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A Deadly Organometallic Luminescent Probe: Anticancer Activity

of a Re' Bisquinoline Complex
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(Abstract: The photophysical properties of [Re(CO);(L-N;)IBr
(L-N; = 2-azido-N,N-bis[(quinolin-2-yl)methyllethanamine),

which could not be localized in cancer cells by fluorescence
microscopy, have been revisited in order to evaluate its use
as a luminescent probe in a biological environment. The Re'
complex displays concentration-dependent residual fluores-
cence besides the expected phosphorescence, and the
nature of the emitting excited states have been evaluated
by DFT and time-dependent (TD) DFT methods. The results
show that fluorescence occurs from a 'LC/MLCT state, where-
as phosphorescence mainly stems from a 3LC state, in con-
trast to previous assignments. We found that our lumines-
cent probe, [Re(CO);(L-N;)IBr, exhibits an interesting cytotox-
ic activity in the low micromolar range in various cancer cell
lines. Several biochemical assays were performed to unveil
the cytotoxic mechanism of the organometallic Re' bisquino-
line complex. [Re(CO);(L-N;)]Br was found to be stable in

NG

human plasma indicating that [Re(CO);(L-N;)IBr itself and\
not a decomposition product is responsible for the observed
cytotoxicity. Addition of [Re(CO);(L-N;)IBr to MCF-7 breast
cancer cells grown on a biosensor chip micro-bioreactor im-
mediately led to reduced cellular respiration and increased
glycolysis, indicating a large shift in cellular metabolism and
inhibition of mitochondrial activity. Further analysis of respi-
ration of isolated mitochondria clearly showed that mito-
chondrial respiratory activity was a direct target of
[Re(CO);(L-N3)IBr and involved two modes of action, namely
increased respiration at lower concentrations, potentially
through increased proton transport through the inner mito-
chondrial membrane, and efficient blocking of respiration at
higher concentrations. Thus, we believe that the direct tar-
geting of mitochondria in cells by [Re(CO);(L-N;)IBr is re-
sponsible for the anticancer activity.

/

Introduction

A current challenge in drug discovery is the enlargement of
the available chemical space. Such an extension would in-
crease the repertoire of chemical compounds whose biological
activity could be screened. It can be anticipated that novel

lead structures potentially useful for the pharmaceutical indus-
try will be unveiled. A possible solution to enlarge this data-
base is the investigation of poorly studied or even entirely
new chemical structures. A class of compounds that has un-
doubtedly received little attention from the pharmaceutical in-
dustry is organometallic complexes. The skepticism towards
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the use of such compounds for medicinal purposes may be
rooted in the belief that such compounds are, for example,
toxic due to the presence of a metal ion. This conception is er-
roneous as the toxicity of a metal ion depends on its oxidation
state, its coordinated ligands, and obviously on the dose.l" As
proof, it has just to be mentioned that platinum, arsenic, bis-
muth, gold, antimony, tin, or lutetium complexes are currently
in the clinic for the treatment of various medical conditions.”*®
In addition to all these examples, which are purely coordina-
tive metal complexes—that is, they do not contain any metal-
carbon bonds—the antiproliferative, antiparasitic or antibacte-
rial activity of organometallic compounds is currently being in-
tensively investigated by numerous research groups all over
the world."

In the field of organometallic anticancer drug candidates,
ruthenium derivatives have been and are still being intensively
investigated.” %3151 |nterest in antiproliferative rhenium or-
ganometallic complexes, a near neighbor of Ru in the periodic
table, is relatively new.?>” DNA,?2%252731 the side-chains of
amino acid residues in peptide and proteins,?>** and the
active site of enzymes®* have been proposed as (potential) tar-
gets for these Re compounds. It was also demonstrated that
rhenium compounds such as [Re,(u-OH);(CO)ql ™, [Re,(u-OH)(u-
OPh),(CO)¢], [Rez(M'OMe)z(M'dppf)z(CO)e]’ and [Rez(u'oph)z(u'
dppf),(CO)¢]I~ (dppf=1,1"-bis(diphenylphosphino)ferrocene) in-
terfere with nucleic acid metabolism at multiple enzyme sites
in L1210 lymphoid leukemia cells leading to DNA strand scis-
sion.”*?¥ Of note, the research groups of Meggers and Gasser
have demonstrated that such compounds can be used as pho-
tosensitizers for photodynamic therapy purposes.***? Among
the different cytotoxic rhenium organometallic complexes
studied to date, Re(CO); complexes with ligands derived from
N,N'-bis[(quinolin-2-yl)methyl]lamine (see L-N; in Figure 1 for an
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Figure 1. Structures of ligand L-N; and of the rhenium tricarbonyl complex
of L-N; ([Re(CO);(L-N;)]Br).

example of such ligands) are of particular interest as they
have, in addition to toxicity, luminescent properties enabling
cell imaging to be undertaken.”®?33 These luminescent prop-
erties could potentially help unveil the mode of action of
these compounds. Also, the ®™Tc analogues of these Re(CO),
complexes can usually be easily prepared, as nicely illustrated
in the so-called Single Amino Acid Chelate (SAAC) strategy.***?
This strategy allows radioimaging to be performed, in addition
to fluorescent imaging, and hence to collect important biodis-
tribution data. An example of the synergetic use of related
®™Tc/Re compounds has recently been published by Alberto
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and co-workers.®? This team demonstrated that they could
synthesize an effective Re(CO);-containing carbonic anhydrase
inhibitor and its *™Tc analogue.® The “cold” Re complex can
be used for therapeutic purposes and the “hot” *™Tc complex
for diagnostic purposes, giving an excellent example of thera-
nostic organometallic agents. Such a strategy undoubtedly
holds great promise for the future.

Our groups have recently reported the preparation of an
azido derivative of this type of ligand (L-N,, Figure 1) by adapt-
ing a synthetic procedure used for a simpler 2,2"-dipicolyl-
amine derivative.*® Interestingly, the Re tricarbonyl complex of
L-N;, namely [Re(CO);(L-N;)IBr (Figure 1), could be used to lo-
calize Peptide Nucleic Acid (PNA) oligomers in living cells.***
Inspired by the recent reports by Doyle, Babich, and Zubieta
on the cytotoxicity of Re(CO); complexes,?*¥ 3! we investigat-
ed the biological profile of [Re(CO);(L-N;)IBr on different cell
lines and discovered that [Re(CO);(L-N;)]Br was a very cytotoxic
compound. Due to this interesting observation, we embarked
on a project to obtain more insight into the cytotoxic mode of
action of [Re(CO),(L-N;)IBr. Since we were also puzzled by the
difficulties in imaging bioconjugates of this complex by fluo-
rescence microscopy in living cells,*” we felt that it was neces-
sary to explore the complexes’ photophysical properties in-
depth to understand the unusual behavior of [Re(CO);(L-N;)1Br,
and possibly overcome those obstacles in future studies. Con-
sequently, we now report a detailed study on the photophysi-
cal and biological behavior of our rhenium tricarbonyl com-
plex.

