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Investigations of the reactivity, stability and
biological activity of halido (NHC)gold(i)
complexest

Sina Katharina Goetzfried, © 12 Paul Kapitza,* Caroline Marie Gallati,? Anna Nindl <

Monika Cziferszky, (9@ Martin Hermann,® Klaus Wurst,® Brigitte Kircher*>< and
Ronald Gust (2 *?

The significance of the halido ligand (CL7, Br~, I7) in halido[3-ethyl-4-phenyl-5-(2-methoxypyridin-5-yl)-
1-propyl-1,3-dihydro-2H-imidazol-2-ylidenelgold() complexes (2—4) in terms of ligand exchange reac-
tions, including the ligand scrambling to the bis[3-ethyl-4-phenyl-5-(2-methoxypyridin-5-yl)-1-propyl-
1,3-dihydro-2H-imidazol-2-ylidenelgold() complex (5), was evaluated by HPLC in acetonitrile/water =
50:50 (v/v) mixtures. In the presence of 0.9% NaCl, the bromido (NHC)gold() complex 3 was immediately
transformed into the chlorido (NHC)gold() complex 2. The iodido (NHC)gold() complex 4 converted
under the same conditions during 0.5 h of incubation by 52.83% to 2 and by 8.77% to 5. This proportion
remained nearly constant for 72 h. The halido (NHC)gold() complexes also reacted very rapidly with 1 eq.
of model nucleophiles, e.g., iodide or selenocysteine (Sec). For instance, Sec transformed 3 in the pro-
portion 73.03% to the (NHC)Au()Sec complex during 5 min of incubation. This high reactivity against this
amino acid, present in the active site of the thioredoxin reductase (TrxR), correlates with the complete
inhibition of the isolated TrxR enzyme at 1 uM. Interestingly, in cellular systems (A2780cis cells), even at a
5-fold higher concentration, no increased ROS levels were detected. The concentration required for ROS
generation was about 20 uM. Superficially considered, the antiproliferative and antimetabolic activities of
the halido (NHC)Au(l) complexes correlate with the reactivity of the Au()-X bond (2 < 3 < 4). However, it is
very likely that degradation products formed during the incubation in cell culture medium participated in
]+

the biological activity. In particular, the high-cytotoxic [(NHC),Au()]™ complex (5) distorts the results.

publications containing the keywords “gold”, “NHC” and “anti-
cancer” within the last decade. The first (NHC)gold(i) complex

N-Heterocyclic carbene (NHC) gold(1) complexes have attracted
attention as potential anticancer agents.'> The “Web of
Science” data registered an increase of more than 100% for new
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was isolated in 1973 by Minghetti et al.® However, it took more
than thirty years until the group of Filipovska discovered the
mitochondrial accumulation of bis(1,3-dialkyl-1H-imidazol-2-
ylidene)gold(i) complexes in MDA-MB-231 and MDA-MB-468
breast cancer cell lines and the inhibition of thioredoxin
reductase (TrxR).” So far, more than 300 (NHC)gold(i1) complexes
have been reported and screened against a panel of tumor cells,
demonstrating exceptional cytostatic and cytotoxic effects. NHCs
have received more attention as ligands for the design of gold
complexes, because it is supposed that they form strong and
stable bonds to the gold center. Their simple synthesis enables
fine-tuning of the complex properties owing to ligand modifi-
cations. The changes in hydrophilicity and lipophilicity support
the optimization of the complexes for medical purposes.

The class of (NHC)gold complexes includes heteroleptic
(NHC)AUu(X (X = e.g, CI7, Br-, I, thiol, phosphine) and
homoleptic [(NHC),Au(1)]" derivatives as well as (NHC)gold ()
species of various structures.”**>*'% The majority of halido
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(NHC)gold(1) complexes bear either chloride or bromide as a
leaving group.'’” Iodide is rarely used, although (NHC)Au(1)I
species have been shown to be highly effective against tumor
cells.”?6728

The mode of action might be multifaceted, but
TrxR'H16:2425:28733 anqd ofutathione reductase®>*** have been
discussed as preferred targets. TrxR contains a Gly-Cys-Sec—
Gly sequence (reduced form), forming a selenylsulfide bridge
(oxidized form) during the reduction of thioredoxin.

