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ABSTRACT. To apprehend the possible mechanisms involved in the cellular uptake and
the membrane interactions of cytotoxic dinuclear p-cymene trithiolato ruthenium(ll)
complexes, the interactions of the complexes [(n8-p-MeCgH4Pr),Ru,(R")2(R?)]* (R = R?
= SCe¢H4-m-Pr/:1; R = SCgH4-p-OMe, R? = SCgH4-p-OH :2; R' = SCH,CgH4-p-OMe, R2

= SCgH4-p-OH :3) with 1,2-dioleoyl-srglycero-3-phosphocholine (DOPC) vesicles and
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1,2-dihexanoyl-sn-glycero-3-phosphocholine  (DHPC) micelles were studied using

nuclear magnetic resonance (NMR) spectroscopy. 'H, NOE, DOSY, and T, and T,

relaxation data provided information on interactions between the complexes and the

model membranes and on the submolecular localization of the complexes at the

membrane interface. The results suggest that (a) interaction takes place without new

covalent adduct formation, (b) the cationic diruthenium complexes interact with DOPC

head groups most likely involving electrostatic interactions while remaining structurally

unchanged, (c) the changes indicating interactions are more pronounced for the most

lipophilic complex 1, (d) the diruthenium complexes remain at the exterior vesicle surface

and unlikely insert between the phospholipid chains. The complexes also interact with

micellar/free DHPC and seem to induce micellization or aggregation in sub-CMC

solutions. Our study suggests a high affinity of the Ru complexes for the membrane

surface that likely plays a key role in cellular uptake and possibly also in redistribution to

mitochondria.
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INTRODUCTION In recent years, our group has focused on the development of cationic

dinuclear thiolato-bridged arene Ruthenium(ll) complexes (in the following named

diruthenium complexes) as anti-cancer and antiparasite agents.'-> The ftrithiolato

diruthenium complexes of the general formula [(n®-arene),Ru,(u-SR)s]* and [(n®-

arene),Ru,(u-SR1)2(u-SR2)]* are highly cytotoxic against ovarian cancer cell lines A2780

and their cis-Pt resistant analogs A2780cisR." The most active derivative [(n%-p-

MeCgH4Pr),Rus(uo-S-p-CeHsBu)3]Cl, termed diruthenium-1 or DiRu-1, has an ICs, value

of 30 nM in both cell lines. It has also shown /n vivo activity as it significantly prolonged

the survival of tumor-bearing mice.® DiRu-1 is among the most cytotoxic Ru complexes

reported to date.’

The trithiolato diruthenium complexes are stable under physiological conditions. While

the exact mechanism of action is not completely clear yet, it has been shown that they

are able to catalyze glutathione (GSH) and cysteine (Cys) oxidation and to induce reactive

oxygen species (ROS) burst and DNA lesion formation, which can all lead to apoptosis

and cell cycle arrest in treated cancer cells.®-2 Recently, it has been shown using ICP-MS

that treatment of cancer cells with other very similar diruthenium complexes results in a
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specific accumulation of Ru in mitochondria.5 Likewise, Ru was found in mitochondria of

T. gondii treated with other again comparable diruthenium complexes.’® Additionally,

structural changes in mitochondria were observed by TEM in N. caninum treated with

these complexes.® However, the exact location of Ru within mitochondria is not known

yet.510

In order to enter cells and subsequently cell-organelles, the drug needs to cross

the plasma membrane, which takes place mostly via passive diffusion, with the help of

transporters, or via endocytosis. Whether the drug will pass via passive diffusion depends

on factors such as lipophilicity, ability to form H bonds, charge and size of the drug, pH of

the system, and membrane potential.’"'2 Hydrophilic molecules usually are not able to

cross the plasma membrane without the help of membrane transporters, and charged

molecules encounter the problem of crossing the hydrophobic core of a bilayer.'3

Lipophilic cations, on the other hand, are known to be able to passively diffuse through

membranes.1415

If an organometallic compound does not act as a prodrug, like CO-releasing

organometallic compounds /7 vivo,'® one of the most important prerequisites for
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preventing side effects and general toxicity is that the compound enters cells virtually

intact, which requires that no or only weak interactions, such as hydrogen bonds, between

the compound and cell membranes exist. The chemical nature of the surrounding ligands

strongly influences the propensity of the metal to be oxidized or reduced and triggers the

potential interactions with the cell membranes. The factors influencing the toxicity and

efficacy of diruthenium complexes are lipophilicity and Hammett coefficient of

the aromatic thiol."'” For instance, the complexes having Hammett constants in the range

of -0.2 to 0 and partition coefficients between 3.0 and 4.0 are those showing the lowest

ICso values.!”

As biological membranes are structurally and composition-wise complex, simplified

artificial model membranes are often studied. There are three model systems commonly

used - planar lipid monolayers, supported bilayers and liposomes.'81° Liposomes are

spherical phospholipid vesicles containing an aqueous compartment. This model is

suitable for studies of drug membrane permeability.2® Additionally to the already

mentioned models, micelles can be used as a simple model of lipid membranes when

investigating interactions.2' Compared to liposomes, micelles are very dynamic species
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coexisting with the free form of their components in solution.?? Micelles are easy to

prepare, and nuclear magnetic resonance (NMR) spectra of micellar solutions show

narrower linewidths as compared to phospholipid liposome suspensions. Although

micelles have some limitations due to their monolayered structure, their enhanced

dynamics may offer important complementary information on potential sites of

interactions between the micellar amphiphiles and the drug molecules.

