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The ruthenium complexes [Ru(CYM)(p-Cl-dkt)(CU] (1), [Ru(CYM)(pta)(p-Cl-dkt)]PFg (2), and [Ru(CYM)(pta)
Cly] (3, RAPTA-C) (CYM = para-cymene, p-Cl-dkt = 1-(4-chlorophenyl)-4,4,4-trifluorobutane-1,3-dione,
pta = 1,3,5-triaza-7-phosphaadamantane) are biologically active and show anti-cancer activities, albeit
with different mechanisms. To further understand these mechanisms, we compared their speciation in
aqueous solutions with an amino acid (cysteine), with an amino acid derivative (N-acetylcysteine) and
with a tripeptide (glutathione) by Mass Spectrometry (MS). Here, we show that all ruthenium complexes
have high selectivity for cysteine and cysteine-derived molecules. On one hand, [Ru(CYM)(p-Cl-dkt)(Cl)]
undergoes solvolysis in water and forms [Ru(CYM)>(OH)sl*. Subsequently, all hydroxyl anions are
exchanged by deprotonated cysteine. Infrared Photodissociation Spectroscopy (IRPD) showed that
cysteine binds to the ruthenium atoms via the deprotonated thiol group and that sulfur bridges the ruthe-
nium centers. On the other hand, the pta-bearing complexes remain monometallic and undergo only
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slow Cl or p-Cl-dkt exchange by deprotonated cysteine. Therefore, the pta ligand protects the ruthenium
complexes from ligand exchange with water and from the formation of biruthenium clusters, possibly
explaining why the mechanism of pta-bearing ruthenium complexes is not based on ROS production but

rsc.li/dalton on their reactivity as monometallic complexes.

action, presumably involving interaction with DNA (b)*° or
proteins (c),”'° with cytostatic effects. The mode of action (a, b

Introduction

Ruthenium complexes are popular in synthetic chemistry
because they can catalyse important reactions, including C-H
activations or C-C couplings.” In addition to synthetic appli-
cations, ruthenium complexes have shown interesting biologi-
cal activities such as anti-cancer effects.>*® Therefore, the
design of organometallic ruthenium complexes for possible
medicinal use has become a hot research topic in recent
years.*

Drug design is usually driven by the mode of action of the
drug.>® Previous studies have shown that some complexes
produce reactive oxygen species in the cell (a), thereby indu-
cing apoptosis.” Other complexes have a different mode of
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or ¢) of ruthenium complexes most likely depends on its stabi-
lity in the biological environment and speciation. Here, we will
present a comparative study of three, rather similar, ruthenium
complexes (Table 1), albeit with different biological activities.

All complexes studied herein have a ruthenium(u)-para-
cymene (CYM) core. In addition, the first complex has two
different anionic ligands, chloride and p-dikenonate p-Cl-dkt
(p-Cl-dkt = 1-(4-chlorophenyl)-4,4,4-trifluorobutane-1,3-dione);
f-dikenonates being established building blocks in anticancer
drug design."* The second complex has a bulky neutral pta
ligand instead of chloride (pta = 1,3,5-triaza-7-phosphaada-
mantane; see Table 1). Thus, its charge is compensated by the
PF¢s~ counter ion. The last complex is, thus far, the most
promising anti-cancer drug candidate, termed RAPTA-C. This
complex has a pta ligand and two chlorido ligands.

It is known that the first complex (1) produces radical
oxygen species (ROS) in the cell environment and induces
apoptosis.> ROS production by 1 could be counteracted by
N-acetylcysteine (NAC) addition, a radical scavenger. Pta-
bearing complexes produce no ROS. However, both complexes,
2 and 3, are potent cytostatic drugs. The difference in the bio-
logical activity between 1 on one hand and 2 and 3 on the

This journal is © The Royal Society of Chemistry 2019
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Table 1 Ruthenium(i) complexes investigated by ESI-MS and their biological activity