In the reduced form, the R-SeH and R-SH groups strongly
differ in their acidity. The pK, of the selenol group in seleno-
cysteine (Sec) amounts to 5.2 and documents an ionization
grade >99% at physiological pH (7.4). In contrast, the SH
group of Cys (pK, = 8.5) preferably exists in its undissociated
form. Accordingly, the selenolate anion represents a stronger
nucleophile and makes Sec the main target of (NHC)gold(1/im)
complexes in TrxR to prevent substrate binding and
transformation.*”

A variety of cancer cell lines overexpress TrxR to counteract
oxidative stress.*®*® Therefore, the inhibition of this NADPH-
dependent disulfide reductase affects the intracellular redox
balance, leading to an increased content of reactive oxygen
species (ROS) and driving the cells into apoptosis.

In previous papers, we reported on the design and in vitro
activity of bromido[3-ethyl-4-aryl-5-(2-methoxypyridin-5-yl)-1-
propyl-1,3-dihydro-2H-imidazol-2-ylidene]gold(1) complexes
and related [(NHC),Au(1)]" species.’®*® The latter caused sig-
nificantly higher antiproliferative effects (IC5, values ~ 0.5 uM)
than their (NHC)Au(1)Br counterparts (ICso = 3-6 pM). This
finding is of particular importance because the (NHC)Au(1)Br
complexes undergo ligand rearrangement reactions to the
related [(NHC),Au(1)]" derivatives in the presence of water. The
driving forces are aurophilic interactions and the formation of
[(NHC)Au(1)Br], dimers.*"

In continuation of this study, we synthesized the 4-phenyl-
substituted (NHC)Au(1)X analogue with X = CI™ (2), Br™ (3) and
I" (4) as leaving group and studied their ligand exchange reac-
tions, their reactivity against model nucleophiles (iodide, Sec,
Cys, N-acetyl cysteine (NAC)) and their stability under physio-
logical conditions (0.9% NacCl solution). The results are highly
relevant and must be considered within the context of the
interpretation of in vitro results.

Complexes 2-5 were investigated for antiproliferative and
antimetabolic activity in A2780 human ovarian cancer cells
(resistant (A2780cis) and sensitive (A2780wt) to Cisplatin), HL
60 acute myeloid leukemia cells and human primary fibro-
blasts. All of the complexes were further tested for TrxR inhi-
bition and generation of reactive oxygen species (ROS) in
A2780cis cells.

Results and discussion
Synthesis and structural characterization

The NHC ligands 1a and 1b were synthesized as already
described.*® The iodido (NHC)gold(i) complex 4 was prepared
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in dichloromethane (DCM)/methanol (MeOH) = 50:50 (v/v)
from imidazolium iodide 1a and Ag,0/Me,SAu(1)Cl in the pres-
ence of KI (5 eq.) (Scheme 1, method A, yield 34%). The
attempt to obtain the analytically pure bromido (NHC)gold(x)
complex 3 using an excess of KBr failed.>® The product always
contained 10-20% of the iodido analogue 4, formed in the
reaction mixture according to Scheme 2(1).

This finding clearly indicates that iodide is a strong nucleo-
phile for substitution reactions at (NHC)Au()X complexes.
Therefore, it is necessary to prevent the presence of iodide to
avoid contamination with the iodido (NHC)gold(1) complex.

Thus, 1b with the non-coordinative PFs~ counter ion was
utilized as a precursor. The use of an excess (5 eq.) of KCI or
LiBr enabled the isolation of 2 and 3 (Scheme 1, method B).

The high reactivity of iodide against gold() complexes also
allowed the synthesis of 4 by reacting the chlorido
(NHC)gold(1) complex 2 with 10 eq. Nal (Scheme 1, method C).
The yield was nearly quantitative (98%) with only marginal
amounts of 5.