Results and Discussion
Synthesis and X-ray crystallography

L-N; and [Re(CO);(L-N5)IBr were prepared following procedures
published by our group.*¥ The ligand, L-N,, could be crystal-
lized by slow evaporation of a hexane solution of L-N; at room
temperature. L-N; crystallizes in the triclinic space group P1
with one molecule in the asymmetric unit. The X-ray structure
of its rhenium tricarbonyl complex has been recently pub-
lished, now allowing a comparison of both.”*¥ In the ligand,
the two quinoline rings have a dihedral angle of 48.50(4)° rela-
tive to each other, compared with 89.7(3)° for the ligand-
metal complex (Figure S1a in the Supporting Information).
Clearly, this geometrical change is caused by the facial coordi-
nation of the ligand to the rhenium. The azide group is nearly
linear in the complex (N4—N5 1.220(14), N5—N6 1.110(16), N4-
N5-N6 173.1(14) (numbering scheme shown in Figure S1b)), as
this is the case for the free ligand (N(26)—N(27) 1.2274(15),
N(27)—N(28) 1.1334(16), N(26)-N(27)-N(28) 171.96(14); Fig-
ure S1). Further crystallographic details are included in the
Supporting Information (Table S1).

Cytotoxic studies

In vitro cytotoxicity assays were performed to obtain an insight
into the antitumor activity of [Re(CO);(L-N;)IBr; human osteo-
sarcoma (U20S), human hepatocellular liver (HepG2), and
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Table 1. Cytotoxicity expressed as ICs, values (um) with standard deviation. Data were determined as triplicates in three independent experiments.
U20s HepG2 MCF-7
cve Resazurin cve Resazurin cve Resazurin
2-quinolinecarboxaldehyde 58.5+4.2 441+34 81.4+1.0 > 100 214403 25.6+3.7
L-N; > 100 > 100 19.0+2.1 353421 9.1+14 11.8+£0.1
[ReBr(CO)s] >100 >100 > 100 > 100 56.8+0.3 76.9+3.8
[Re(CO);(L-N5)IBr 16.4+1.4 169+15 255403 29.8+1.0 6.1+0.1 8.6+0.2
cisplatin 9.0+ 1.1 82+15 28+0.6 39+1.0 1.3+0.1 2.7+0.1
[a] CV=Crystal Violet.

human breast (MCF-7) carcinoma cell lines were used. For
comparison purposes, L-N;, the organometallic rhenium com-
plex [ReBr(CO)s] the known anticancer drug cisplatin, and
a quinoline derivative with known antiproliferative properties
(2-quinolinecarboxaldehyde)“® were also screened. Cell viabili-
ty, which is correlated with the metabolic activity of a cell, was
determined by the resazurin assay.*”’ Additionally, absolute cell
numbers were determined by the Crystal Violet (CV) assay,“®
which can be applied after elution of resazurin. A known
number of cells were exposed to increasing concentrations of
the different compounds in a 96-well tissue culture plate and
incubated for 48 h. IC;, values are reported in Table 1. It can be
seen that both assays gave similar results although the CV
assay generated, in most of the cases, slightly lower IC;, values
than the resazurin assay.

Generally, with the exception of [ReBr(CO)s], all compounds
show antiproliferative activity with 1Cs, values at low or mid-
micromolar concentrations for the cell lines investigated in this
study. MCF-7 was the most sensitive cell line studied in this
work for all compounds. Interestingly, the activity of 2-quino-
linecarboxaldehyde and L-N; showed a pronounced depen-
dence on the cell line. A similar trend was previously observed
in our laboratories with N-heterocyclic carbene (NHC) gold
compounds.”? An interesting result of this screening is that
the addition of {Re(CO);} to L-N; generates an increase in anti-
tumor activity in U20S and MCF-7 cells. This observation high-
lights the synergy needed to engender cell death. A possible
explanation for this observation could be an increase in lipo-
philicity, which allows better uptake of [Re(CO);(L-N;)IBr com-
pared with L-N;. All in all, the interesting cytotoxic profile of
[Re(CO);(L-N5)IBr incited to us to study its mechanism of action
in more detail.

Stability in human plasma

The first study undertaken in our laboratories to unveil the
mechanism of action of the rhenium complex was to assess if
the observed cytotoxicity was due to [Re(CO);(L-N,)1Br itself or
due to a decomposition product. For this purpose, we evaluat-
ed the stability of the Re complex in human plasma by adapt-
ing an experimental procedure recently reported by our group
for ferrocenyl derivatives and ruthenium polypyridyl com-
plexes.®* |n short, [Re(CO);(L-Ns)IBr was incubated in human
plasma at 37°C for 0, 24, 48, or 72 h. After extraction, the sam-
ples were analyzed by LC-MS. The area of the peak of
[Re(CO),(L-N3)1Br was compared to the area of the peak corre-

Chem. Eur. J. 2014, 20, 2496 - 2507 www.chemeurj.org

2498

sponding to diazepam, which was used as an internal standard
as it is known to not decompose in human plasma. As can be
seen in Figure S2 in the Supporting Information, [Re(CO),(L-
N,)IBr was found to be extremely stable, even after 72 h in
human plasma. This finding is a very strong indication that the
toxicity observed in cancer cells is due to [Re(CO);(L-N;)IBr as
a whole.

Photophysical and theoretical studies

To obtain a first insight into the mode of action of the Re or-
ganometallic complex, we intended to investigate its cellular
localization by fluorescence microscopy, thereby taking advant-
age of the favorable photophysical properties of the com-
plex.* Unfortunately, despite the use of several different ex-
perimental conditions, we did not succeed in observing the
fluorescence of [Re(CO);(L-N)1Br in living cells. A similar finding
had already been observed by our group for a Mn-Re-contain-
ing PNA, but was regarded at the time as a singular event.""
Intrigued by this observation, we decided to investigate more
in-depth the photophysical behavior of the complex, experi-
mentally and theoretically, by using DFT and TD-DFT methods.