NMR spectroscopy is a technique that offers numerous possibilities to study

interactions between lipid model membranes and drugs. It allows obtaining information

on diffusion rates and therefrom particle sizes, changes in molecular surroundings,

proximity between two species, and kinetics like relaxation or exchange processes. Using

NMR spectroscopy, the location of a guest molecule at the vesicle or micelle interface,

aggregation, encapsulation and other aspects of drug-membrane interactions can be

studied.23-32

This study is aiming to provide an insight into the interactions of diruthenium complexes

with cell membranes. For this purpose, three representative complexes [(n8-p-

MeCsH4Pr),Rux(R1)2(R2)]* with different degrees of lipophilicity and in vitro cytotoxicity
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(R12 = SCgH4-0-Pr: 1; Ry = SCsH4-p-OMe; R, = SCgH4-p-OH : 2; Ry = SCH,CeH4-OMe;
R, = SCeHs-p-OH : 3) were selected (Figure 1) and their interactions towards the
membrane models 2-dioleoyl-sr+glycero-3-phosphocholine (DOPC) vesicles and 1,2-
dihexanoyl-sn-glycero-3-phosphocholine (DHPC) micelles were studied with NMR
spectroscopy as main tool. Even though, DHPC has rather detergent than lipid-like
properties, it will be referred to as (short chain) phospholipid here to underline its close

chemical relationship as a phosphatidylcholine with DOPC.
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Figure 1. Structures of the three diruthenium complexes (1-3) investigated in this work.

EXPERIMENTAL

Materials: The diruthenium complexes 1-3 were synthesized according to published

methods.33334 All chemicals were used as received. 1,2-dioleoyl-srglycero-3-
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phosphocholine (DOPC) and 1,2-dihexanoyl-srglycero-3-phosphocholine (DHPC) were

obtained from Avanti Polar Lipids Inc. KH,PO,4 and Na,HPO, were purchased from Sigma

Aldrich. Deuterated solvents were obtained from Cambridge Isotope Laboratories, Inc,

PrCl; from Aldrich Chem. Co.

Phosphate buffered saline (PBS) solution was prepared from aliquots of 50 mM KH,PO,

and 50 mM Na,HPO, solutions containing 0.9% NaCl in D,0 to reach a pD corresponding

to measured pH of 7.0. Unless otherwise specified, the interaction experiments were

performed in deuterated PBS/dDMSO 4:1 (pD™xture corresponding to measured pH of 7.7)

to allow dissolution of the sparingly soluble diruthenium complexes 1-3.

Preparation of liposomes: DOPC vesicles were freshly prepared before every new set

of experiments. DOPC was dissolved in chloroform in a glass vial, and the solvent was

subsequently evaporated upon an argon stream to leave a uniform lipid film on the walls.

The residual solvent was removed in vacuo. The resulting homogeneous film was

hydrated with PBS by vortexing to obtain a 12.5 mM DOPC suspension. The suspension

was subsequently sonicated for 30 min at room temperature in the center of an ultrasonic
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bath. When the DOPC vesicles were investigated alone, dDMSO was added to

the prepared vesicles to obtain a final DOPC concentration of 10 mM.

Preparation of micelles: Critical micelle concentration (CMC) of DHPC in PBS/dDMSO

4:1 and at 310 K was determined using 2D 'H Diffusion Ordered SpectroscopY (DOSY)

NMR.3536 DOSY spectra of DHPC solutions of incremented concentrations were

recorded, and the resulting diffusion coefficients obtained from processed DOSY pseudo-

2D spectra were plotted against the log of the concentration. The CMC (25 mM, Figures

S1-3) was estimated to lie at the intersection of two linear regions.3® Subsequently,

28 mM DHPC solution in PBS/dDMSO 4:1 was prepared.

Mixtures of diruthenium complexes with phospholipids: The diruthenium complexes 1,

2, and 3 were dissolved in dDMSO to give 5 mM stock solutions. Note that the complexes

are stable in dDMSO over a long period."? In order to investigate the interactions with

lipid membrane models, 20 uL of each complex solution in dDMSO was gently mixed with

80 uL of a suspension of lipid vesicles or micelles in deuterated PBS, respectively.

Mixtures of 1 mM complex and 10 mM DOPC vesicles or 28 mM DHPC, respectively,

resulted. When the diruthenium complexes were investigated alone, pure PBS was added
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to reach 1 mM solutions. For NOE NMR experiments (see below), 800 uL of the sample

were prepared.

An alternative preparation method involving hydration of the film formed by the complex

and the lipid (co-dissolved in organic solvent) after solvent removal in PBS and

subsequent addition of a corresponding amount of dDMSO was used to test the effect of

co-dissolution in comparison to the addition of 1-3 to preformed vesicles.3” For this,

DOPC and each diruthenium complex were dissolved in chloroform, which subsequently

was evaporated and the flask with the resulting film dried in vacuo as described above.

PBS was added to the film, the flask vortexed followed by 30 min sonication at room

temperature to give a suspension containing the diruthenium complex and DOPC

vesicles. After sonication, dDMSO was added. The resulting concentrations of the

diruthenium complex and DOPC in PBS/dDMSO 4:1 were 1mM and 10 mM,

respectively.

NMR spectroscopy: 'H- and 3'P-spectra, T4 and T, relaxation measurements, and

DOSY spectra were recorded on a Bruker Avance Il NMR spectrometer operating at a

nominal 'H frequency of 500.13 Hz. The spectrometer is equipped with a triple resonance
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("H, 13C, 3'P) 1.7 mm microprobehead with additional z-gradients. 1D NOE and spectra

needed for the characterization of the complexes ('3C, COSY, HSQC, HMBC) were

recorded on a Bruker Avance lll spectrometer operating at 400.13 MHz equipped with a

5mm ATM BBFO SmartProbe®. All NMR spectra were recorded at a regulated

temperature of 310 K. Processing and analysis were performed using TopSpin 3.5-6

(Bruker). For DOSY, T4, and T, measurements, Dynamics Center 2.4.2 (Bruker) was used

for data fitting.