Complex 1 2 3
Notation [Ru(CYM)(p-Cl-dkt)Cl] [Ru(CYM)(pta)(p-Cl-dkt)|PFe [Ru(CYM)(pta)Cl,] (RAPTA-C)
Formula Fre
o\ N R "/\p/ Ri' e
L9, <5 e, <"
- >
o Cl
ICso [pM] ovarian cell 17 8 65 + 15 (ref. 13)
ICs [M] osteosarcoma 64 41
ROS production Yes No No
Cell uptake Jurkat cells” 1.5x107" ng 1x10"" ng 5x107° ng
“ Concentration of 1-3 was 10 pM. See ref. 2 for more details.
othe.r is correlate'd with the presence qf the pta hganzd, as a) [Ru(CYM)(p-Cl-dkt)]
previously shown in a larger set of ruthenium complexes. s 485
Another interesting difference in the biological activity of 1, 2 N
. [ [Ru(CYM)(p-Cl-dkt)(H,0)]
2, and 3 was found when decreasing the cellular levels of gluta- = 503
thione, a natural radical scavenger, thus, enabling a more ,g [Ru(CYM)(p-Cl-dkt)(DMSO)]*
drastic effect of ROS. Indeed, the anti-cancer activity of 1 §

increased approximately 4 times under such conditions.
Surprisingly, the anti-cancer activity of 2 also increased
approximately 4 times. Even more surprisingly, however, the
anti-cancer activity of RAPTA-C (3) increased more than 25
times. Hence, the decrease in glutathione levels not only
decreases ROS scavenging but also stimulates pta-bearing
complexes, which produce no ROS.

All these differences and similarities raise questions about
the effect of the pta ligand on the properties of ruthenium
complexes, about the role of chloride and f-diketonate and
about the interaction of these complexes with N-acetylcysteine
and glutathione. Therefore, we have decided to study inter-
actions of the selected ruthenium complexes 1, 2, and 3 with
N-acetylcysteine, glutathione and also with the thiol-containing
amino acid cysteine. We have investigated the speciation and
binding properties of ruthenium complexes in water and in
the presence of additives by electrospray ionisation mass spec-
trometry (ESI-MS). ESI-MS proved to be a powerful approach to
investigate organoruthenium compounds and their interaction
with amino acids and larger biomolecules."

Results and discussion
ESI mass spectra of aqueous solutions

First, we studied the speciation of the ruthenium(u) complexes
in water by ESI-MS. The complexes were initially dissolved in a
small amount of DMSO, and the solutions were then diluted
in water (the exact compositions can be found in Experimental
details). The dominant signal in the spectrum of the aqueous
solution of [Ru(CYM)(p-Cl-dkt)Cl] (1) belongs to the ion
[Ru(CYM)(p-Cl-dkt)]" (m/z 485, Fig. 1a). A solvent molecule,
either H,O or DMSO, can occupy the coordination site vacated
by the chlorido ligand. We can also observe a small signal of

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Sections of the ESI mass spectra obtained by spraying 0.2 mM
aqueous solution of (a) [Ru(CYM)(p-Cl-dkt)ICL, (b) [Ru(CYM)(pta)(p-Cl-
dkt)IPFg, and (c) RAPTA-C.

[Ru,(CYM),(OH);]" (m/z 523) that reflects the degradation of
complex 1 by ligand-exchange reactions.

The dominant peak in the ESI mass spectrum of 2 is the
parent cation [Ru(CYM)(pta)(p-Cl-dkt]" (m/z 642, Fig. 1b). This
complex is fully coordinatively saturated; accordingly, we
observe no adducts with solvent molecules. Instead, we
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observe partial fragmentation of the parent complex by loss of
the pta ligand. The fragment complex [Ru(CYM)(p-Cl-dkt)]"
(m/z 485) has a free coordination site, as discussed above, and
therefore associates with either H,O or DMSO. The elimination
of the pta ligand from the parent cation is most likely induced
during the electrospray ionisation process. Thus, we probed
the collision-induced dissociation (CID) of the [Ru(CYM)(pta)
(p-Cl-dkt)]" cation. Indeed, pta elimination is the exclusive
fragmentation channel, and the energy-resolved CID experi-
ments provided the appearance energy for the pta elimination,
1.7 £ 0.1 eV. Previous theoretical study reported that anticancer
activity of the complexes bearing the pta ligand depended on
the Ru-P distance."* The longer the distance, the smaller the
anticancer activity. Hence, the bond energy (or ease of the
Ru-P bond dissociation) also probably correlates with the bio-
logical activity of these complexes.

Electrospray ionisation of an aqueous solution of RAPTA-C
(3) predominantly leads to the detection of [Ru(CYM)(pta)Cl]"
ions (m/z 428, Fig. 1c). This complex has a free coordination
site and therefore a solvent molecule can be added to the
complex. Surprisingly, we can only observe DMSO, and not
H,0, addition. We can also observe a small amount of solvoly-
sis of the chlorido ligand by [Ru(CYM)(pta)OH]" (m/z 410)
detection.