The [(NHC),Au(1)]" species 5 was prepared by the reaction of
1b with 0.35 eq. of Ag,0 and 0.5 eq. of Me,SAu(i)Cl in the pres-
ence of 3.5 eq. of LiBr (Scheme 1, method D). If 1a and KI were

.
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Scheme 1 Synthetic routes to obtain complexes 2-5.
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complexes.
Table 1 Selected X-ray data for 4
Crystal system Monoclinic

Space group
Unit cell dimensions

P21/n (no. 14)
a=10.2074(2) A

a=90°
b =16.3078(4) A
B =99.7490(10)°
¢ =12.9494(3) A
y =90°
Volume 2124.43(8) A®
zZ 4
Density (calculated) 2.018 mg m™®
Absorption coefficient 8.391 mm™*
F(000) 1216

0.28 x 0.12 x 0.08 mm”>
2.38 t0 26.00°

Crystal size
0 range for data collection

Index ranges -12<h<12,
19 < k < 20,
-15<1<15
Reflections collected 14716
Independent reflections 4168 [R(int) = 0.0429]
Absorption correction None
Data/restraints/parameters 4168/0/235
Goodness-of-fit on F 1.057

Final R indices [I > 26(1)]
R indices (all data)
Largest difference peak and hole

R, = 0.0312, WR, = 0.0713
Ry = 0.0356, wR, = 0.0731
2.160 and —1.391 e A™*

used in this reaction course (Scheme 1, method E), 5-I3 crystal-
lized from a MeOH/water = 50:50 (v/v) mixture with triiodide
as a counter ion (Fig. 1, for details see ref. 40). The presence of
this anion indicates that iodine was formed during the reac-
tion, which subsequently reacted with iodide to triiodide
(Scheme 2(2)).

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 ORTEP of 4 and 5-I3.

Interestingly, although iodine/triiodide was formed during
a similar ligand scrambling of 4, the oxidation product
[(NHC),Au(m)1,]" detected during the HPLC
analyses.

The complexes were characterized by NMR spectroscopy

was never

and high-resolution electrospray ionization mass spectrometry
(ESI-MS). Unfortunately, "H NMR spectra were not meaningful,
because the coordinated halide did not influence the reso-
nances of the bound NHC ligand (Fig. S1-S4, ESIT). In con-
trast, the signal of the C2 carbon in the "*C NMR spectra
shifted upon coordination to Au-X from 135 ppm (1a/1b) to
170 (2), 173 (3) and 180 (4) ppm (Fig. S5-S8, ESI}), which is in
accordance with the data reported in the literature.>>°

The structure of 4 was further confirmed by crystal structure
analysis. It was possible to obtain crystals from a DCM/MeOH
mixture (for selected X-ray data see Table 1). The ORTEP of 4
depicted in Fig. 1 displays a nearly linear arrangement
(177.49°) of the substituents at the gold(i) center. The NHC-Au
(1) distance is 2.02 A and that of Au(1)-I is 2.55 A. The related
distances for 3 are 2.00 and 2.40 A.*°

Comparison with X-ray structures of other halido[1,3-
dihydro-2H-imidazol-2-ylidene]gold(1) 42741 docu-
ments only a marginal difference in the NHC-Au(i) distance
(NHC-Au(1): 1.94-2.00 A). The bond length of the Au(1)-X
moiety increased with the atomic radius (Au(1)-Cl (~2.30 A) <
Au(1)-Br (~2.40 A) < Au(1)-1 (~2.55 A)) and complies with the
reactivity of the Au(i)-X bond as well as the suitability of the
halide as a leaving group (CI” <Br~ <1I7).

complexes

Dalton Trans., 2022, 51,1395-1406 | 1397
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The identification of 5-I; by X-ray analysis agrees with our
hypothesis on the degradation of (NHC)Au(1)Br complexes in
acetonitrile (ACN)/water mixtures. It was postulated that after
the ligand scrambling of two molecules giving [(NHC),Au(1)]"
and [Au(1)Br,]”, the latter undergoes an internal redox reaction
to yield elemental gold and Br,. Then Br, oxidizes [(NHC),Au
(01", 5, to [(NHC),Au(m)Br,]", 7 (Scheme 2(3)).*'

The presence of triiodide further suggests that during the
synthesis of 5, 4 is formed as an intermediate and the final
step is not a simple substitution reaction ((NHC)Au(1)I + NHC
- [(NHC)Au(1)(NHC)]" + I"), but a ligand scrambling with the
formation of [Au(1)I]” (Scheme 2(2)) as a side product.

