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complexes, a new series was synthesized by conjugation to octaarginine, octalysine, and
cyclo[Lys-Arg-Gly-Asp-D-Phe] using the chloroacetyl thioether (ClAc) ligation, resulting in

cytotoxic conjugates against A2780 human ovarian cancer cells (IC5o = 2 - 8 uM) and against
the cisplatin resistant line A2780cisR (ICsy = 7 - 15 uM). These metal complexes represent, to
the best of our knowledge, the most cytotoxic ruthenium bioconjugates reported so far.

Introduction

The success of cis-[Pt(NH;3),ClL,] (cisplatin) and its analogues as
the most effective chemotherapeutic agents in clinical use since
over 30 years' has led to further research into transition metal
complexes as chemotherapeutic agents.> * Ruthenium
complexes represent an attractive alternative to platinum
because they are generally non-toxic yet sometimes show
selective toxicity for cancer cells.*® For example the Ru(III)
complexes KP1019, most likely binding DNA® 7 and NAMI-A,
whose mechanism of action is still not fully understood,® are
currently in clinical trials for the treatment of metastatic non-
small cell lung cancer (NAMI-A)® and colorectal, endometrial,
melanoma and bladder carcinomas (KP1019).° One limitation
of transition metal-based drugs is their relatively modest
potency (ICso > 3 uM for in vitro cytotoxicity in most cases)
and limited water solubility, which requires high quantities of
drug administration leading to undesirable side effects.
Recently we showed that arene ruthenium complexes [(n®-p-
cymene),Ruy(11-SR);]" and  [(n°-p-cymene),Rus(pp-SR ) (1s-
SR?),]" are among the most cytotoxic ruthenium complexes so
far, with submicromolar ICsq values (ICsq up to 0.03 uM)
against A2780 human ovarian cancer cells and their cisplatin-
resistant mutant variant A2780cisR.'*1

Despite of their unusually high potency, our Ru complexes
were not selective for cancer cells'® and showed very low
water-solubility, severely limiting perspectives for in vivo
studies. To address this limitation, we set out to investigate
their conjugation to cell-penetrating peptides (CPPs), which
might also improve targeting.'> '® This strategy has been used
previously with other cytotoxic metal complexes such as
platinum,"””  osmium,'”® rhodium(Il1)"” and ruthenium(II)
complexes.?’??> Ruthenium compounds [(n®-p-cymene),Ru(S-
CeHy-p-SH)(S-CH,-CgH,-Bu),]Cl - (1) and  [(n®p-
cymene),Ru,(S-CsH,-p-SH)(S-CH,-CH,-C4¢Hs),]Cl 2),
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carrying a free thiol group, were conjugated to octaarginine
(Rg) and octalysine (Kg) both known to show comparable
cellular uptake,”® and to cyclo[Lys(ClAc)-Arg-Gly-Asp-D-Phe]
a ligand of the a,f; integrin receptor which is selectively
overexpressed near tumours.”* Conjugation was accomplished
by a chemoselective chloroacetyl thioether (ClAc) ligation,? a
method which provides excellent yields with respect to the
metal complex in contrast to previously reported peptide
coupling approaches requiring excess of the metal complex.
The resulting peptide conjugates 1-R8, 1-K8, 1-RGD, 2-R8, 2-
K8 and 2-RGD showed good water-solubility and, most
remarkably, a largely preserved cytotoxicity of the parent
complexes (ICs5y ~ 2-8 uM) together with a significant gain in
selectivity towards cancer cells. To the best of our knowledge
these new Ru-peptide conjugates represent the most cytotoxic
ruthenium bioconjugates to date.