1D "H and 3P NMR spectroscopy: 1D 'H NMR spectra were recorded using the zgpr30

(Bruker) pulse sequence for presaturation of the residual water resonance. 1D 3'P NMR

spectra were obtained using the zgpg sequence (Bruker) with broadband 'H decoupling.

The diruthenium complexes were mixed with phospholipid vesicles or micelles just before

measurements. For the '"H NMR spectra, the relaxation delay was set to 1 s and the

spectral width to 7352.9 Hz. The irradiation frequency was set individually to the center

of the residual water peak (at approximately 4.7 ppm). Unless otherwise stated, the

acquisition time was 1.11 s, 128-256 scans were recorded, and processing involved line

broadening of 2 Hz, Fourier transformation, phase correction, and automatic baseline
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correction. 3'P spectra were recorded with 32 scans, a spectral width of 40760.87 Hz, 32768

data points, an acquisition time of 0.402 s, and a relaxation delay of 2 s unless otherwise specified.

NOE spectroscopy: 1D NOE spectra were recorded using a modified pulse program

7dnoesy derived?® from the standard se/nogp pulse program (Bruker) with the relaxation

delay set to 1 s, the acquisition time to 511 ms and the spectral width to 8012.8 Hz. 2048

scans were recorded. The mixing time was set to 100 ms to minimize the effects of spin

diffusion. The N-methyl and the (CH,), resonances of the phospholipid chain and one

resonance of the aromatic thiol of the diruthenium complex were irradiated in separate

experiments to obtain information on the possible location of the complex within

the membrane. The frequencies irradiated are indicated in the relevant spectra (Figures

2 and S4-6).

Diffusion ordered spectroscopy: 2D 'H DOSY experiments were performed using a

stimulated echo bipolar gradient pulse sequence /edbpcpgpZlscpr (Bruker) with

longitudinal Eddy current delay, 2 spoil gradients and presaturation of the water

resonance.?® The diffusion time was set to 80 ms, and the relaxation delay to 1 s.

The gradient strength was linearly varied (2-98%) to reach optimal signal attenuation. At
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each gradient strength, 128 scans were recorded in 0.68 s acquisition time. The gradient

strength of our probehead is 5.35 G/cmA. Typically, the gradient pulse length was set to

oNOYTULT D WN =

1 2-4.5 ms, and the diffusion list contained 24 values in the range of 2-98% of the maximum
14 gradient strength. All single spectra from the DOSY experiments (series of 1D spectra)
18 were processed with exponential multiplication applying a line broadening factor of 3 Hz
21 prior to fitting in Dynamics Center. The examples of fitting plots for DOPC and DHPC can
25 be found in Sl (Figures S7-8), the program was used on selected peak regions excluding
28 HDO and DMSO. The diffusion coefficient D was obtained from fitting using the Stejskal-
Tanner equation (1)*° where /is the signal intensity, /, the respective signal intensity at
35 zero gradient, ythe gyromagnetic ratio of 'H, gthe gradient strength, dthe gradient length
and A the delay between dephasing and rephasing gradients.

)
42 I'= Loexp [y2g?6%(2 —35)D] (1)

47 The hydrodynamic radius of DHPC micelles was estimated from DOSY NMR results
50 according to the Stokes-Einstein equation (2) where D is the diffusion constant, & the

54 Boltzmann constant,

60 ACS Paragon Plus Environment
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D=er  (2)

7'the temperature, nthe viscosity of the medium, and R'the radius of the particle under
the assumption that DHPC micelles have an approximately spherical shape. Obstruction
effects were not included in the calculation. The viscosity of the mixtures was determined
experimentally using a rotary rheometer (see “Dynamic light scattering” below).

Relaxation time measurements. The inversion recovery experiment employing the
standard #7/rporf7 (Bruker) sequence with presaturation of the water resonance was used
to determine the longitudinal relaxation time T4. Depending on the sample, (diruthenium
complexes, phospholipids alone, or a mixture), the relaxation delay was set to 4-10 s with
variable interpulse delay lists containing 16-18 increments in the range of 0.001-9 s, with
32-128 scans for each delay value.

Transverse relaxation times T, were measured using the Carr-Purcell-Meiboom-Gill
(CPMG) sequence**2 cpmgpr (Bruker) with presaturation of the water resonance. The
relaxation delay was set to 10 s. The spin-echo delay was incremented with 19 values in

the range of 8 — 3000 ms suitable for both the ruthenium complexes and the lipids.

Depending on the sample, the number of scans was set to 32 or 64 for each increment.
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Lanthanide shift experiments: The lanthanide shift experiments were performed with

complex 1, the most soluble among the three diruthenium complexes, by adding

praseodymium (Il) chloride PrClz (0.05 mM; 0.1 mM; 1 mM; 5 mM; 10 mM) in a mixture

D,O/dDMSO (1:4), respectively, to induce broadening and shift of lipid resonances from

the outer layer to distinguish the vesicle exterior surface from interior.#3 D,O was used

instead of PBS to improve solubility. Using the optimal concentration (with respect to

induced shift and resulting lineshapes) of PrCl; at 1 mM, 'H and 3'P spectra of DOPC

vesicles in D,O/dDMSO in the presence of 1 (1 mM) and the lanthanide shift reagent were

recorded. 3'P spectra were recorded using the following acquisition parameters: 6144

scans, spectral width of 40760.87 Hz, 8192 data points, acquisition time of 0.10 s, and

relaxation delay of 1s. 'H spectra were recorded with 256 scans, spectral width of

7352.94 Hz, 16384 data points, acquisition time of 1.11 s, and relaxation delay of 1 s.

Dynamic light scattering: Dynamic light scattering (DLS) was used to estimate the

hydrodynamic radius in the case of DOPC vesicles. DLS measurements were performed

with the Anton Paar Litesizer 500, using acrylic cuvettes (1 cm path length) and a 660 nm

laser in backscattering mode with 60 runs (time per run 10 s). Data were processed using
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the Kalliope 2.8.3 software. For both methods, DOSY NMR and DLS, the viscosity of

solutions and suspensions, respectively, was determined using the rotary rheometer

Anton Paar MCR 92. NMR, DLS, and viscosity measurements were all performed at a

regulated temperature of 310 K.