The absorption, excitation, and emission spectra of
[Re(CO)5(L-N3)IBr were measured in degassed and aerated
water and dichloromethane (Figure 2 and Figures S3 and S4 in
the Supporting Information). Selected photophysical data are
summarized in Table 2. Whereas the previously recorded exci-
tation spectra for the fluorescence (4,,,=430 nm) and phos-
phorescence (A,.=560 nm) in ethylene glycol were signifi-
cantly different from the absorption spectrum, the excitation
spectra observed in water or dichloromethane match nicely
with the absorption, which shows a maximum at A,,(abs)=
320 nm." It is not clear as yet how ethylene glycol influences
the photophysical properties of the rhenium complex, that is,
whether the complex undergoes structural changes or partial
dissociation of the ligands is enhanced in that solvent.”® A sol-
vent effect also influences the fluorescence, giving a nicely re-
solved vibrational pattern in degassed dichloromethane at low
concentrations in contrast to the broad emission band in
water (see Figures S3 and S4). The excitation of the fluores-
cence in water shows a maximum at 4=300 nm, which is
slightly shifted to higher energy compared with the excitation
maximum of the phosphorescence at A =320 nm (Figure S3),
indicating that the fluorescence is more efficient when excita-
tion does not occur to S,, but to a higher-lying Franck-Condon
(FC) state (see TD-DFT calculations, vide infra). On the other
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Figure 2. Top: Absorption, emission, and excitation spectra of [Re(CO);(L-
N,)IBr in aerated water. Bottom: Concentration-dependent fluorescence of
[Re(CO)5(L-N,)IBr in aerated water.

CHEMISTRY

A European Journal

Full Paper

thane, indicating a significant solvent effect. However, whereas
@, in aerated water remains constant in a concentration range
between 107*-107° molL™', we observed that the fluorescence
of [Re(CO);(L-N;)IBr at An.=415nm varies, and is fully
quenched at high concentrations (Figure 2, right). The fluores-
cence quenching presumably occurs by resonance energy
transfer (RET), owing to the spectral overlap of the emission
and the excitation.?**” The phosphorescence lifetimes, 7,=
5.22-15.53 s, are similar to those previously reported for relat-
ed Re diimine and bisquinoline complexes.®** The intrinsic
triplet excited state lifetime can be estimated from our lifetime
measurements as T,="Tq,/P,=ca. 500 us, based on the as-
sumptions of photochemical stability and that the observed
fluorescence is only residual emission from the S, state—a rea-
sonable assumption as intersystem crossing (ISC), S;—T,, is
usually very fast in [Re(CO);L,] complexes and we found high
quantum yields for singlet oxygen sensitization of up to @,=
0.79 for derivatives of [Re(CO);(L-N,)IBr, indicating similar 1SC
efficiency.®>*%% Although the emissive states for fluorescence
and phosphorescence have previously been tentatively as-
signed to be that of intra-ligand (IL) and metal-to-ligand
charge transfer (MLCT),*** respectively, we find the intrinsic
phosphorescence lifetime relatively long for typical *MLCT
emission, which is usually only a few microseconds for heavy
late-transition-metal complexes owing to the strong spin-orbit
coupling mediated by the metal atom.!***”
For a more detailed descrip-
tion of the photophysical prop-

erties of [Re(CO);(L-N;)IBr, we

Table 2. Selected photophysical data for [Re(CO),(L-N,)1Br. carried out DFT and TD-DET cal-
Aoy, [N/ Ao, [nm] 7 s] @, [%] culations at the MPW1PW91/
elLmol~'em™] LANL2DZ level. All calculations

were performed for the gas

water (aerated) 232/56900, 320/13500 420, 595 354 05 h Il as with d

water (degassed) 1.25 (6%), 5.22 (94 %) 0.8 phase as well as with a conductor

CH,Cl, (degassed)™ 405, 575 15.53 27 polarizable continuum model

[a] Degassed by bubbling argon through the solution for 20 min. [b] Degassed by freeze-pump-thaw method. (CPCM) to describe water as

hand, a lower-lying FC singlet state appears to lead most effi-
ciently to the emissive triplet state T,. However, in dichlorome-
thane this behavior is reversed, that is, the excitation maxi-
mum for fluorescence is found at lower energy (A=336 nm)
than the excitation maximum for phosphorescence (Figures S3
and S4).

We recognized that the emission band of the fluorescence
broadens upon leaving the low concentration solutions over
night or after longer exposure to UV light, that is, few hours,
and also the excitation spectrum changes. It is possible that
additional photophysically active species are formed owing to
photodecomposition of the azido group, thereby forming in-
termediary nitrenes. However, the human plasma experiments
tend to indicate that the rhenium complex is stable.

The quantum yields for phosphorescence of @,<0.01 in de-
gassed and aerated water are very similar and in a typical
range for rhenium tricarbonyl bisquinoline complexes (see
Table 2).5**¥ The phosphorescence efficiency is greatly en-
hanced to approximately @,=0.03 in degassed dichlorome-
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a solvent. The discussion will be
focused on the results obtained
from the use of the CPCM to ensure a better comparison with
the experimental data. The ground-state structure of
[Re(CO),(L-N3)IBr was first optimized, and the structural param-
eters agree very well with the available data obtained from
previous single-crystal X-ray diffraction studies (Table 3).

The molecular orbital diagram in Figure 3 shows the frontier
orbital region, and selected orbitals are depicted. The HOMO
to HOMO-3 are combinations of the Re(CO), fragment, which
includes the t,; set of rhenium d orbitals and the st* orbitals of
the carbonyl ligands, and the quinoline ligands. The rhenium d
orbital participation is most pronounced in the HOMO—3 and
HOMO-2, with contributions of approximately 53% (d,,) and
48% (d,,), respectively, whereas the HOMO—1 (21%, d,,) and
HOMO (35%, d,,) contain smaller contributions from the metal.
The HOMO—-5 to HOMO—7 are mainly m-type orbitals located
at the quinoline ligands. The LUMO can be found 4.48 eV
above the HOMO as an antibonding st* orbital mainly located
at the axial quinoline ligand. The same location, although
much higher in energy, is true for LUMO-+2. In contrast,

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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) erate larger MLCT contributions in the excited states

Table 3. Selected structural parameters for [Re(CO);(L-N,)]Br obtained from DFT calcu- . .
lations (MPW1PW91/LANL2DZ). (see the Supporting Information). Furthermore, the
energy gap between HOMO and HOMO—1/HOMO-2
CPCM-water Gas phase is smaller. The changes for the virtual orbitals are
Structural Parameters S, state T, state S, state T, state exp. much less pronounced, leading to a slightly smaller

. bond length [A] HOMO-LUMO gap of 4.23 eV.