The comparison of ESI mass spectra in Fig. 1 shows no
fundamental difference in the speciation of complexes 1-3 in
aqueous solution. To the contrary, all complexes are predomi-
nantly detected in the expected form of the cation, and there
are only minor signs of degradation.

Experiments in the presence of N-acetylcysteine (NAC),
glutathione (GSH), cysteine (Cys) and other amino acids

N-Acetylcysteine has been used in biological tests of radical
oxygen species scavenging. However, its effect was observed
after a time delay of several hours.” Hence, the effect of NAC
could also be associated with its interaction with ruthenium
complexes. Accordingly, we have investigated the effect of NAC
addition to the aqueous solutions of 1-3 on the speciation of
ruthenium complexes by ESI-MS.

The ESI mass spectrum of the solution of the first complex,
[Ru(CYM)(p-Cl-dkt)Cl], shows substantial (p-Cl-dkt) ligand
exchange with (NAC-H). At an excess of NAC, complete ligand
exchange was observed (¢f. spectra in Fig. 2a measured in
molar ratios of [Ru(CYM)(p-Cl-dkt)Cl] to NAC being 1:1 and
1:10). The ruthenium complexes are detected as bimetallic,
each ruthenium atom bears the para-cymene ligand and the
ruthenium centres are bound via the deprotonated NAC mole-
cules (Fig. 2a). In comparison, this dramatic change is not
observed in the spectra of solutions of the pta-bearing com-
plexes 2 and 3 (Fig. 2b and c). These complexes retain the pta
ligand, even in the presence of large excess of NAC (1000 fold
excess), and mostly remain as monometallic complexes. The
reaction with NAC starts with its coordination to the ruthe-
nium atoms, which more easily occurs in 3 (RAPTA-C) because
this complex has one labile coordination site (the site is either
empty or filled with a solvent molecule, see above), and the

2628 | Dalton Trans., 2019, 48, 2626-2634

View Article Online

Dalton Transactions

a),  [Ru(CYM)(p-Cl-dkt)]’ [Ru,(CYM),(NAC-H),J"
. 485 [Ru,(CYM),(NAC-2H),Na]' 958
3 [Ru,(CYM),(NAC-2H)(NAC-H)]" 817
£ 795
2 [Ru(CYM)(p-Cl-dkt)(DMSO)]*
% 563
« R i 1:10
a .l A 4~ 11
T T 1 T 1
400 500 600 700 800 900 1000
” [Ru(CYM)(pta)(p-Cl-dkt))’
) [Ru(CYM)(pta)(NAC-H)]" 642
> 555
<
g [Ru(CYM)(pta)(p-Cl-dkt)(NAC)]"
s [Ru(CYM)(p-Cl-dkt)]* 805
£ 485 X10
§ A x10 1 1:1000
v L . 1:10
N 1:1
T T b T T T T 1
400 500 600 700 800 900 1000
[Ru(CYM) [Ru(c:r;/g(pta)cu' E_)F;lg(CYM)(pta)(NAC-H)]‘
(NAC-H))"
)| 308
464 [Ru(CYM)(pta)Cl,+H]'
-72 506 [Ru(CYM)(pta)CI(DMSO)]*
S
S
:Eg 1:1000
1:10
AR 1:1
I 1 T T I 1 1
400 500 600 700 800 900 1000
m/z

Fig. 2 ESI mass spectra of a 0.2 mM aqueous solution of (a) [Ru(CYM)
(p-Cl-dkt)ICl (b) [Ru(CYM)(pta)(p-Cl-dkt)]IPFs and (c) RAPTA-C with
NAC. The spectra were acquired immediately after preparing a solution
with all components. The molar ratio of the ruthenium(i) complex to
NAC was 1:1, 1:10 and 1:1000 as denoted in each ESI mass spectrum
(right bottom).

product ion is [Ru(CYM)(pta)(NAC-H)]'. Complex 2 reacts with
NAC sluggishly, as evidenced by the small signal of the
[Ru(CYM)(pta)(p-Cl-dkt)(NAC)]" complex. This complex also
finally yields [Ru(CYM)(pta)(NAC-H)]', as observed in the spec-
trum of 2.