Mass spectrometry: Electron spray ionization mass spectra of mixtures were recorded

in positive mode using an LTQ Orbitrap XL spectrometer with nano ESI (Thermo).

RESULTS AND DISCUSSION

Characterization of the diruthenium complexes: In Table 1, the calculated log P values

for the different thiol ligands of complexes 1-3 are given, indicating their lipophilicity. 1 is

the most lipophilic of the three complexes, and is, /n vifro, one order more cytotoxic in

terms of ICso compared to 3.3:3% This correlation between lipophilicity and cytotoxicity was

to some extent observed and reported for other complexes of this family against

parasites®'0 and against cancer cells: the sum of the calculated log ~ values for the thiol
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ligands of the most cytotoxic complexes range between 9 and 13.44 The lipophilicity can

be expected to play a role in interactions with biological membranes.!4%

oNOYTULT D WN =

11 Table 1. log Pvalues of the different thiol ligands (HS-R), the sum of the individual values,

14 and cytotoxicities of the complexes in terms of ICsy values against A2780 cell line and its

18 cisplatin-resistant variant (cisR).333 The log P values have been calculated using

21 ChemDraw 19.0.

25 R, lOg P R, lOg P z IC50 [MM]

26
A2780: 0.030 + 0.001
27 1| SCeHe-o-Pr | 3.96 | SCeHeo-Pr | 3.96 | 1188 | oo 2" 4 0.001

29 SCeHa- SCeHy-
30 2 N R 4P 187 | 6.95 _
31 OMe OH

SCH,CgH;- SCeHy- .
B [a] e T | s |y o | pameasznon
34 p—OMe OH cisk: 0. .

40 The use of DMSO as a co-solvent was unavoidable for the three complexes as their

43 solubility in pure 50 mM PBS is too low for the envisaged NMR studies. Out of the three

47 complexes, 1 was the easiest to dissolve, followed by 2. This ease of dissolution for 1

50 was unexpected, since it is by far the most lipophilic among the three complexes. The

different counterion present with 1 and 2 on the one hand (CI-) and with 3 (BFy), on the

60 ACS Paragon Plus Environment
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other hand, may have an influence on their solubility in mixtures PBS/DMSO, but this was
not further investigated.

Characterization of the model membrane systems: Above CMC, micelles, and free
phospholipid coexist, and theirratio depends on the total concentration of
the phospholipid. From the diffusion coefficient D of free DHPC in solution below CMC
and the average D at a concentration above CMC used for the interaction experiments
(28 mM), D of micelles was calculated to be 3.16-10-"" m?/s using relation (3)46:47,
Assuming that only micellar and free phospholipid species are present, the following
relation (3) is valid where D is the diffusion coefficient for the 28 mM DHPC solution,
D'ee for the solution of 10 mM DHPC containing only free species, D7 is the diffusion
coefficient of the micelles to be determined, and ¢@ and c”¢¢, respectively, are the
corresponding concentrations.

DYt = Dm(cmc_t# +Df r“’% (3)
The calculated hydrodynamic radius of DHPC micelle is then 4.66 nm. The value is higher

compared to the values commonly reported for DHPC micelles prepared in water or

ACS Paragon Plus Environment
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aqueous buffers.*648.49 |t has been reported that solvents can have an influence on CMC,

micelle size or size of vesicles.%%-52 |n our case, the medium contains 20% DMSO and

D,0 instead of H,O, which both may contribute to the size deviation.

DOPC liposomes were characterized using DLS. For a 10 mM suspension of DOPC

vesicles in PBS/DMSO (D,0), an average hydrodynamic radius of 83 nm was found with

a polydispersity index (PDI) of 27.5% from number weighted distributions (Figure S9).

Interaction studies:

7D NMR: For the interaction studies, 1D 'H NMR spectra of the pure components were

first recorded, and subsequently 1D 'H NMR spectra of the mixtures. Whenever

necessary, 2D NMR spectra were acquired for completing/supporting the attribution of

the proton resonances.

Single components. The chemical shifts of the different protons of the individual

components (diruthenium complexes 1-3, DHPC and DOPC) were in agreement with

literature data, the slight differences being due to the different solvents used (Figures

S10-11 and Tables S1-3).3:33,53,54
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Mixtures: (i) Diruthenium complexes: Resonance broadening and small shift changes

were observed in the regions containing the protons of the thiol ligand and p-cymene for

all three diruthenium complexes upon addition of DOPC liposomes, suggesting

the existence of weak non-covalent interactions (Figures S12-14 and Tables S1-3). If

covalent bonds had been formed between 1-3 and phospholipid, more pronounced

changes in chemical shift would have been expected. The absence of covalent bonds

between 1-3 and DOPC, as well as the integrity of the complexes, was additionally

confirmed by ESI-MS (Figures S15-17).

The linewidth of NMR resonances is proportional to the transverse relaxation rate R, =

1/T,, which itself is proportional to the molecular mass or inversely proportional to the

dynamic — given by the correlation time 71 - of the molecule investigated. Thus, when a

diruthenium complex interacts with the large DOPC vesicles, it acquires the slow dynamic

of the latter, which in turn results in line broadening.

Mixed with DHPC (28 mM) micellar solution, 1-3 showed similar slight shift changes of

several proton resonances (Figures S18-20 and Tables S1-3), but unlike what was

observed with DOPC, no or a very small line broadening of the resonances of 1-3

ACS Paragon Plus Environment
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resulted, which is in line with the lower molecular mass of DHPC micelles compared to

DOPC vesicles. Indeed, when a diruthenium complex interacts with the small DHPC

micelles, the overall mass of the system (DHPC:complex) is not drastically changed,

which in turn does not significantly affect the broadening of the resonances.