Therefore, the complexes 2-4 were further analyzed by
HPLC, using an RP-C18 column and gradient elution of ACN/
water (0.1% trifluoroacetic acid (TFA)) from 70:30 to 90:10. The
retention times of 2 (fye; = 4.81 min), 3 (¢ = 5.39 min) and 4
(tee = 6.82 min) document an increasing hydrophobicity
dependent on the halide used. The UV-vis spectra obtained
during the HPLC runs (Fig. S9-S12, ESIf) showed similar
transmissions, with the feature that the metal-to-ligand charge
transfer transition is shifted from 254/255 nm in 3 and 4 to
265 nm in 5.

All complexes (concentration 0.250 mM), dissolved in ACN
(¢ = 0 h), were of high purity (>95%, Table S1, ESI{) with only
small amounts of the [(NHC),Au(1)]" complex 5. Incubation of
the solutions for 72 h at room temperature (rt) led to marginal
degradation of 2 (0.72%) and 3 (0.96%), but a 15.17% conver-
sion of 4 to 5 (Table S1, ESIY).

Addition of water to the ACN solution (ACN/water = 50:50,
(v/v), complex concentration 0.250 mM) only slightly supported
the conversion of 2. After 72 h, the proportion of 5 amounted
to 9.87%. In contrast, 3 was converted to 5 by 25.12%. The
highest transformation to 5 showed 4 with 44.41%.
Interestingly, only for 3 a gold(m) species ([(NHC),Au(u)Br,]",
7, Scheme 2(3)) was observed as a degradation product
(¢t =72 h: 10.77%, Fig. 2B).

A T-shaped intermediate was detected in the cases of 3
and 4 during the HPLC analyses, although in different quan-
tities. While it was formed from 3 only in traces (see also ref.
41 and 45), relatively high amounts were found for 4. The
relevant peak of 6 at ¢, = 7.67 min was observed in the chro-
matograms for the first time after 12 h (1.92%) and the
amount increased to 8.09% during incubation for 72 h
(Fig. 2C).

To verify the presence of the intermediate 6, the solution
of 4 was additionally investigated using ESI-MS in the posi-
tive mode (Fig. S13 and S14, ESIT). The mass spectrum (posi-
tive mode) at ¢ = 0 h included as main peaks the cations
[(NHC),Au(1)]', 5 (m/z = 839.3346), and [(NHC),Au(1)-Au()1]’,
6 (m/z = 1163.2059). During the time of incubation, the dis-
tribution shifted in favour of 5 with a higher transformation
rate.

These data demonstrate a clear dependence of ligand
scrambling on the bound halide ((NHC)Au(1)Cl < (NHC)Au(1)Br
< (NHC)Au(1)I). Longer Au-X bonds seem to enhance aurophi-
lic interactions in solution and consequently support the for-
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Fig. 2 HPLC chromatograms of 2 (A), 3 (B) and 4 (C) measured during
72 h of incubation in ACN/water = 50:50 (v/v) at rt.

mation of the trigonal transition state at both gold centers fol-
lowed by conversion to the T-shaped intermediate (see also ref.
41 and 45).

For the interpretation of the biological results, it is necess-
ary to know more about the stability of (NHC)Au(1)X complexes
in the first hours of incubation, because it is well known
that during this time cellular accumulation is nearly
completed.??%3%3  Therefore, degradation was followed
immediately after dissolution (ACN/water = 50:50 (v/v)) and
during the following 8 h incubation period using HPLC
(Table S1, ESIt). It is obvious that the first contact with water
led to rapid ligand scrambling. After 0.5 h, 5.11% of 2, 4.73%
of 3 and 23.99% of 4 were transformed to 5. These portions
increased during 8 h to 5.46% (2), 13.01% (3) and 25.60% (4).

This journal is © The Royal Society of Chemistry 2022
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The behavior in the presence of 0.9% NacCl is more impor-
tant. Thus, the respective complex solution in ACN was diluted
with 1.8% NaCl in water to achieve a 50:50 (v/v) mixture
(complex concentration 0.250 mM).

The chlorido (NHC)gold() complex 2 was stable during
incubation for 72 h (¢ = 0 h: 97.68%—97.96% (¢t = 72 h),
Table S1, ESIT). In contrast, 3 reacted immediately after dis-
solution to 2 (¢ = 0 h: 99.74%). This proportion remained con-
stant for 72 h (99.07%). Further degradation to the [(NHC),Au
(] complex 5 did not take place (Fig. 3).

