DMEM medium
without phenol red, seeded on round coverslips at a density of ca.
80000 cells/coverslip, and cultured for 2 d. The cells were trans-
fected with 50 pum autoluminescent 1 and 2 for 2 h in the dark.
After this incubation, the medium containing the complex was re-
moved, and fresh medium was added to the cells. The cells were
rinsed in prewarmed PBS, fixed in 4 % paraformaldehyde for 10 min,
labeled with Draqg5 following instructions of the manufacturer, and
finally mounted in Mowiol. A confocal laser scanning microscopy
system (Leica TCS SP5 RS) was used to acquire confocal lumines-
cence images. An argon laser (4 = 405 nm) was used for the excita-
tion of the Ru' complexes, and a helium-neon laser (A = 633 nm)
was used for the excitation of the nuclear dye Draqg5 (1,5-bis{[2-
(methylamino)ethyllamino}-4,8-dihydroxyanthracene-9,10-dione,
eBiosciences).
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