Furthermore, it was noticed that DOPC (and to a smaller extent also DHPC) helped the

dissolution of the otherwise sparingly soluble 3.

(i) DOPC: No changes in the chemical shift or linewidths were observed for the DOPC

signals in the presence of 1-3, as shown for the presence of complex 1 in Figure S12 b

and c.

(i) DHPC: No substantial changes in the shift or linewidths were observed in the

presence of 1-3. Like DOPC, the resonances of DHPC were not affected upon the

addition of the three diruthenium complexes, which can also be ascribed to the high molar

ratio DHPC:complex (28:1).

3P NMR: No changes were observed in the 3'P NMR spectra when 1-3 were added to

DHPC micelles (Figure S21). In the case of DOPC, the 3'P phosphocholine resonance

overlapped with the intense phosphate resonance of the buffer and was therefore hard to

ACS Paragon Plus Environment
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evaluate. However, in pure D,0O, the phosphocholine resonance of DOPC vesicles - like

the one of DHPC micelles - did not exhibit changes in the presence of the diruthenium

complex 1, either (see “Lanthanide shift experiments’).

NOE: NOE experiments are long known to afford 1D difference spectra or 2D chemical

shift correlation maps in which through-space connectivities can be traced out.>55 We

therefore used NOE experiments to obtain information on the location of the complexes

at the interface of the phospholipid vesicles or micelles. In our study, selective 1D NOE

experiments were applied to allow for satisfactory S/N given the limited solubility of 1-3.

Upon addition of 1, when irradiating the N-methyl protons of DOPC at 3.33 ppm, apart

from intramolecular NOEs, and NOE at 1.6 ppm, which belongs to the methyl group of p-

cymene was observed (proton H in Figure 2b). As the same negative NOE was observed

upon the addition of 2 (Figure S4), which does not possess an isopropyl group on the

thiol ligand, we can safely conclude that the observed NOE in the case of 1 indeed

belongs to the methyl group of p-cymene. Irradiation of the DOPC methylene resonance

at 1.37 ppm (Figure 2a) and of the diruthenium-complex aromatic proton resonances at

7.49 ppm (Figure 2c) did not give rise to intermolecular NOEs. Therefore, the only
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intermolecular NOE observed is a hint that the diruthenium complex is likely to be located

on the surface of the vesicle exterior or interior and not in between the layers. No NOE

oNOYTULT D WN =

11 data are available for 3, as this complex tends to precipitate over time during longer

14 measurements.

48 Figure 2. Superimposed 1D NOE NMR spectra of 1 (1 mM) and DOPC (10 mM) vesicles

51 in PBS/DMSO. Irradiated (a): 1.367 ppm; (b): 3.328 ppm; (c): 7.494 ppm. Mixing time 100
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ms, relaxation delay 1s, 2048 scans, 8192 TD data points, acquisition time 511 ms,

spectral width 8012.8 Hz.

Upon addition of DHPC, no NOEs were observed between the diruthenium complexes

and the phospholipid chain and headgroup — only intramolecular NOEs were visible

(Figures S5 and S6).

Diffusion spectroscopy: \When interacting with DOPC, the diffusion rate of the

diruthenium complexes should approach or even reach the diffusion rate of the vesicles

if we assume that all complexes interact with the vesicles. The DOSY spectra indeed

showed that when the diruthenium complexes 1 and 3 interact with DOPC vesicles, their

diffusion coefficient D#v complex dropped to about the diffusion coefficient DP9FC of the

vesicles (Figures 3 and S22). D#u complex glso decreased, but to a smaller extent, in the

case of 2, which (a) is less soluble as compared to 1 and (b) exhibits a solubility that is

not significantly improved in the presence of DOPC compared to 3. The fact that no

significant decrease of DP9°Cwas observed in the presence of 1-3 is not surprising since
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DOPC vesicles are much larger than 1-3, and their whole mass will only slightly change

upon interaction with the complexes 1-3.

In the codissolution experiment, DR complex of 1 approached but did not reach DP9F¢

(Figure 4a). This means that a fraction of the complex interacted with the vesicle while

another fraction remained in solution. DP9°C, on the other hand, seems to slightly

decrease in the presence of 1. No changes were observed in the codissolution

experiment for 2 (Figure S23) as compared to the previous method (Fig. 3b). In the case

of 3, codissolution with DOPC prior to vesicle formation led to a better solubility of

the complex. DP9°C in the presence of 3 slightly decreased, as observed in the case of

1. The diffusion coefficient of 3 decreased practically to the one of DOPC vesicles (Figure

4b). It is conceivable that the slight decrease of D297Cin the presence of 1 and 3, occurs

due to the presence of a higher amount of diruthenium complexes 1 and 3 associated

with the vesicles, which is enabled by codissolution. No changes (nor in the chemical shift

neither in the line broadening) were observed in the 1D '"H NMR spectra of 1-3 upon

codissolution with DOPC (Figure S24).
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Figure 3. Overlay of DOSY spectra of (a): 1 (1 mM; blue), DOPC (10 mM; red) or mixture

of both (green), respectively, dissolved in PBS (50 mM) / DMSO 4:1; (b): 2 (1 mM; blue),

DOPC (10 mM; red) or mixture of both (green), respectively, dissolved in PBS (50 mM) /

DMSO 4:1.
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Figure 4. Overlay of DOSY spectra of (a): 1 (1 mM; blue), DOPC (10 mM; red) and 1

codissolved with DOPC upon vesicle formation in PBS (50 mM) / DMSO 4:1 (green); (b):

3 (1 mM; blue), DOPC (10 mM; red) and 3 codissolved with DOPC upon vesicle formation

in PBS (50 mM) / DMSO 4:1 (green).