Results and Discussion

Design and Synthesis

Cytotoxic transition metal complexes have been conjugated to
peptides by amide bond formation between a carboxyl-
functionalized metal complex and the free N-terminus of the
peptide as the last step of a solid-phase peptide synthesis
(SPPS), which required 3-5 equivalents of the metal complex.'”
18.26.27 We envisioned a more efficient conjugation by chemical
ligation between the metal complex and a purified peptide.
Considering the sulphur-rich nature of our arene-ruthenium
complexes, a chloroacetyl cysteine thioether (ClAc) ligation of
a thiolated metal complex to an N-terminal chloroacetyl group
was investigated.” *® Thiolated metal complexes (1) and (2)
were obtained by reaction of the p-cymene-ruthenium
dichloride dimer [(n6—p—cymene)RuCl(p.2—Cl)]2 with  two
equivalents of
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Figure 1. Synthesis of peptide-complex conjugates 1-K8/R8/RGD and 2-K8/R8/RGD.

(4-tert-butylphenyl)methanethiol or 2-phenylethanethiol as
previously reported,”” followed by reaction of these
intermediates with 6 equivalents of 1,4-dithiophenol in
refluxing ethanol during 16 h. Note that the same reaction
with 4-mercaptobenzoic acid did not yield the expected
product, precluding an amide bond strategy for peptide
conjugation.

Complexes 1 and 2 were conjugated to N-chloroacetylated
octaarginine and octalysine and cyclo[Lys(ClAc)-Arg-Gly-Asp-
D-Phe] by ClAc ligation in water/acetonitrile (1:1) mixtures (6
mM Ru-complex) with a slight excess of N-chloroacetylated
peptide in presence of potassium iodide and diisopropylamine
as base. LC-MS monitoring revealed that the ligations ran to
completion within 10-15 min to form the expected conjugates,
which were purified by preparative RP-HPLC (Table 1).
Isolated yields spanned between 33% (1-K8) and quantitative
(2-RGD) with respect to the metal complex. Conjugates 1-K8,
2-K8, 1-R8 and 2-R8, carrying nine positive charges, were
completely water-soluble, whereas dicationic conjugates 1-
RGD and 2-RGD, although non soluble in pure water, were
considerably more polar than the corresponding ruthenium
complexes, as revealed by RP-HPLC analysis. All
conjugates were characterized by 'H-NMR, ESI-mass
spectrometry and elemental analysis (see Figures in the
Supplementary Information).

Table 1. Quantity obtained, yields of the thioether ligation reactions and ESI-
MS data for the six conjugates.

complex quantity (mg) yield (%) [M+xH]**"* calc./obs.
1-K8 18.2 33 1026.99/1026.99 (x =1)
2-K8 34.5 64 984.94/984.95 (x=1)
1-R8 20.2 34 759.68/759.68 (x =2)
2-R8 40.1 69 731.65/731.65 (x =2)
1-RGD 11.3 69 1614.50/1614.50 (x = 0)
2-RGD 15.3 99 1530.40/1530.41 (x =0)
Cytotoxicity

Cytotoxicity was evaluated in A2780 human ovarian cancer
cells and its cisplatin resistant line A2780cisR as well as in
HEK?293 cells as a model of non-cancerous cells. Complexes 1

2| J. Name., 2012, 00, 1-3

and 2 showed submicromolar activity towards A2780 cells,
which is weaker than our previous ruthenium complexes,''™"
yet these values are still among the best ones for cytotoxic
transition metal complexes.

The peptide conjugated Ru-complexes showed ICs, values
in the range 2 - 6 uM against A2780 cells and in the range 7 -
15 uM against A2780cisR cells, corresponding to a reduction of
approximately 4-fold (A2780) and 5-8 fold (A2780cisR)
compared to the unconjugated complexes 1 and 2 (Table 2).
Interestingly, the ICs, of the peptide conjugates against
HEK?293 cells were somewhat higher (3.5 - 8 uM) compared to
the ICso against A2780 cells, resulting in a slight selectivity of
the conjugates towards these cancer cells. On the other hand, in
contrast to most of our previous ruthenium complexes, for
which the ICs, against A2780cisR cells were similar or even
lower than the ICs, against A2780 cells,'"13 the ICs, of the
peptide conjugates against A2780cisR cells were also higher
(7.2 — 13.3 pM) compared to the ICs, against A2780 cells.
Generally, the conjugates are found to be approximately
equally active than cisplatin against the parent cell line A2780,
and about three times more active against the cisplatin-resistant
cell line A2780cisR. Whereas the resistance factor for cisplatin
as applied to the cell lines A2780 and A2780cisR is 7.6, the
corresponding values for the conjugates ranged from 1.2 to 6.7.
In line with our previous ruthenium complexes, the results
suggest that the conjugates have been able to partly overcome
resistance in A2780cisR cell lines.