Ez:mg:m'r:f)) i:;gg ;fi? §§§: ;?:(7) ;;?ggg TD-DFT calculations have also ' been Performed
Re—N3(quin,) 2230 2233 2248 2238 2.226(8) from the ground state, S,, for the first 50 singlet and
Re—Cl1(trans amine) 1.900 1.902 1.903 1.906 1.936(11) triplet state excitations (see Table 4 for selected exci-
Re—C2(trans quin,,) 1.902 1.923 1.905 1.933 1.904(10) | tations). The major excitations with reasonable oscil-
Re—C3(trans quin,,) 1.900 1.907 ) 1.d902 . 1.916 1.940010) | |ator strengths, £, that is, S,/5,/S,—S, lead to ligand-
C1-Re-C2 875 8823 027.2 noe 88,5 89.9(5) centered (LC) states at 3.66 eV, 3.88 eV, and 4.04 eV,
C1-Re-C3 83.4 84.1 84.0 84.8 86.0(5) respectively, arising from transitions between HOMO,
C2-Re-C3 88.3 87.6 88.6 87.7 86.9(4) HOMO—1 and HOMO—2 and the two lowest unoccu-
E}E:m; ;3: ;‘;; ;3? ;;? ;Z;g; pi'ed 9rbi'tz.als, LUMO and'LUl.\/lO—O— 1. Those stat?s con-
N2-Re-N3 873 206 89.6 918 86.3(3) tain significant Re(d)-quinoline(t*) MLCT admixtures,
N1-Re-C1 171.8 171.2 172.0 1714 172.0(4) albeit to varying extents (between 34% and 44%).
N2-Re-C2 1737 1744 1733 174.1 171.1(4) Further into the UV region, the excitations S,«S, and
N3-Re-C3 1724 171.6 dih L7r1|'3n | [O]”” 170.5(4) Sg+So Which appear to be (m-m*) LC/LLCT states,
quin,-Re-CO(1) ca. 32 36 e31a ande 35 can be found. The calculated UV/Vis absorption spec-
quin.-Re-CO(1) ca. 20 24 20 24 19 trum matches nicely with the experimental absorp-

tion spectrum, as well as with the experimental exci-
tation spectra of the observed
fluorescence (A =420 nm) and
of the phosphorescence (A=
-3 600 nm) in CH,Cl, or water
(Figure 4). The three energetical-
ly lowest lying triplet states have
been computed at 2.55eV (FC-
T,), 2.63 eV (FC-T,), and 3.48 eV
(FC-T,), all of which are primarily
of LC/LLCT character, although

-~ TUMO+1 L-5

LUMO+1™

Energy [eV]

Figure 3. Molecular orbital diagram of the frontier orbital region and Kohn-Sham orbital contour plots (isovalue
0.04) for [Re(CO)5(L-N;)IBr, calculated at the MPW1PW91/LANL2DZ level of theory; left: including CPCM-water,

right: gas phase.

LUMO+1 and LUMO + 3, also mw*-orbital-type combinations of
the aromatic systems, can be found at the equatorial quino-
line. It is interesting to see the change in the nature of the mo-
lecular orbitals compared to the gas phase calculations, which
give the HOMO to HOMO-3 as nearly pure Re(CO); fragment
orbitals, with Re d,, 44%, Re d,, 59%, Re d,, 55%, and Re d,,
14%, and with hardly any contributions from the quinoline.
Consequently, the resulting transitions from these orbitals gen-
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3 with some MLCT admixture be-
> § tween 13% and 30%. The
| o i higher lying triplet moieties,

FC-T, to FC-T,, are mainly 3LC
states.

To obtain more insight into
the nature of the emitting triplet
state and to understand the
long lifetimes in combination
with low quantum yields, @, we
performed a geometry and
energy optimization of the T,
state by using unrestricted
MPW1PW91, with and without
a CPCM water model (Table 3).
The most pronounced structural
change is the shortening of the
Re—N(quin,,) bond by 0.08-0.10 A and the elongation of the
respective trans Re—(CO) bond by approximately 0.02 A. The
quinoline ligands are slightly more out-of-plane compared
with the ground-state structure. The spin-density distribution
in the lowest triplet state, T,, is depicted in Figure 5, which
shows major contributions from the axial quinoline ligand and
only minor participation of the Re d, orbital. Figure 5 also
shows the calculated electron density difference between the
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Table 4. Selected singlet and triplet excitations from the singlet ground state, S,, obtained from TD-DFT calculations (MPW1PW91/CPCM-water).
State Energy Oscillator Transitions [%]® Primary Character

[eV] [nm] strength f

S, 3.66 339 0.1026 HOMO —LUMO (100) LC/MLCT(34 %)
S, 3.88 319 0.0989 HOMO —L+1 (100) LC/MLCT(34 %)
Ss 4.04 307 0.0442 H—3—LUMO (33), H—2—LUMO (50), H—1—LUMO (17) LC/MLCT (44 %)
S, 4.23 293 0.0312 H—-2—L+1(59), H-3—L+1 (18), H—=1—L+1 (13) LC/MLCT(41 %)
Si3 547 227 0.2082 H—2—L+1 (41), H=3—=L+1 (27) LC/MLCT(23 %)
Sas 5.48 226 0.4737 H-5—L+2(21), H-1—=L+4 (10) LC/MLCT(14 %)
T, 2.55 486 - HOMO —LUMO (42), H—1—LUMO (20), H—2-LUMO (10) LC/MLCT(29 %)
T, 2.63 471 - HOMO—L+1 (34), H-1—L+1 (24), H—1—LUMO (12) LC/MLCT(30 %)
T, 348 356 - H—7—LUMO (31), H=7—L+1 (16), H—5—LUMO (22), H-6 —LUMO (11) LC/MLCT(13 %)
T, 3.52 352 - H—-5—L+1 (36), H—7—LUMO (23), H—6—L+1 (17) LC/MLCT(13 %)
Ts 3.67 338 - HOMO —LUMO (29), H—6—LUMO (25), HOMO —L+4 (10) LC/MLCT (24 %)
Te 3.71 334 - H—4—L+5 (58), H-4—L+3 (23), H—4—L+4 (10) CT(azido)
T, 3.75 331 - HOMO —L+1 (43), H—1—LUMO (18) LC/MLCT(28 %)
[a] Major contributions (>10%) only. H=HOMO, L =LUMO.