The diffusion coefficient D complex of 1 and 2 decreased significantly (Figure 5) upon

the addition of DHPC, while D?/7C remained almost unchanged. In contrast to 1 and 2,

D Rucomplex of 3 remained unchanged (Figure S25). As already mentioned at the beginning

of this section, it needs to be considered that DHPC is present in two forms (micellar and

free) in solution. Diffusion coefficients observed for DHPC are a weighted average of free

and micellar species, free species being the major contributor. Here we should mention

that due to limited solubility of 1-3 it was not possible to use DHPC at a concentration

where most of the phospholipid would be present as micelles. At this concentration, the

NMR resonances of the diruthenium complexes 1-3 would be barely visible. As the

sparingly soluble complexes 1 and 2 interact with or become a part of micelles, their

diffusion coefficients become smaller than the average diffusion coefficient of DHPC.

ACS Paragon Plus Environment

27



oNOYTULT D WN =

The Journal of Physical Chemistry

Accordingly, these D= complexyalues obtained for the diruthenium-complexes represent 1

and 2 associated with micelles. The DP7PC values, on the other hand, still represent

a weighted average, which hardly changes in the presence of the diruthenium-complexes,

since DHPC (28 mM) in the mixtures is present in large excess as compared to 1-3 (1

mM).

Analogous experiments were performed using DHPC well below CMC (10 mM). A

decrease in D complex was also observed clearly for 1 and 2, but no significant changes

were observed for 3 (Figure S26). The extent of the changes in D#v complex for 1 and 2

was, however, smaller than that observed when using DHPC above CMC. This indicates

that the diruthenium complexes either also interact with DHPC monomers forming larger

hetero-associates or that they lower the CMC of DHPC and promote the formation of

micelles®” even at lower DHPC concentration. In any case, the DOSY data demonstrate

that 1 and 2 exhibit a pronounced affinity for interacting with the phospholipids, thereby

enhancing their solubility.
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22 Figure 5. Overlay of DOSY spectra of (a): 1 (1 mM; blue), DHPC (28 mM; red) or mixture
26 of both (green), respectively, dissolved in PBS (50 mM) / DMSO 4:1; (b): 2 (1 mM; blue),
29 DHPC (28 mM; red) or mixture of both (green), respectively, dissolved in PBS (50 mM) /

33 DMSO 4:1.

37 T; and T, relaxation: (i) Diruthenium complexes: When measuring the spin-lattice
41 relaxation time (T4), a significant decrease in T, was observed for several protons of
44 complexes 1-3 when mixed with DOPC vesicles as can be seen in Figure S27. In the
48 codissolution experiments, a similar tendency was observed but to a slightly smaller
51 extent. Only relatively small changes (mainly slight decrease) in T4 relaxation times were

observed in complexes 1-3 in the presence of DHPC micelles (Figure S27).
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(i) DOPC: In the case of DOPC, a small decrease in T4 was observed for the protons

of the phospholipid choline residue as well as of the aliphatic chain in the presence of 1-

3 (Figure S28). Very similar results were observed for DOPC from the codissolution

experiment with 1-3 (Figure S29).

(iif) DHPC: DHPC protons also showed a decrease in T4 in the presence of 1-2 and to

a smaller extent also when mixed with 3. Interestingly and in contrast to DOPC vesicles,

the protons of the aliphatic chain of DHPC were more affected (Figure S28) as compared

to the choline head.

While we observed a decrease of the T4 relaxation times, the relation between T4 and 1.

is not straightforward, since the variation of T4 as a function of T is parabolic, and the

experimental determination of the minimum is demanding.58

The measurement of the T, relaxation times is, therefore, an important complement since

T, decreases with increasing 1. monotonously.

As compared to T4, the observed decrease in T, relaxation times of all selected protons

of complexes 1-3 in the presence of DHPC micelles was more consistent. When 1-3 were
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present in suspension with DOPC vesicles, T, decreased significantly by about a factor

ten for most of the protons (Figure 6).

oNOYTULT D WN =

11 Similar to T+, the T, values of DHPC slightly dropped in the presence of the diruthenium

14 complexes 1-3 (Figure 7). The decrease was slightly more pronounced with complex 2.

18 For DOPC vesicles present in suspension with 1-3, the T, values of the choline dropped

21 clearly while those of the lipid chain were only slightly affected (Figure 7). We have noticed

25 similar results for the codissolution samples (Figure S30).
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Figure 6. T, relaxation time of (a): 1 (1 mM) protons; (b): 2 (1 mM) protons; (c): 3 (1 mM)

protons the in presence of DOPC (10 mM) vesicles or DHPC (28 mM) micelles,

respectively, in PBS (50 mM)/DMSO. Only results for resonances with no overlap with

phospholipid signals shown. Due to insufficient S/N it was not possible to determine T, of

p-cymene methyl protons in case of 3 in mixture with DHPC.
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32 Figure 7. T, relaxation time of (a): DOPC (10 mM) vesicles or (b): DHPC (28 mM)

micelles, respectively, in the presence of 1, 2 and 3, in PBS (50 mM)/DMSO. Only results

39 for resonances with no overlap with signals of the complexes shown.

Putting the relaxation data together strongly suggest an interaction of the diruthenium

47 complexes 1-3 with the DOPC vesicles. Furthermore, it is likely that the diruthenium

complexes 1-3 are located on the surface of the phospholipid bilayer since the T,
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relaxation time of the choline residue in DOPC vesicles is the most affected in the

presence of 1-3.