Overall, peptide conjugation resulted in a very strong
increase in water solubility at the expense of a significant yet
acceptable reduction in activity and a slight gain in selectivity.
Despite their weaker activity compared to 1 and 2, the peptide
conjugates still represent the most active transition-metal
peptide conjugates reported to date, with an activity comparable
to that of cisplatin (ICso = 2.9 uM).

This journal is © The Royal Society of Chemistry 2012
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Table 2. ICs, (uM) values selectivity and resistance factor for 1-2 and their
peptide conjugates.

Complex (AIzC75§'0) (A2718C05:isR) (Hélc<52093) Selectivity® Rﬁfiﬁii‘fe
1 0.5 +0.01 0.7 +0.1 0.6 +0.06 1.2 1.4
2 06 +0.02 14 +0.3 04 +0.02 07 23
1-K8 25403 7.3+ 7.7 %07 3.1 2.9
2-K8 2.0%06 13.3 %43 3,504 1.8 6.7
1-R8 42 +03 8.1 0% 8.0 0% 1.9 1.9
2-R8 6.0 *% 72416 6.0 *%7 1.0 1.2
1-RGD  4.1*" 7.3 %07 7.7 ! 1.9 1.8
2-RGD 4.8 %03 15.5%¢ 4.5 *080 0.9 3.2
cisplatin  2.9*%"  21.9*%% 88.7*% 30.1 7.6

*Value taken from ref 13 “Selectivity = ICso (HEK293) / ICs50(A2780)
'Resistance Factor = ICsg (A2780cisR) / ICso(A2780)

Considering the well-known cell-penetrating properties of
R8 and K8, the reduced activity of the conjugates compared to
1 and 2 probably reflects a combination of a solubilisation
effect reducing the tendency to stick to the cells, compensated
by a cell penetrating effect increasing cellular delivery.
Nevertheless the cytotoxicity results imply that a cell-
penetrating effect might not be necessary, which might explain
the activity of the RGD conjugate. Note that although the cell
penetrating effect of R8 and K8 is well documented in the case
of fluorescein conjugates,” cellular localisation is strongly
dependent on the exact nature of the conjugates, precluding a
direct investigation of the localization of the complexes since
these are not fluorescent.

Conclusions

In this work, new dinuclear arene ruthenium trithiolato
conjugates were synthesized by an efficient thioether ligation
between the free thiol group of the water insoluble Ru-
complexes 1 or 2 and N-chloroacetylated peptides to produce
conjugates which were soluble and stable in water. Although
less cytotoxic compared to the parent compounds, following the
tendency observed with other ruthenium and osmium
conjugates, conjugates 1-K8/R8/RGD and 2-K8/R8/RGD
represent, to the best of our knowledge, the most cytotoxic
ruthenium bioconjugates reported so far.

The activity of our conjugates is noteworthy because
conjugation often results in loss of activity.'® 2® For instance,
the osmium complex [(W*-biphenyl)Os(picolinate)Cl] was
cytotoxic against A2780 cells (ICs5o = 4.5 pM), but its toxicity
dropped to ICsy = 72 uM for its R5-conjugate and 33 puM for its
RS conjugate.'® A complete quenching of activity was reported
for some manganese complex-peptide conjugates.>® Reports
that peptide conjugation may also increase the activity of the
metal complexes, as shown for platinum(IV) analogues of
oxaliplatin conjugated to a TAT-peptide fragment (IC5o = 55 —
14 uM),"” and Ru-(arene) complex conjugated to the
neuropeptide [Leu5]-encephalin (ICs, = no activity — 13
uM),?” suggests that further engineering of the peptide
sequence, possibly using a selectively cleavable linker, might
lead to more potent and selective Ru-peptide conjugates.

This journal is © The Royal Society of Chemistry 2012
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