Furthermore, we assessed the effect of glutathione addition
to the aqueous solutions of the ruthenium complexes (Fig. 3).
Glutathione is a tripeptide of glycine, cysteine and gamma-
bound glutamic acid. The results were very similar to the find-
ings with NAC. Again, complex 1, without pta ligand, formed
biruthenium clusters bound via deprotonated GSH molecules.
Complexes 2 and 3 maintained their monometallic stoichio-
metry, and part of the complexes exchanged their anion by
deprotonated GSH. Hence, we observed [Ru(CYM)(pta)(GS)]"
ions in the ESI mass spectra of both 2 and 3."> Anion exchange
in complex 2 is very limited because the f-diketonate present
in the original bidentately coordinated to
ruthenium.

complex is

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 ESI mass spectra of a 0.2 mM aqueous solution of (a) [Ru(CYM)

(p-Cl-dkt)ICl, (b) [Ru(CYM)(pta)(p-Cl-dkt)]IPFs and (c) RAPTA-C with
GSH. The spectra were acquired immediately after preparing a solution
with all components. The molar ratio of the ruthenium(in) complex to
GSH was 1:1, 1:10 and 1:1000 as denoted in each ESI mass spectrum
(right bottom).

N-Acetyl cysteine and glutathione contain a thiol group
likely responsible for binding to ruthenium atoms. Therefore,
we repeated the experiments with bare cysteine, with similar
results. Complex 1 formed cysteine-bound biruthenium clus-
ters, whereas 2 and 3 partly underwent anion-exchange with
deprotonated cysteine (see Fig. S1 in the ESIT).

To show that ruthenium complexes preferentially interact
with thiols, we controlled their speciation in aqueous solution
of these complexes with equimolar concentrations of cysteine,
alanine, serine, glutamic acid and arginine in one experiment
(Fig. 4) and with equimolar concentration of cysteine, histi-
dine, methionine, and aspartic acid in another experiment
(Fig. S2t). The results clearly show that cysteine binds much
more strongly to the ruthenium than to all other amino acids
tested (Fig. 4 and Fig. S2 in the ESIf). We also studied the
interaction of ruthenium complexes with other amino acids
individually. The results clearly show that the ligand exchange
with alanine, serine and glutamic acid is much slower and
that the binding energies of these amino acids (amine) are
lower than (or similar to, in the case of glutamic acid) that of
p-diketonate. Ligand exchange with arginine is faster than

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 ESI mass spectrum of a 0.2 mM aqueous solution of [Ru(CYM)
(p-Cl-dkt)]Cl with equimolar concentrations of Cys, Ala, Ser, Glu and
Arg. The spectra were acquired immediately after preparing a solution
with all components.

with alanine, serine and glutamic acid but still slower than
with cysteine, leading to different monoruthenium complexes
instead of dimerization occuring with cysteine. The binding
energy of arginine is higher than that of g-diketonate. These
results can be found in ESI (Fig. S3-S87).

In summary, this set of experiments revealed several key
findings. (1) All complexes undergo an exchange of anionic
ligands with thiol-group-containing molecules. Chloride is
exchanged faster than p-diketonate. (2) Ruthenium complexes
form bimetallic clusters with bridging cysteine-like molecules.
(3) The pta ligand remains coordinated to ruthenium, even in
the presence of thiol-containing molecules, thereby preventing
the formation of larger ruthenium clusters.

Going deeper: collision-induced dissociation experiments

After establishing the importance of the pta units for the stability
of the ruthenium complexes, we compared the binding energies
of different ligands in ruthenium complexes in energy-resolved
collision-induced dissociation (CID) experiments.'®

First, we compared the binding energies of the pta ligand
in different ruthenium complexes: [Ru(CYM)(pta)(anion)]’
(anion = Cl, p-Cl-dkt, NAC-H, GS, Cys-H), and [Ru(CYM)(pta)
(p-Cl-dkt)(NAC)]". The collisional activation of the complex
[Ru(CYM)(pta)(Cl)]" (Fig. 5a) induces many different fragmen-
tation pathways, mostly involving eliminations of parts of the
ligands. We can also observe HCl and para-cymene elimin-
ation. All fragmentations have similar appearance energies of
approximately 2.0 eV (we assessed all fragmentation channels
together; only the CYM elimination is plotted separately). In
comparison, fragmentation of all other complexes [Ru(CYM)
(pta)(anion)]' (i.e. anion = p-Cl-dkt, NAC-H, GS, Cys-H) leads to
exclusive elimination of the pta ligand (Fig. 5b, ¢ and Fig. S10
and S11 in the ESI}). The estimated pta bonding energy is
1.7 + 0.1 €V in [Ru(CYM)(pta)(p-Cl-dkt)]" (Fig. 5b), 1.5 + 0.1 in
[Ru(CYM)(pta)(NAC-H)]" (Fig. 5¢), and identically 1.3 + 0.1 eV
for [Ru(CYM)(pta)(GS)]" (Fig. S10 in the ESI{) and [Ru(CYM)
(pta)(Cys-H)]" (Fig. S11 in the ESIY).