The transformation of 4 was more sophisticated. Directly
after addition of the aqueous NaCl solution (¢ = 0 h), 55.36%
of 2 and 1.76% of 5 were formed. Within 1 h, the proportion
slightly changed to 50.69% (2) and 11.93% (5), which
remained nearly constant for 72 h (Fig. 4, 51.35% (5) and
14.07% (4), Table S1, ESIT).

From these findings a question arises about the quality of
the halides as a leaving group at the gold(i) center. It is well
known from platinum(i) and other complexes that the release
of bound halide increases with the atomic radius (CI” < Br~ <17),
more specifically with the bond length to the metal.

The reactivity of metal complexes can be easily investigated
using iodide as a model nucleophile. It exchanges the leaving
group of platinum(u) complexes, comparable with the nucleo-

A)
.g 7] (NHC)Au(I)l
e ]
§ ] ————————F (NHC)Au()Br
<<
1 A - - NHC)Au(1)Cl
/ (NHC)Au(l)
) T T T T 1
0 5 10 15 20 25
to¢ [min]
B)

A R i

(NHC)AU()I

(NHC)Au(1)Br

Absorption

(NHC)Au()C!

20 25

Fig. 3 HPLC chromatograms of the halido (NHC)gold()) complexes 2—4
after 0 h (A) and 72 h (B) of incubation in 0.9% NaCl solution (ACN/water
=50:50 (v/v)) at rt.

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 HPLC chromatograms of the halido (NHC)gold() complexes 2—-4
dissolved in ACN/water = 50:50 (v/v) in the presence of 1 eq. Kl at (A) t =
Ohand (B)t=72h.

base guanine.*® Therefore, we modified this assay to estimate
the reactivity of the halido (NHC)gold(i) complexes towards
nucleophiles. The complexes were dissolved in ACN and water
containing KI in adequate concentrations was added to achieve
a 50:50 (v/v) mixture with 0.250 mM complex concentration.

The exchange of the leaving group in 2 and 3 was very fast
in the presence of a 20-fold excess of iodide (Table S1, ESIT).
Interestingly, both complexes rapidly reacted at equimolar con-
centrations with iodide to 4 (Fig. 4 and Table S1, ESIY).

In case of the chlorido (NHC)gold(i) complex 2, only 4
(95.81%) and 5 (4.19%) were detected in the HPLC chromato-
grams immediately after combination of the solutions (¢ = 0 h).
The degradation in terms of ligand scrambling during 8 h of
incubation then followed the same kinetics (—24.20% (5)) as
described for 4 dissolved in pure ACN/water (—25.60% (5)).

The behavior of the bromido (NHC)gold(1) complex 3 slightly
differed. It initially reacted (¢ = 0 h) with iodide incompletely to 4
(78.78%) and 5 (5.42%), but reached nearly the same distribution
as 2 after 0.5 h (80.20% (4) and 19.80% (5)). During 8 h of incu-
bation, however, formed 4 strongly degraded into 5 (—39.44%) as
well as the T-shaped intermediate 6 (—19.95%). The amount of 6
was even distinctly higher than that formed from 4 dissolved in
ACN/water. Interestingly, an increased excess of KI (20 eq.) pre-
vented the formation of 6 and 28.31% converted to 5.

Dalton Trans., 2022, 51,1395-1406 | 1399
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The iodido (NHC)gold(i) complex 4 was converted in the
proportion of 23.88% to 5 during 8 h of incubation in the pres-
ence of 1 eq. KI. The intermediate 6 was not detected in the
HPLC chromatograms.

The [(NHC),Au(1)]" complex 5 was stable under all of the
conditions used. Even incubation with KI did not lead to
degradation (Fig. S15, ESIT). The stability of 5 (and related
[(NHC),Au(1)]" complexes*®) in 0.9% NaCl solution points to
only marginal degradation under physiological conditions,
e.g., in cell culture medium. These findings are consistent with
those of other groups that have performed stability tests of
[(NHC),Au(1)]" complexes in DMSO/DMF and water.*”"*?

It is worth mentioning that the main turnover was com-
pleted after the first few minutes of incubation with only a
little further transformation within 24 h.