= Oscillator strength
— = Calculated
Experimental
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Figure 4. Experimental and calculated (TD-DFT; MPW1PW91/CPCM-water)
absorption spectra of [Re(CO);(L-N5)1Br in water.

lowest triplet state, T,, and the ground state, S, with an
energy difference T,—S, of approximately 2.10 eV (591 nm),
which is in excellent agreement with the experimental value
for the phosphorescence (Table 2). Thus, we conclude the
emissive T, state to be of predominantly >LC character, an ob-
servation that is in contrast to previous assignments of the
emitting phosphorescent state as a *MLCT state.*** Further-
more, the observed fluorescence appears to stem from a 'LC/
LLCT state with some MLCT admixture.

Figure 5. Left: Spin-density distribution in the T, state; right: electron-densi-
ty difference between the lowest triplet state, T,, and the ground state, S,.
Both structures were obtained from TD-DFT (MPW1PW91/CPCM-water) cal-
culations. Contour plots drawn with an isovalue of 0.002.
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Although the emissive lowest energy triplet state contains
some MLCT admixture, the coupling with the singlet excited S,
states, allowing phosphorescence to occur through spin-orbit
coupling, appears to be weak, as indicated by the very long in-
trinsic lifetime of the T, state (vide supra).****%” This might be
a result of a separation in energy of approximately 0.7 eV be-
tween T, and S; and even higher energy gaps between T, and
higher lying S, states, from which the intensity for emission
could be borrowed (Table 3). More sophisticated photophysical
and theoretical investigations are needed to shed more light
on this issue of our specific compounds, but previous reports
already indicate that the general photophysical behavior of
Re(CO);-based complexes can be quite complicated.>*>¢®
However, the long intrinsic lifetime of the T, state and its dom-
inant 3LC character might be beneficial for further studies on
singlet oxygen sensitization, studies that we have carried out
on structurally related derivatives of [Re(CO);(L-N5)IBr.® In ad-
dition, the concentration-dependent fluorescence might be
a hint as to why we do not observe emission under certain cir-
cumstances in living cells, that is, because of high local con-
centrations of the rhenium complex (vide infra), although
a number of different effects might also be responsible for this
phenomenon. For instance, the specific environment of our flu-
orophore in the cells remains unknown and the experiments
with ethylene glycol already indicated that the photophysical
properties are highly dependent on the solvent."”

Cell death mechanism

To obtain more detailed information on the mechanism of cell
death induced by the rhenium complex, we first tested the
toxicity and signature markers for apoptotic cell death in the T
lymphocyte Jurkat cell line treated with [Re(CO);(L-N;)IBr
(Figure 6). Although Jurkat cells were less sensitive in compari-
son with U20S, HepG2, and MCF-7 cells, the sample treated
with the highest concentration of [Re(CO);(L-N;)IBr (40 um)
showed a clear and strong staining with Annexin V after 48 h,
indicating induction of apoptosis. Considering the number of
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Figure 6. Jurkat cells were treated with the indicated concentrations of
[Re(CO),(L-N5)1Br for 48 h. Cells were counted in a Beckmann Coulter Z2 cell
counter and uptake of propidium iodide (PI) and binding of Annexin V was
analyzed by flow cytometry (FACS). The results are presented as a relative
amount of the total cell number: double negative cells (AnnV—/Pl—; viable),
Annexin V positive (AnnV +; early apoptotic), Annexin V/PI double positive
(AnnV + /Pl +; late apoptotic), and PI positive (Pl+; dead). Mock is defined
as cells treated with solvent only. For presentation results from cell count
and relative distribution were combined. Graphs present data from one of
three experiments, all showing consistent results.

cells at the beginning of the treatment, an amount that was
approximately 30% of the final cell number in the control
sample, and the relatively short doubling time of Jurkat cells
(25-30 h), the relatively high number of cells counted in the
40 um sample after 48 h indicates that inhibition of prolifera-
tion and apoptosis induction occurred late in treatment.
Induction of the formation of intracellular reactive oxygen
species (ROS) is a major hallmark of cell stress and an early in-
dicator of apoptosis in cells.*” We, therefore, analyzed the
level of intracellular ROS in Jurkat cells after 24 and 48 h of
treatment by flow cytometry (Figure 7). Our results clearly
show a strong and concentration-dependent induction of in-
tracellular ROS. At low concentrations (e.g. 5 and 10 um of
[Re(CO);(L-N3)IBr), only a small and transient enhancement of
ROS generation is observed whereas higher concentrations led

80

60 B high ROS
40 Olos ROS

% of cells

mock 5 um 10pm  20um 40 um

o

=
(=3
(=]

M high ROS
40 Olos ROS

% of cells

mock 5 um 10pm  20um 40 um

Figure 7. Analysis of intracellular ROS levels in Jurkat cells treated with the
indicated concentrations of [Re(CO),(L-N,)1Br for 24 h (a) and 48 h (b) by
FACS. Results are given as percentage of cells with “high” and “low” ROS;
“high” and “low” (basal) ROS were defined in corresponding control samples.
Graphs present data from one of three experiments, all showing consistent

results. Mock is defined as cells treated with solvent only.
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to continuously high ROS generation, an observation that is
consistent with apoptosis induction.

Another hallmark of apoptosis is the release of cytochrome
c from mitochondria.”” To analyze if mitochondria are a direct
target of [Re(CO);(L-N;)IBr activity, we treated isolated mito-
chondria from mouse liver cells with [Re(CO);(L-N,)IBr. In this
assay (Figure 8), no cytochrome ¢ was released after 1 h of in-

[Re(CO),(L-N,)]Br 20 uM
[Re(CO),(L-N,)]Br 40 uM
[Re(CO),4(L-N,)]Br 20 um

control
control
mock

mock
" [Re(CO),(L-N,)]Br 40 uM

2
@
=]

Cytochrome ¢

Cox v

pellet supernatant

Figure 8. [Re(CO);(L-N3)1Br does not induce cytochrome c release in isolated
mouse-liver mitochondria after 1 h of treatment. COX IV is located in the
inner mitochondrial membrane and serves as a marker for mitochondrial lo-
calization. tBid, used as a positive control, enhances outer mitochondrial
membrane permeability leading to cytochrome c release. Mock is defined as
mitochondria treated with solvent only.

cubation with [Re(CO);(L-N,)IBr. Isolated mitochondria were
also treated with tBid (truncated Bid) as a positive control. Bid
is a pro-apoptotic member of the Bcl-2 family that, upon trun-
cation, translocates to the outer mitochondrial membrane and
causes a change in its permeability and the release of cyto-
chrome c.