This series of measurements of pta binding energies reveals
that the deprotonated cysteine-based ligands stabilise the frag-

Dalton Trans., 2019, 48, 2626-2634 | 2629
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Fig. 5 (a) The CID spectra of mass-selected ions (a) [Ru(CYM)(pta)Cll* (E.o 2.2 €V at the center of mass frame, c.m.), (b) [Ru(CYM)(pta)(p-Cl-dkt)]*

(Ecou 1.8 €V, c.m.) and (c) [Ru(CYM)(pta)(NAC-H)I* (E.oq 1.5 eV, c.m.), and their breakdown curves as function of collision energies.

ment ruthenium complex slightly better than the g-diketonato
ligand. Hence, the formation of [Ru(CYM)(NAC-H)]"/[Ru(CYM)
(GS)]"/[Ru(CYM)(Cys-H)]" demands less energy than that of
[Ru(CYM)(p-Cl-dkt)]". Accordingly, the anions (NAC-H)~, GS™,
and (Cys-H)” are coordinated to ruthenium as bidentate
ligands. The fragment complexes can further dissociate by
elimination of a part of the deprotonated ligand with a higher
energy onset (see Fig. 5c¢c and Fig. S10 in the ESIf). These
subsequent fragmentations were confirmed by MS/MS/MS
(Fig. S12 and S13 in the ESIf). In comparison, the formation of
[Ru(CYM)(CI)]" is virtually suppressed because it is much more
energy-demanding than other fragmentation channels.

The larger stabilisation of the ruthenium complexes by
deprotonated NAC/GS/Cys than by p-diketonate and chloride is
in line with the speciation of complex 1, [Ru(CYM)(p-Cl-dkt)Cl],
in the presence of NAC/GS/Cys. The complete transformation
of complex 1 into bimetallic complexes of the
[Ruy(CYM),(NAC-H);]" type also indicates that deprotonated
amino acids/tripeptide with a thiol group are more strongly
bound ligands than the p-diketonate.

Finally, we probed the fragmentation of [Ru(CYM)(pta)
(p-Cl-dkt)(NAC)]" (Fig. 6). Most likely, this complex is an inter-
mediate of the association-dissociation ligand exchange reac-
tion. Hence, we should observe either NAC or neutral ketoenol
(protonated p-diketonate, p-Cl-dkt-H) ligand elimination.
Surprisingly, the fragmentation of [Ru(CYM)(pta)(p-Cl-dkt)
(NAC)]" is much more complex and many possible fragmenta-
tion channels occur with similar appearance energies
(Table 2).

The least energy-demanding pathway of [Ru(CYM)(pta)(p-
Cl-dkt)(NAC)]" fragmentation leads to the expected p-Cl-dkt-H

2630 | Dalton Trans., 2019, 48, 2626-2634
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Fig. 6 (a) The CID spectrum of mass-selected [Ru(CYM)(pta)(p-Cl-dkt)
(NAC)I* (Ecoy 2.1 €V, c.m.) and (b) breakdown curves. Breakdown curves
of the fragments with m/z 671, 642, 555, 398 and 356 were enlarged
five times.

elimination with an appearance energy of 1.6 + 0.1 eV. The
appearance energy of NAC elimination is 1.8 + 0.1 eV.
Unexpectedly, para-cymene elimination has the same appear-

This journal is © The Royal Society of Chemistry 2019
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Table 2 Observed fragments and appearance energies determined by energy-resolved CID of the mass-selected ion [Ru(CYM)(pta)(p-Cl-dkt)