Likewise, the drop of the T, values of DHPC in the presence of the diruthenium

complexes 1-3 also points to an interaction between DHPC and 1-3. In this case, the

decrease in T, was observed for B-CH,, y/6-CH, and to a smaller extent also for the N-

methyl protons. The extent of the reduction in T, was thus selective and therefore not

solely caused by a decrease in the overall tumbling of the micelles. Local restriction in

mobility of the corresponding chain segments through interaction with the complex is most

likely responsible for the observed drop in T,. However, changes in the local orientation

or order of the segments and consequently their solvent exposure may also contribute

here.

The codissolution of the diruthenium complexes with DOPC prior to vesicle formation

did not significantly change the relaxation times of the protons considered when

compared to the procedure of adding the complexes to preformed vesicles in solution.

Lanthanide shift experiments: The paramagnetic lanthanide ion Pr** in solution is long known

and used for inducing chemical shift changes and line broadening of NMR resonances of nuclei in
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close proximity, thus enabling the identification of coordination atoms or binding pockets for
proteins and enzymes.’® Since Pr3* does not penetrate phospholipid bilayers,® it will induce
chemical shift change and line broadening only for the nuclei of the outer phospholipid layer,
allowing to distinguish interior and exterior of a vesicle as can be seen in 3'P NMR spectra of
DOPC vesicles (Figure 8). The resonance of the phosphocholine head groups exposed to the
exterior solution where PrCl; is present is shifted by about 12.3 ppm downfield as compared to
the unperturbed resonance. Therefore, the phosphocholine signals that show no shift can be
attributed to the interior layer of the vesicles where no Pr3* is present. When both 1 and PrCl; are
present in solution, the difference in the 3!P shift is only about 5.6 ppm indicating that some of the

surface is already occupied by (also positively charged) 1. With this experiment, we cannot

however, exclude that 1 is also present inside the DOPC vesicle.

a
exterior interior
b interior +

exterior

exterior . .
interior

d interior +
exterior

20 10 0 -10  [ppm]
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Figure 8. 3'P NMR of (a): DOPC (10 mM) vesicles and 1 (1 mM) in presence of 1 mM

PrCls in D,O/DMSO, (b): DOPC (10 mM) and 1 (1 mM) in D,O/DMSO, (c): DOPC (10 mM)

vesicles and PrCl; (1 mM) in D,O/DMSO, (d): DOPC (10 mM) vesicles in D,O/DMSO.

'"H NMR spectra showed similar results (Figure 9) - the resonances of the N-methyl protons were
split and shifted in the presence of Pr* (Figure 9b). Additionally, a shoulder was observed for the
N-methyl protons of the inner layer at 3.33 ppm in the presence of Pr3* (Figure 9b), which might
be caused by the polydispersity of the vesicles.

Interestingly, when both Pr3* and 1 were present, the shoulder of the N-methyl protons of the

inner layer disappeared, and a new splitting of the N-methyl protons belonging to the exterior layer

was observed (Figure 9d). This could be due to some of the exterior choline heads being

exposed to Pr3* while others being influenced by both 1 and Pr3* together.
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29 Figure 9. '"H NMR of (a): DOPC (10 mM) vesicles in D,O/DMSO, (b): DOPC (10 mM)

vesicles in presence of 1 mM PrCl; in D,O/DMSO, (c): DOPC (10 mM) vesicles and 1

36 (1 mM) in D,O/DMSO, (d): DOPC (10 mM) vesicles, 1 (1 mM) and PrCls (1 mM) in

D,O/DMSO.

44 Membrane passage: DOPC and a number of other phospholipids commonly used for

model studies are zwitterionic. Nevertheless, the surface of zwitterionic phospholipid

51 vesicles tends to be negatively charged, presumably due to the cationic N-methyl choline

>4 moiety being surrounded by anions in suspension.6'.62 Negative surface charge can
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attract cationic diruthenium complexes towards DOPC vesicles. This is in line with what

we have observed in our NMR study — the diruthenium complexes seem to be located

close to the surface.

1-3 are intermediate/large sized cations possessing a nearly spherical shape,

their charge is balanced by CI- or BF 4~ counterions, respectively. Hydrophobic cations are

known to be able to permeate lipid bilayers® which has been observed not only for

organic cations, but also for metal complexes.?* The negative electric potential inside

mitochondria is assumed to be a driving force for hydrophobic cations to enter the

organelle.'#6% This effect may be standing behind the diruthenium complex route to

mitochondria.

CONCLUSIONS Lipophilicity of compounds is long known to influence the interactions

with membranes and their passage, and thus it often controls the toxicity and efficacy of

drugs. As previously established, symmetrical diruthenium complexes [(n-p-

MeCsH4Pr),Ru,(R)3]* for which the calculated log P values of the individual thiol ligands

range between 3.5-4.0 were those exhibiting the lowest IC5y values against cancer

cells.!
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We have evaluated the interactions of three diruthenium complexes with phospholipid

membrane models using NMR spectroscopy. Based on 1D NMR spectra, 'H and 3'P

chemical shift changes, DOSY and relaxation data, we can conclude that the diruthenium

complexes 1-3 interact with DOPC vesicles, especially the most water-soluble and

lipophilic diruthenium complex 1. Overall, the very high /n vifro activity of 1 can be

correlated to its ability to interact with the membrane as well as to its solubility.

Importantly, the data also demonstrate that diruthenium complexes interact with

phospholipids while maintaining their structural integrity. Both factors are important

prerequisites for intracellular redistribution of the complexes among cell organelles such

as mitochondria.

NOE and relaxation data indicated that the complexes are interacting with the choline

headgroups and are located at the vesicle surface reaching into the membrane

surface/water interface. The results obtained with 1 when Pr3* was added suggest that

the complex is located on the exterior of the vesicles. Taken all results together, we can

conclude that the complexes most likely do not reside between the two phospholipid
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layers and that - at least initially - membrane association in the head group region is most

likely involving electrostatic interactions.