Influence of [Re(CO);(L-N;)IBr on cell metabolism

MCF-7 cells were grown on a biosensor chip system in which
basic metabolic parameters like glycolysis, respiration, and cell
morphology are continuously monitored.”"’? Treatment of
MCF-7 cells with [Re(CO);(L-N;)IBr immediately reduced cellular
respiration by up to 70-75% after 24 h (compared with the
respiration rate of untreated cells: 100%) with 10 um and to
30-40% with 20 um of [Re(CO),(L-N,)IBr (Figure 9). Glycolysis
was significantly increased, reaching a maximum of a 2-fold in-
crease after 15 h with 20 um of [Re(CO);(L-N,)IBr. Treatment
with 20 um [Re(CO)5(L-N;)IBr led also to a strong decrease in
cell impedance (dark triangles, 20 um) after about 9 h of treat-
ment, an observation that is typically an indicator of the onset
of cell death. A possible explanation for this 9 h induction
period before the observed drop in cell impedance could be
that the cells have a damage/stress response that triggers
a change in cell morphology as well as cell-cell and cell-sur-
face contact. Notably, on the BIONAS biosensor system cells
are cultivated at high density, resembling in vivo conditions
more closely. Changes in impedance, therefore, occur only at
the end-point of cell death. For this reason, concentrations
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Figure 9. [Re(CO);(L-N;)1Br immediately inhibits cellular respiration and leads
to enhanced glycolysis. MCF-7 cells were treated with 10 and 20 um
[Re(CO)5(L-N3)1Br in the cell biosensor micro-reactor and changes in cell im-
pedance (a), oxygen consumption (respiration; b), and acidification rate (gly-
colysis; c) are shown relative to untreated control (mock; black line) set to
100 %.

higher than the IC;, measured in standard cytotoxicity assays
are needed. Interestingly, reduced respiratory activity is com-
pensated by increased glycolytic activity. However, later in the
treatment, around 15-16 h, exposure to 20 um of [Re(CO),(L-
N,)IBr reduced the glycolytic activity.”"! These real-time obser-
vations clearly indicate the time frame of the induction of cell
death in MCF7 cells upon treatment with [Re(CO);(L-N,)IBr. This
fits well with the observed late increase in ROS formation and
Annexin V staining and suggests that cell death occurs late in
the process.
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We next asked if this strong effect on cell respiration is
a direct effect acting on mitochondria or a secondary effect of
the cellular response. We, therefore, investigated the influence
of [Re(CO);(L-N;)IBr on mitochondrial respiration directly by
using isolated mitochondria as previously described for other
metal complexes.”>””* For example, Ott et al. recently showed
that organometallic gold complexes strongly reduce mitochon-
drial respiration.” Low concentrations of [Re(CO);(L-N;)IBr (5
and 10 pum) increase oxygen consumption (Figure 10). At
20 pmMm, a transient increase within the first hour of treatment is
observed, followed by an inhibition of respiration after 60 min.
Treatment with 40 um of [Re(CO);(L-N,)]Br immediately blocks
respiration. Of note, Sheldrick and co-workers demonstrated
that organorhodium(lll) complexes and their organoiridium(lll)
and trichloridorhodium(lll) counterparts have a similar curve of
mitochondrial inhibition but not a clear “uncoupling at low

concentrations”.”!

Conclusions

There is currently a need for the discovery of novel lead com-
pounds in anticancer research. Owing to their unique physico-
chemical properties, organometallic complexes offer new op-
portunities in this field. Metal-specific modes of action have
indeed already been unveiled, opening the possibility for over-
coming acquired resistance to a previously used drug, as in
the case of the antimalarial drug candidate Ferroquine. In this
work, we presented an in-depth photophysical and biological
study of a Re' organometallic complex, [Re(CO);(L-N;)1Br, which
shows cytotoxic activity in the low micromolar range in various
cancer cell lines including MCF-7 breast cancer, U20S osteosar-
coma, and HepG2 liver cancer cells. More specifically, we first
demonstrated that [Re(CO),(L-N;)IBr exhibits a concentration-
dependent fluorescence, which might be responsible for the
observed fluorescence quenching in live cells. In addition,
[Re(CO);(L-N3)IBr shows phosphorescence with quantum yields
of up to @,=0.027 in degassed dichloromethane. Our photo-
physical and theoretical studies indicate that fluorescence
occurs from a 'LC/LLCT state with significant MLCT admixture,
whereas the emitting triplet state is predominantly a 3LC state,
in contrast to previous assignments. We then discussed in
detail the potential cellular targets and the mode of cytotoxic
action of [Re(CO);(L-N,)IBr. Towards these aims, we analyzed
the immediate effect on cellular metabolism of the Re' com-
pound. Immediately upon addition of [Re(CO);(L-N;)IBr to
MCF-7 breast cancer cells grown on a biosensor-chip micro-
bioreactor, cellular respiration was reduced and glycolysis was
increased, indicating a severe shift in cellular metabolism and
inhibition of mitochondrial activity. Further analysis of respira-
tion of isolated mitochondria clearly showed that mitochondri-
al respiratory activity is a direct target of [Re(CO),(L-N,)IBr and
involves two modes of action, namely increased respiration at
lower concentrations, potentially through increasing proton
transport through the inner mitochondrial membrane, and effi-
cient blocking of respiration at higher concentrations. Interest-
ingly, even low concentrations of the compound are strongly
cytotoxic after extended incubation, an observation that could
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Figure 10. Influence of [Re(CO);(L-N,)]Br on mitochondrial respiration. Purified mitochon-
dria are maintained in a respiration buffer and oxygen saturation is continuously moni-
tored over time. Rotenone, carbonyl cyanide m-chlorophenyl hydrazone (CCCP), and
DMSO (mock) are used as controls. Rotenone inhibits complex | of the respiratory chain
and completely blocks oxygen consumption. CCCP leads to uncoupling of the oxidative
phosphorylation and increases oxygen consumption. [Re(CO);(L-N,)IBr at low concentra-
tions leads to an initial increase in oxygen consumption, whereas respiration is rapidly

blocked at high concentrations.

indicate that proliferation of cells is important for the strong
cytotoxic effects observed at low concentrations. All in all, this
study sets up the basis for further investigations of Re(CO),
complexes as novel anticancer drug candidates, especially
when taking into account that biodistribution data can be
easily achieved by the preparation of the hot *™Tc analogues
of the Re complexes.

Experimental Section
Materials

All reactions were carried out in ordinary glassware and solvents
were used without further purification except if indicated. Chemi-
cals were purchased from commercial suppliers and used as re-
ceived. Solvents were used as received or dried over 4 A molecular
sieves.