(NAC)T*

Fragment m/z Eliminated fragment(s) AE/eV
[Ru(pta)(p-Cl-dkt)(NAC)]* 671 CYM 1.8+0.1
[Ru(CYM)(pta)(p-Cl-dkt)]" 642 NAC 1.8+0.1
[Ru(CYM)(pta)(NAC-H)]" 555 (p-Cl-dkt)H 1.6 +0.1
[Ru(CYM)(p-Cl-dkt)]* 485 NAC + pta 2.0+0.1
[Ru(CYM)(NAC-H)]* 398 p-Cl-dkt-H + pta 1.8+ 0.1
[Ru(CYM)((NAC-H)-CH,CO)]" 356 p-Cl-dkt-H + pta + CH,CO 2.0+0.1

ance energy (1.8 + 0.1 eV), whereas the pta ligand is eliminated
after the initial loss of p-Cl-dkt-H or NAC with an energy differ-
ence of only 0.2 eV. The fragmentation pattern shows that
p-diketonate and NAC have a smaller binding energy to ruthe-
nium than pta in [Ru(CYM)(pta)(p-Cl-dkt)(NAC)]". Previous
CID experiments (see Fig. 5) have indicated that pta elimin-
ation is the exclusive fragmentation channel in complexes with
one ligand. Most likely, [Ru(CYM)( pta)(p-Cl-dkt)(NAC)]" differs
from [Ru(CYM)(pta)(anion)]" (anion = p-diketonate or NAC)
because p-diketonate and NAC can only bind as monodentate
ligands in the [Ru(CYM)(pta)(p-Cl-dkt)(NAC)]"
whereas they are bidentate in [Ru(CYM)(pta)(anion)]".

Thus, this experiment shows how the pta ligand protects
ruthenium complexes from degradation. The coordinatively
saturated complex [Ru(CYM)(pta)(p-Cl-dkt)]" can accept the
additional ligand only by changing the coordination mode of
p-diketonate (p-Cl-dkt) from bidentate to monodentate. Upon
this change, both p-Cl-dkt and NAC are more weakly bound to
ruthenium than the pta ligand, albeit with a rather high
binding energy. Hence, we can only observe the exchange of
the anionic ligand, whereas the pta ligand remains co-
ordinated to ruthenium and prevents the formation of biruthe-
nium clusters because pta is a bulky ligand.

complex,

Going deeper: infrared photodissociation spectroscopy

Above, we showed that thiol-containing amino acids/tripeptide
strongly bind to ruthenium forming biruthenium complexes.
However, the structure of these biruthenium complexes is
unknown. In the gas phase, the structure of ionic complexes
can be more directly deduced from their infrared photo-
dissociation (IRPD) spectra.'” Thus, we measured the IRPD
spectrum of [Ru,(CYM),(Cys-2H)(Cys-H)]" (Fig. 7). We have
chosen this complex because it was the simplest bimetallic
complex for explorative theoretical calculations of IR spectra.
The IRPD spectrum of [Ru,(CYM),(Cys-2H)(Cys-H)]" shows
one free O-H stretching vibration at 3575 cm™ and two N-H
stretching vibrations at 3373 ecm™ and 3312 em™, with no
S-H vibration around 2500 cm "."®* We can also observe a
broad, intense background in the range of C-H vibrations
(2500-3300 cm™"; highlighted by grey in Fig. 7). This spectral
feature is most likely a progression of stretching vibrations of
(N-H) bonds involved in hydrogen bonding. In the fingerprint
region, we observe two C=O vibrations at 1770 ecm™' and
1705 cm™". All this spectral information is consistent with a
structure of the complex in which ruthenium atoms are bound

This journal is © The Royal Society of Chemistry 2019

via two thiolate and one or both carboxylate groups, and the
carboxylate group is most likely bridging the ruthenium
atoms.

We have further explored possible structures of the
[Ru,(CYM),(Cys-2H)(Cys-H)]" complex by DFT calculations.
The most stable structures contain a motif of the ruthenium
atoms bound by two sulfur bridges and by a carboxylate bridge
(Fig. 7b, the drawing indicates the optimised structure, the
actual structure can be visualised using xyz coordinates
reported in the ESIf). The calculations nicely reproduce the
detected OH and NH bands. Moreover, the free carbonyl group
is identified in the same spectral position as that detected
experimentally. The carbonyl bond involved in bridging the
ruthenium atoms is redshifted to 1500 cm™"."° The theoretical
spectrum coherently explains the main peaks of the IRPD spec-
trum, but not all of them because this complex is large and
flexible. Thus, we are most likely probing a mixture of different
isomers/conformers of [Ru,(CYM),(Cys-2H)(Cys-H)]" when per-
forming these IRPD analysis. Particularly hydrogen bridges
within the complex can change, which leads to different shifts
in X-H (X = O, N) and C=O0 vibrations. For other localised
structures in our exploratory survey, see ESI (Fig. S147).