Biological evaluation

In order to estimate the significance of the bound halide for the bio-
logical activity, complexes 2-4 were investigated in A2780 human
ovarian cancer cells (resistant and sensitive to Cisplatin; Table 2), as
well as in HL 60 acute myeloid leukemia cells (Fig. S16 and S17,
ESIF). Additionally, human primary fibroblasts (Fig. 5) were used to

Table 2 ICso values of complexes 2-5 as well as Auranofin and
Cisplatin determined in A2780wt and A2780cis cell lines

Metabolic activity ICs,

Proliferation ICs, (1M) (mM)
Compound A2780wt A2780cis A2780wt A2780cis
2 >20 10.8 >20 13.8
3 7.4 4.0 13.6 4.0
4 1.3 0.6 2.0 0.8
5 0.3 0.2 0.4 0.2
Auranofin <0.5 2.5 1.6 3.8
Cisplatin <1.0 4.0 4.8 >10.0
150
i)
=
% 100
< -
2 |
6 |
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3
S 504
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il Il P i IS =[Sl
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Fig. 5 Antimetabolic activity of complexes 2-5 as well as Auranofin in
human primary fibroblasts after an incubation time of 72 h (concen-
tration 1-10 pM). Metabolic activity in the absence of the compounds
was set to 100%. The mean metabolic activity + standard error was cal-
culated from three independent experiments.
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evaluate tumor cell selectivity. Cisplatin and/or Auranofin
served as positive controls. Furthermore, the potency to inhibit
the activity of the isolated TrxR enzyme (Fig. 6) and to induce
ROS generation in A2780cis cells was investigated (Fig. 7).
Finally, the binding to Sec was studied by HPLC and ESI-MS
(Fig. 8). In a reference experiment NAC and Cys were investi-
gated too.

It is worth mentioning that the results of 3 and 4 must be
treated with caution, because of the significant transformation
in the aqueous environment. It is very likely that the degra-
dation products participated in the cellular effects.

Antiproliferative and antimetabolic effects. Antiproliferative
effects were assessed by quantification of [*H]-thymidine

—8— Enzyme without inhibitor|
—o—2

—&—3
1,0 -
0.8
2
5
C
O
Do6-
©
o
a
o
0.4
0|2 T T T T T T T T T 1
20 0 20 40 60 80 100 120 140 160 180

Time

Fig. 6 Formation of TNB from DTNB through the isolated TrxR enzyme
recorded over a period of 160 min in the presence of 2-5 as well as
Auranofin (1 uM each).

Auranofin (5 uM) 2(20 um)

4(5uM)

3(20 um)

5(0.5 um)

Fig. 7 Merged staining of A2780cis cells with Hoechst dye (nuclei),
Wheat germ agglutinin conjugate - WGA (cell membrane) and
MitoTracker Red (mROS) of (A) untreated cells (panel top), (B) Auranofin
(5 pM), (C) complex 2 (20 pM), (D) complex 3 (20 pM), (E) complex 4
(5 uM) and (F) complex 5 (0.5 pM) after 24 h of incubation.
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Fig. 8 Full ESI-MS spectrum of complex 3 incubated with 1 eq. Sec for
5 min.

uptake into cells after incubation for 72 h in a humidified
5% CO,/95% air atmosphere. The Cisplatin resistance of
A2780cis cells was confirmed in an initial experiment. An
inhibition of more than 50% achieved with
Cisplatin only at a concentration higher than 10 pM. In
A2780wt cells, Cisplatin caused greater antiproliferative
effects with IC5, = 4.0 pM (see also Fig. S18, ESIY).
Auranofin as a further reference was significantly more
active than Cisplatin, showing similar inhibition at half of
the concentration used (A2780wt: ICs, < 0.5 pM; A2780wt:
ICso = 2.5 uM).

From the results depicted in Fig. S18, ESI} the ICs, values
were calculated and are listed in Table 2.