To some extent, the complexes also interacted with dynamic phospholipid species, as

observed in the case of DHPC micelle/free phospholipid solutions. Additionally,

the presence of the complexes in DHPC solutions below CMC induced the formation of

micelles or aggregates. These studies indicated that the diruthenium complexes also

exhibit a certain affinity for the phospholipid chain. However, dynamics of DOPC bilayer

(together with hydrophobic effect) may be preventing fast passive transmembrane

passage so that interactions with the membrane surface prevail.

There are certain limitations in our study that need to be considered. While DMSO is a

common co-solvent for drug in vitro studies, it can cause membrane perturbations and is

known to form clusters with water and in this way could have an influence in our study as

well. Further, while the phospholipid-complex mixtures remain stable in terms of NMR-

experiments, leakage from the vesicles cannot be excluded.

In summary, the data suggest that diruthenium complexes are probably not only

entering cells by passive diffusion, and that additional uptake mechanisms are likely

ACS Paragon Plus Environment

40

Page 40 of 72



Page 41 of 72

oNOYTULT D WN =

The Journal of Physical Chemistry

involved. Recently, affinity chromatography using extracts from 7. gondiFinfected human

fibroblasts led to the identification of TgEF1 as well as its human homologue as major

targets of the similar, highly /n vitro active complex [(n8-p-MeCgH4Pr),Ru,(R"),(R3)]* (R

= SCgH4-p-Bu’, R2 = SCgH4-p-OH) and various other host proteins were found to bind to

this as well.10

In the context of recent findings using ICP-MS showing a significant amount of

ruthenium present within mitochondria of treated cells and parasites,®>'? and that the

apoptotic event in cancer cells treated with [(n8-p-MeC¢H4Pr),Ru,(R);]* (R = SCgH4-p-

Bu?) was confirmed by the decrease in the mitochondrial membrane potential (Ay,),%¢ the

following mechanism appears plausible: the cationic lipophilic complex enters the cell or

the parasite and targets mitochondria attracted by their negative potential. Subsequently,

it passes through the outer mitochondrial membrane, and (a) remains adsorbed to

the outer surface of the inner membrane or (b) remains in the intermembrane space and

perturbs the electron transport chain. It appears less probable that the diruthenium

complexes enter the mitochondrial matrix, since the inner membrane does not contain
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porins, and all molecules require special membrane transporters to enter or exit the

matrix.

In order to get more insights into the exact targets and mechanisms of action(s) of

diruthenium complexes, further studies will be required, possibly involving membrane

potential or specific uptake inhibitors and stripping off the outer mitochondrial

membrane. The knowledge will aid further development and optimization of efficient

diruthenium complexes as potential anti-cancer and antiparasitic drugs.
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phosphocholine, DOSY diffusion ordered spectroscopy, HMBC heteronuclear multiple

bond correlation (spectroscopy), HSQC heteronuclear single quantum coherence

(spectroscopy), ICP-MS inductively coupled plasma mass spectrometry, MS mass
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Overhauser effect, PBS phosphate-buffered saline, PDI polydispersity index, ROS
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Figure 1. Structures of the three diruthenium complexes (1-3) investigated in this work.
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Figure 2. Superimposed 1D NOE NMR spectra of 1 (1 mM) and DOPC (10 mM) vesicles in PBS/DMSO.
Irradiated (a): 1.367 ppm; (b): 3.328 ppm; (c¢): 7.494 ppm. Mixing time 100 ms, relaxation delay 1s, 2048
scans, 8192 TD data points, acquisition time 511 ms, spectral width 8012.8 Hz.
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Figure 3. Overlay of DOSY spectra of (a): 1 (1 mM; blue), DOPC (10 mM; red) or mixture of both (green),
respectively, dissolved in PBS (50 mM) / DMSO 4:1; (b): 2 (1 mM; blue), DOPC (10 mM; red) or mixture of
23 both (green), respectively, dissolved in PBS (50 mM) / DMSO 4:1.
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Figure 4. Overlay of DOSY spectra of (a): 1 (1 mM; blue), DOPC (10 mM; red) and 1 codissolved with DOPC
upon vesicle formation in PBS (50 mM) / DMSO 4:1 (green); (b): 3 (1 mM; blue), DOPC (10 mM; red) and 3
codissolved with DOPC upon vesicle formation in PBS (50 mM) / DMSO 4:1 (green).
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Figure 6. T2 relaxation time of (a): 1 (1 mM) protons; (b): 2 (1 mM) protons; (c): 3 (1 mM) protons the in

presence of DOPC (10 mM) vesicles or DHPC (28 mM) micelles, respectively, in PBS (50 mM)/DMSO. Only

results for resonances with no overlap with phospholipid signals shown. Due to insufficient S/N it was not
possible to determine T2 of p-cymene methyl protons in case of 3 in mixture with DHPC.
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34 Figure 7. T2 relaxation time of (a): DOPC (10 mM) vesicles or (b): DHPC (28 mM) micelles, respectively, in
35 the presence of 1, 2 and 3, in PBS (50 mM)/DMSO. Only results for resonances with no overlap with signals
36 of the complexes shown.
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Figure 8. 31P NMR of (a): DOPC (10 mM) vesicles and 1 (1 mM) in presence of 1 mM PrCI3 in D20/DMSO,
(b): DOPC (10 mM) and 1 (1 mM) in D20/DMSO, (c): DOPC (10 mM) vesicles and PrCI3 (1 mM) in
D20/DMSO, (d): DOPC (10 mM) vesicles in D20/DMSO.
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45 Figure 9. 1H NMR of (a): DOPC (10 mM) vesicles in D20/DMSO, (b): DOPC (10 mM) vesicles in presence of
46 1 mM PrCI3 in D20/DMSO, (c¢): DOPC (10 mM) vesicles and 1 (1 mM) in D20/DMSO, (d): DOPC (10 mM)
47 vesicles, 1 (1 mM) and PrCI3 (1 mM) in D20/DMSO.
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