Photophysical measurements

UV/Vis absorption spectra and extinction coefficients were ob-
tained on a Hewlett-Packard 8453 diode array spectrophotometer
using standard quartz cells with 1 cm path length. Excitation and
emission spectra were recorded on an Edinburgh Instrument
FLSP920 spectrometer equipped with a 450 W Xenon lamp, double
monochromators for the excitation and emission pathways, and
a red-sensitive photomultiplier (PMT-R928) as detector. The excita-
tion and emission spectra were fully corrected by using the stan-
dard corrections supplied by the manufacturer for the spectral
power of the excitation source and the sensitivity of the detector.
The quantum yields were measured by use of an integrating
sphere with an Edinburgh Instrument FLSP920 spectrometer, fol-
lowing a method described in the literature.”® The absorbance of
the samples was kept below 0.1 to avoid inner filter effects, except
for the concentration-dependent measurements, and all measure-
ments were carried out at 293 K. The luminescence lifetimes were
measured by using a uF900 pulsed 60W xenon microsecond flash-
lamp with a repetition rate of 100 Hz and a multichannel scaling
module. The emission was collected at right angles to the excita-
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tion source with the emission wavelength selected by
using a double grated monochromator and detected by
a R928-P PMT. The instrument response function (IRF)
was measured by using the blank solvent as scattering
sample and setting the monochromator at the emission
wavelength of the excitation beam. The resulting intensi-
ty decay is a convolution of the luminescence decay
with the IRF and iterative reconvolution of the IRF with
a decay function and non-linear least-squares analysis
was used to analyze the convoluted data.

Computational details

DFT calculations were carried out with the Gaussian 09
program.”” The geometric structures were fully opti-
mized without any symmetry constraint by using the
MPW1PW91 functional within the LANL2DZ ECP basis
set, augmented by polarization functions for all atoms
except hydrogen atoms.®®1  The unrestricted
MPW1PW91 method (UMPW1PW91) was used for the
optimization of the lowest energy triplet state. Harmonic
vibrational frequency calculations were performed to
check that the optimized geometries were energy
minima, and the relative energies are zero-point correct-
ed. The solvent was described by the polarizable conductor calcu-
lation model (CPCM). TD-DFT calculations were performed at the
ground-state geometry for the 50 lowest lying singlet and triplet
excited states by using the same functional and basis sets. The iso-
surface spin-density representations were generated by using the
GaussView 5.0 program.®? Atomic orbital contributions to the mo-
lecular orbitals have been determined with the AOMix software
package.®™ The determination of percentage of single particle con-
tributions to the vertical excited states was carried out as de-
scribed in the literature.®

X-ray crystallography

Crystallographic data were collected at 183(2) K with Moy, radia-
tion (1=0.7107 A) on an Agilent SuperNova, Dual source, with an
Atlas detector. A suitable crystal of L-N; was covered with the mini-
mal amount of oil (Infineum V8512, formerly known as Paratone
N), placed on a nylon loop that was mounted in a CrystalCap Mag-
netic (Hampton Research), and immediately transferred to the dif-
fractometer. Data were corrected for Lorentz and polarization ef-
fects as well as for absorption (numerical). The program suite Cry-
sAlis"™ was used for data collection, multi-scan absorption correc-
tion, and data reduction.® The structure was solved with direct
methods by using SIR97%¢ and was refined by full-matrix least-
squares methods on F? with SHELXL-97.% CCDC-960525 (L-N) con-
tains the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Synthesis and characterization

2-Azido-N,N-bis[(quinolin-2-yl)methyllethanamine  (L-N):
was prepared following the procedure published by our group.
The analytical data match with those previously reported.*” Crys-
tals suitable for X-ray crystallography were obtained by evaporat-
ing a solution of L-N; in hexane at room temperature.

Rhenium tricarbonyl complex of L-N; ([Re(CO);(L-N)IBr):
[Re(CO);(L-N5)IBr was prepared following the procedure published
by our group.*¥ The analytical data match with those previously
reported.”

LN,

[44]
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Cell culture

Human osteosarcoma cells (U20S) and the human liver hepatocel-
lular carcinoma cell line (HepG2) were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM; Gibco) supplemented with 10% fetal
calf serum (FCS, Gibco), penicillin (100 UmL™"), streptomycin
(100 pgmL™") at 37°C and 5% CO,. The human breast carcinoma
MCF-7 cell line was cultured in minimal essential medium (MEM;
Gibco) supplemented with 10% FCS (Gibco), L-glutamine
(200 mm), penicillin (100 UmL™"), and streptomycin (100 pgmL™").
Jurkat (human acute lymphoblastic leukemia) cells were cultivated
and treated in Roswell Park Memorial Institute (RPMI) 1640
medium (PAA laboratories, Austria) supplemented with 10% FCS
(PAA) at 37°C and 5% CO,.

Cytotoxicity studies

Cytotoxicity studies were performed on three different cell lines,
namely U20S, MCF-7, and HepG2, and cell viability was examined
by a fluorometric assay using Resazurin (Promocell GmbH) and cell
mass was examined by using the Crystal Violet Assay. In short, one
day before treatment the cells were plated in triplicates in 96-well
plates at a density of 4x10* cells/well in 100 pL of medium. After
treatment with the different concentrations of the rhenium com-
plex for 48 h, the medium was removed, and complete medium
containing Resazurin (100 pL, 0.2 mgmL™" final concentration) was
added. After 4 h of incubation at 37°C, fluorescence of the highly
red fluorescent product Resorufin was quantified at 590 nm
(540 nm excitation wavelength) in a SpectraMax M5 microplate
Reader. The medium containing Resazurin was then removed and
cells were fixed in paraformaldehyde (PFA, 4%) for 15 min at RT for
the Crystal Violet Assay. Next, PFA was removed, the cells were
washed twice with phosphate buffered saline (PBS), and permeabi-
lized for 5 min at 4°C with a 0.1% (v/v) Triton X-100 solution in
PBS. After permeabilization, cells were incubated with a 0.04% (w/
v) aqueous Crystal Violet solution for 1h with gentle shaking.
Excess Crystal Violet was washed twice with double distilled (dd)
H,O. After the plate had been allowed to dry at RT, Crystal Violet
was eluted from cells in 96% ethanol overnight at 4°C. Absorb-
ance was measured at 570 nm in a SpectraMax M5 microplate
Reader.