We have also considered possible formation of cystine with
S-S bond and its presence in the detected ruthenium com-
plexes (Fig. S157). Oxidation of the cysteine ligands would have
to be associated with reduction of the ruthenium atoms. We
have localised two possible isomers of such complexes. Relative
energy of these complexes is much higher (~300 k] mol™") than
those of the initially considered ruthenium(i) complexes. The
sulfur atoms are not available for coordination to the ruthenium
atoms, therefore both carboxyl functions and one of the amino
groups are involved in coordination to and bridging of the
ruthenium centers. Consequently, the IR signatures of the car-
boxyl and the amino groups do not agree with the experimental
IRPD spectrum. Hence, we can exclude that we detected ruthe-
nium complexes with an oxidised cystine ligand.

Finally, we also measured the IRPD spectrum of
[Ru,(CYM),(NAC-H);]" (Fig. S16 in ESIT). The spectrum shows
no S-H vibration, thus also confirming that the ruthenium
atoms are bound via thiolate bridges. The spectrum has broader
bands than the spectrum of [Ruy(CYM),(Cys-2H)(Cys-H)]".
Moreover, the ruthenium atoms are bridged by three ligands.
Therefore, we most likely probed an even more complex mixture
of isomers/conformers than in the case of [Ru,(CYM),(Cys-2H)
(Cys-H)]".
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Fig. 7 (a) Helium-tagging IRPD spectrum of mass-selected ion [Ru(CYM),(Cys-2H)(Cys-H)I* (m/z 711). (b) Theoretical IR spectrum (B3LYP-D3/6-

31G**:SDD(Ru)) of one of the possible isomers of [Ru,(CYM),(Cys-2H)(Cys-H)]* (IR spectra of other isomers are shown in Fig. S14,7 the xyz coordi-

nates for all reported structures are in the ESIf and can be visualised).

Implications for the biological activity of ruthenium complexes

(1) Our results show that the pta ligand protects the ruthe-
nium complexes from ligand exchange with water and from
the formation of biruthenium clusters.

(2) The ruthenium complexes readily interact with cysteine-
derived molecules at the sulfur atom. Ruthenium complexes
without the pta ligand form bimetallic clusters bound via the
deprotonated thiol groups, whereas pta-bearing ruthenium
complexes remain monometallic and attach only one cysteine-
derived molecule.

(3) The p-diketonato ligand slows down reactions with
cysteine-derived molecules. Hence, although we observe
immediate exchange of chlorido ligands by deprotonated
cysteines, f-diketonato ligand exchange is slow.

Based on the above, assuming that the biological activity of
ruthenium complexes, regarding the formation of reactive
oxygen species, is associated with their clustering, our results
explain why the biological activity of pta-bearing ruthenium
complexes is not based on ROS production. Both complexes
with pta ligands do not form bimetallic species, whereas the
other does so.

In addition, assuming that the biological activity of mono-
ruthenium complexes is associated with interactions with pep-
tides, our results show that the ruthenium complexes would
bind to the cysteine residues. The addition of other cysteine-
derived molecules, such as N-acetylcysteine, would lead to a
competitive binding to the ruthenium complexes, thereby
decreasing their biological activity. Similarly, if we decrease
the levels of molecules that can competitively bind to the

2632 | Dalton Trans., 2019, 48, 2626-2634

ruthenium complexes, such as glutathione, we will increase
the biological activity of these complexes. The effect would be
stronger on [Ru(CYM)(pta)(Cl)]" than on [Ru(CYM)(pta)(p-Cl-
dkt)]" because the former interacts more quickly with thiols
and is thus less selective than the latter. Although these experi-
ments were performed in solution, without the complex bio-
logical matrix, these inferences based on our results perfectly
corroborate previous biological findings.

Conclusions

We conducted a comparative study of ruthenium complexes
with different ligands ([Ru(CYM)(p-Cl-dkt)(Cl)], [Ru(CYM)(pta)
(p-Cl-dkt)]PFs, [Ru(CYM)(pta)Cl,]). These complexes have been
previously tested for their anti-cancer activities and shown to
be biologically active, albeit with different mechanisms. We
also showed that these complexes have different stabilities and
thus speciations in aqueous solution by mass spectrometry.
The pta ligand has a significant stabilisation effect and stabil-
ises the monoruthenium complexes against formation of
larger clusters. Conversely, the [Ru(CYM)(p-Cl-dkt)(Cl)]
complex undergoes solvolysis and forms bimetallic
[Ru,(CYM),(OH);]" complexes. All ruthenium complexes
reacted with a thiol group-bearing amino acid (cysteine),
amino acid derivative (N-acetylcysteine) and tripeptide (gluta-
thione). The reactions with other amino acids (alanine, meth-
ionine, serine, glutamic acid, aspartic acid, arginine, histidine)
are much slower. The [Ru(CYM)(p-Cl-dkt)(Cl)] complex reacts