The antiproliferative activity of the halido (NHC)gold()
complexes 2-4 depended on the leaving group, with a slight
preference for A2780cis cells (Table 2). The chlorido (NHC)
gold(1) complex 2 was nearly inactive in A2780wt cells (ICs, >
20 uM) and inhibited A2780cis cells with ICs5, = 10.8 pM. The
bromido derivative 3 was marginally more active against
A2780cis (ICso = 4.0 pM) than against A2780wt cells (ICso =
7.4 uM). The exchange of the bromido leaving group by iodide
strongly enhanced the antiproliferative effect. For both cell
lines 6-fold lower ICs, values were calculated (A2780wt,
1.3 uM; A2780cis, 0.6 uM). The [(NHC),Au(i)]" complex 5 most
effectively influenced the cells. It completely stopped the pro-
liferation of A2780cis cells at all tested concentrations
(0.25-20 pM). In wild-type cells, a concentration somewhat
higher than 0.25 pM was necessary to cause 50% inhibition
(ICs0 = 0.3 uM).

To test if the antiproliferative activity was accompanied by
cytotoxic effects, a modified MTT assay®® was applied to the
ovarian cancer cell lines after 72 h of incubation with the com-
pounds (Fig. S18, ESIT and Table 2). Auranofin did not reduce
the viability (IC5, = 1.6 pM) of wild-type cells as effectively as
their proliferation (ICs, < 0.5 uM), but the antiproliferative
(ICs0 = 2.5 pM) and antimetabolic activities (ICso = 3.8 uM) in
A2780cis cells were nearly the same. The most active complex 5,
diminished the metabolism of A2780 cells as effectively as
their proliferation, independently of the resistance status
(ICs0 = 0.2-0.4 uM).

As already determined in the [*H]thymidine assay, the
metabolism of the cells was reduced by the complexes in the
order 2 < 3 < 4 with a slight preference for A2780cis cells.
Complex 4 was more active than Auranofin and the activity of

was
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3 equals that of the reference. Only 2 was less active (see
Table 2).

At first glance, the bound halide controls the antiprolifera-
tive and antimetabolic activity of the complexes. However, the
effects can only be ascribed in the case of 2 to a defined com-
pound. The complex was stable in physiological NaCl solution
(Fig. 3) and should therefore be taken up into the cells as an
unchanged molecule. The same is true for [(NHC)Au(r)]"
complex 5 and the high activity can unequivocally be assigned
to this species.

More difficult is the interpretation of the results obtained
with the bromido (NHC)gold(r) complex 3, because it reacted
immediately after contact with the 0.9% NacCl solution on the
one hand to the (NHC)Au(i)Cl complex 2 and on the other
hand to the [(NHC),Au()]" complex 5. Consequently, the
values obtained in the cell culture experiments might be
caused by the formed 2 and 5.

The iodido (NHC)gold(r) complex 4 only incompletely
reacted in 0.9% NacCl to 2 and 5. Therefore, it is very likely that
three derivatives (2, 4 and 5) participate in the cellular effects.

Based on these considerations, we initiated detailed investi-
gations on the behavior of halido (NHC)gold(1) complexes in
cell culture medium. In particular, the identification of degra-
dation products that participate in the biological activity is of
great interest. This includes reaction with ingredients of the
medium, including protein binding, which is likely to influ-
ence ligand exchange reactions and availability for cellular
uptake.

Tumor selectivity is one of the criteria that has to be ful-
filled for successful drug development. Therefore, compounds
2-5 were tested in primary human fibroblasts. Importantly,
none of the complexes significantly reduced the metabolic
activity even at the highest concentration tested (Fig. 5). In
contrast, the reference Auranofin decreased the viability to
35.7% at 5 uM and 0% at 7.5 and 10 uM.

Inhibition of thioredoxin reductase. (NHC)gold(i) complexes
have already been demonstrated to have a high potency to
inhibit TrxR enzyme.>*3%3%4%47:49 Therefore, all complexes
were studied on the isolated TrxR enzyme at a concentration of
1 pM. This assay was chosen because of the possibility of eval-
uating enzyme inhibition very rapidly, which minimizes the
ligand exchange at the gold center in the reaction buffer.

The activity of the enzyme was time-dependently quantified
via its ability to convert 5,5-dithiobis(2-nitrobenzoic acid)
(DTNB) to 5-thio-2-nitrobenzoic acid (TNB). A sample of
enzyme without inhibitor served as a negative control.