Human plasma stability of ([Re(CO),(L-N,)]Br)

The human plasma was provided by the Blutspendezentrum,
Zurich, Switzerland. [Re(CO);(L-N;)I1Br (1 puL, 20 mm DMSO stock so-
lution) and diazepam (1 puL, 20 mm DMSO stock solution) were
added to human plasma (998 uL) and left on a thermoshaker at
37°C for 0, 24, 48, or 72 h. The compounds were then extracted
with CH,Cl,/MeOH 10:1 (6 mL) by shaking the samples manually
for 15 min and then centrifuging them for 10 min. The organic
phase was collected and evaporated under a nitrogen flow. The re-
sulting residue was dissolved in MeOH (200 pL) and analyzed by
LC-MS. ESI-MS and LC-MS were recorded by using a Bruker Dalton-
ics HCT 6000 mass spectrometer. LC-MS was performed on an Acg-
uity machine from Waters systems equipped with a photo diode
array (PDA) detector, an auto sampler, and a Agilent Zorbax 300SB-
C18 analytical column (3.5 um particle size, 300 A pore size, 150x
4.6 mm). The LC run (flow rate: 0.5mLmin™") was done with
a linear gradient of A (double distilled water containing 0.1% v/v
formic acid) and B (acetonitrile containing 0.1% v/v formic acid);
t=0min, 20% B; t=3 min, 20% B; t=17 min, 100% B; t=20 min,
100% B; t=25 min, 20% B.
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ROS measurements

After treatment with the indicated concentrations of the com-
pound, the cells were collected, washed, and re-suspended (2.5 %
10° cells/0.5 mL) in fluorescence activated cell sorting (FACS) buffer
[D-PBS (Gibco) with 1% bovine serum albumin (BSA, PAA laborato-
ries, Austria)l. 1.25 pL of 5 mm dihydroethidium (D1168, Molecular
Probes, Invitrogen) solution was added to each sample followed
by 15 min incubation at RT in the dark. Signal intensity was ana-
lyzed by using a FACS Calibur (Becton Dickinson) and CellQuest
Pro (BD) analysis software. Excitation and emission settings were
488 nm and 564-606 nm (FL2 channel), respectively.

Annexin V/PI staining

Jurkat cells were treated with the indicated concentrations of the
substance for 48 h, then collected and stained with Annexin V-FITC
(Invitrogen) according to the manufacturer’s recommendations. In
short, approximately 5x10° cells were re-suspended in Annexin V
staining buffer (50 uL; 10 mm 4-(2-hydroxyethyl)-1-piperazineeth-
anesulfonic acid (HEPES), 140 mm NaCl, and 2.5 mm CaCl,, pH 7.4),
Annexin V conjugate (2.5 uL) was added to each probe along with
PI solution (1.25 pL, 1 mgmL™") and the samples were incubated in
the dark at room temperature for 15 min. Signal intensity was ana-
lyzed by using a FACS Calibur (Becton Dickinson) and CellQuest
Pro (BD) analysis software. Excitation and emission settings were
488 nm and 515-545 nm (FL1 channel), respectively, for Annexin V-
FITC and 488 nm and 564-606 nm (FL2 channel), respectively, for
Pl

Real-time monitoring of cellular metabolism

Continuous monitoring of cell metabolism and morphology was
performed by using a Bionas 2500 sensor chip system (Bionas,
Rostock, Germany). The sensor chips (SC1000) contain Clark-type
electrodes, ion-sensitive field-effect transistors, and two interdigi-
tated electrode structures to measure oxygen consumption, glyco-
lytic rate, and cell-cell and cell-matrix interaction.®® MCF-7 cells
were seeded on the sensor chip and grown in DMEM with penicil-
lin/streptomycin and 10% (v/v) FCS for 24 h in a standard incuba-
tor before transfer to the flow-cell unit. After transfer, the medium
is continuously exchanged in 8 min cycles (4 min exchange of
medium and 4 min without flow), during which the parameters
were measured. The running medium (RM) used during analysis
was DMEM without carbonate buffer (PAN Cat. Nr. P03-0010) but
weakly buffered with HEPES (1 mm) and with reduced FCS (0.1%)
and glucose (1 gL™"). Before addition of the compound, the cells
on the chip were adjusted to the flow-through conditions with
running medium (RM) for 5h. At the end of each experiment
a compound-free step was included with RM, before the cell layer
was removed by adding 0.2% Triton X-100 to obtain basic signals
without living cells on the sensor surface as a negative control.”"

Measurement of mitochondrial oxygen consumption

Mitochondria were isolated from mouse liver cells as described ear-
lier.® Measurements were performed by using OxoPlate (PreSens,
Regensburg, Germany), 96-well plates containing a fluorescence
oxygen sensor in each well. Fluorescence is measured in dual
mode, with excitation at 540 nm and emissions at 650 nm and at
590 nm for signal and reference. The signal ratio of 650/590 nm
corresponds to the oxygen partial pressure. Calibration was per-
formed by using oxygen-free water (1% Na,SO;) and air-saturated
water. Freshly isolated mitochondria (15-18 pg) were suspended in

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Respiration Buffer (100 pL; 25 mMm sucrose, 100 mm KCl, 75 mm (8]
mannitol, 5 mm MgCl,, 10 mm KH,PO,, 0.5 mm EDTA, 10 mm Tris,
0.1% fatty acid-free BSA, pH 7.4) containing pyruvate (10 mm), [
malate (2 mm), adenosine diphosphate (ADP, 2 mm), and adeno- (10]
sine triphosphate (ATP, 0.5 mm) to activate oxidative phosphoryla- mi
tion. Compounds were added as indicated. Fluorescence was mea- 121
sured continuously over 420 min in 5 min intervals with a Tecan
Safire2 plate reader (Tecan, Maennedorf, Switzerland) at 37°C. 43
Plates were sealed with a breathable membrane (Diversified Bio-  [14]
tech, Boston, MA). Controls were performed with rotenone (5 um,
Sigma-Aldrich), an inhibitor of respiratory chain complex |, and car-  [15]
bonyl cyanide 3-chlorophenylhydrazone (CCCP, 1 um, Sigma-Al-
drich) as an uncoupling agent. gg}
[18]
Cytochrome c release
Freshly isolated mitochondria (60 pg) from mouse liver cells  [19]
(20 weeks old, wildtype, C57BL/6) were re-suspended in Respira-
tion Buffer (30 pL, see above) and treated as indicated. Cytochrome
c release was analyzed by separating supernatant and mitochon-  [20]
drial pellets by centrifugation for 5 min at 4°C and 12000 g. Cyto-
chrome c release was analyzed by Western Blot using anti-Cyto- 21]
chrome ¢ antibody and anti-COXIV antibody (both Cell Signaling, 221
Danvers, MA). (23]
[24]
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