This journal is © The Royal Society of Chemistry 2019
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faster with cysteine-like molecules than both pta-bearing com-
plexes analysed. In addition, the [Ru(CYM)(pta)(p-Cl-dkt)]"
complex reacts with cysteine and cysteine-derived molecules
more slowly than the [Ru(CYM)(pta)(Cl)]" complex because the
bidentate p-diketonato ligand must change its coordination
mode upon thiol addition. Lastly, we studied the binding
mode of cysteine and cysteine-like molecules by infrared
photodissociation spectroscopy, and the results showed that
these molecules are deprotonated at the sulfur atom and that
sulfur bridges the ruthenium atoms in these bimetallic
complexes.

Experimental

The synthesis of the ruthenium(u) complexes has been pre-
viously reported.>*° Stock solutions of ruthenium(i) com-
plexes were prepared in 3% DMSO/water. The different amino
acids and tripeptide were prepared only in water. Stock solu-
tions were diluted in water, mixed in the same vial and
immediately subjected to mass spectrometry or ion spec-
troscopy. The concentration of ruthenium(u) complexes was
kept constant, and the solution of amino acids and tripeptide
was added at different ratios. The ratio of ruthenium(u) com-
plexes to amino acids/tripeptide is indicated in each ESI mass
spectrum. For the initial experiments, [Ru(CYM)(pta)(p-Cl-
dkt)]PFs was prepared in 3% DMSO/water. Conversely, for the
experiments with NAC, GSH and Cys, [Ru(CYM)( pta)(p-Cl-dkt)]
PF, was prepared only in water. Details on the preparation of
the stock solutions are included in ESL}

ESI mass spectra were acquired with a linear ion trap instru-
ment LTQ or a triple quadrupole mass spectrometer TSQ 7000
equipped with an electrospray ionisation source. For TSQ
7000, the following conditions were used: 4.5 kV electrospray
voltage, 250 °C capillary temperature, 30 psi sheath gas
pressure, 6 pl min~" flow rate, —10 V capillary voltage and 70 V
lens voltage. For LTQ, the following conditions were used:
5.5 kV electrospray voltage, 250 °C capillary temperature,
50 psi sheath gas pressure, 6 pl min™" flow rate, 0 V capillary
voltage and 70 V lens voltage. Energy-resolved CID experiments
were performed using a Finnigan LCQ Deca mass spectro-
meter equipped with an electrospray ionisation source. The
excitation period was 30 ms, and the trapping parameter was
g, = 0.25 for mass-selected ions. The Schroder’s calibration
method was used to calibrate the collision energy and to deter-
mine the appearance energies.”’ The calibration was per-
formed by correlating the experimental appearance energies of
a set of substituted benzylpyridiunium ions [RBnPy]" with the
values determined by Carpenter et al. (Fig. S9 in the ESI{).**
The values of the appearance energies are given with the
experimental uncertainties of three different measurements.

IRPD spectra were acquired using the ISORI*® (Ion
Spectroscopy Of Reaction Intermediates) instrument based on
the TSQ 7000 platform. Ionisation and mass selection were
performed similarly to classical experiments with TSQ 7000.
Mass-selected ions are trapped in an ion trap and cooled to
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3 K. The trapped ions form loosely bound complexes with the
helium buffer gas. Helium complexes are then used to deter-
mine the absorption of IR photons. The IR photon absorption
leads to helium detachment, thereby enabling its detection as
the change in m/z ratio by mass spectrometry. The number of
helium complexes with (N;) and without (N;) laser irradiation
is counted using a Daly-type detector. The IRPD spectra are
constructed as (1 — N;/N;y). More details can also be found in
ref. 14, 20 and 24.

The theoretical results were obtained using the density
functional theory at the B3LYP**™® level with D3 semiempiri-
cal corrections of dispersion interactions.>® The basis set was
6-31G** for all atoms, except ruthenium, for which we used
the SDD pseudopotential basis set. The randomly suggested
structures were fully optimised, and the minima were then
characterised by frequency calculations. The theoretical IR
spectra were scaled by 0.96 in the fingerprint range and by
0.95 above 2500 cm™".
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