The halido (NHC)gold(1) complexes 2-4 reacted very rapidly
with TrxR and completely inhibited the enzyme after only
5 min (Fig. 6). This effect was constant for 160 min. Complex 5
showed only low enzyme inhibitory potency, which correlates
with its low reactivity towards nucleophiles.

Binding studies on selenocysteine monitored by HPLC and
ESI-MS. As already discussed above, Sec is located in the active
side of the enzyme and the selenolate group can be attacked
by the complexes, causing inhibition of TrxR.>****° In order to
determine whether the differences in enzyme inhibition by the
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(NHC)Au(1)X derivatives 2-4 and the [(NHC),Au(1)]" complex 5
are the consequence of different coordination to Sec in the
binding site of TrxR, 3 and 5 were incubated, respectively, with
the free amino acid and the reaction was monitored via HPLC
and ESI-MS.

A completely reduced form of Sec can be obtained by treat-
ment of the commercially available material with an excess of
either dithiothreitol (DTT) or NaBH,. Although data from the
literature documented higher efficiencies for DTT,”' NaBH,
was the reducing agent of choice, because DTT led to the for-
mation of an (NHC)Au(1)-DTT side product during incubation
with the (NHC)gold(1) complexes.

Complex 3 was dissolved in ACN (1 mM) for addition to an
aqueous solution of Sec (1 eq.), giving a 50:50 (v/v) mixture.
The reaction was monitored using HPLC with samples taken
after t = 5 min and 1, 2, 4 and 24 h. The products were identi-
fied with ESI-MS.

After only 5 min, 3 was quantitatively converted to three
compounds with peaks at t..¢ = 2.41, 6.81 and 7.27 min in the
chromatogram. The proportions of the species were 73.03, 6.92
and 20.05% (Fig. S19, ESIf), which only marginally varied
during 24 h.

The on-line UV-vis spectrum of the compound causing
peak 1 taken during the HPLC run exhibited maxima at 203,
225 and 263 nm that were very similar to those of compound 3
(201, 224, and 256 nm). Therefore, this compound was
ascribed to the (NHC)Au(1)Sec complex. The retention time of
peak 3 (tr = 7.27 min) corresponds to that of the [(NHC),Au
(]' complex 5. The UV-Vis spectrum displayed a strong absor-
bance band at 275 nm and confirmed this assignment. Peak 2
cannot be unequivocally assigned by UV-Vis spectroscopy
(Fig. S20-522, ESIY).

To complete these assignments, ESI-MS spectra (positive
mode) from the solution after 5 min of incubation were
measured (Fig. 7). The signal at m/z = 839 corresponds to
[(NHC),Au(1)]’, 5 and represents the dominant species.
Additionally, an [(NHC),Au(1),Sec] adduct in charge states +1
(m/z = 1204) and +2 (m/z = 602) is visible and was assigned to
the complex causing the peak at ¢, = 6.81 min in the chroma-
togram of 3. This species should be similarly configurated as
the T-shaped intermediate found during ligand scrambling.*!

In addition, a low-abundant signal with m/z = 1634 (z = 1)
in the mass spectrum corresponds to [(NHC);AusSe]. The
signal with m/z = 739 (z = 2) could not be assigned to a struc-
ture, but the isotopic pattern suggests that this species con-
tains more than one Se atom.

HCD-fragmentation spectra were obtained from all Se-con-
taining species (Fig. $23-S27, ESIT) and showed [(NHC),Au]"
(m/z = 839) as a fragment in all cases. Complex 5 was investi-
gated using HPLC under the same conditions. Immediately
after contact with Sec, 8.24% were transformed to [(NHC)Au
()Sec]”. This amount only slightly increased to 11.17%
during 72 h (Fig. S28, ESI}) and documents the high stability
of 5 against nucleophiles. Furthermore, this finding corres-
ponds to the low inhibitory effect of 5 in the TrxR inhibition
assay.
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In order to demonstrate the difference compared with SH
containing amino acids, 3 was incubated with Cys and NAC as
well. The complex did not react with NAC and showed only a
marginal ligand scrambling to 5 (5.05%) (Fig. S29, ESIf). In
contrast, Cys coordinated very rapidly (within 5 min) but
incompletely to the complex. The proportion of 70:30
remained constant for the following 24 h. In the HPLC chro-
matograms only transformation into 5 was observed (6.87%
after 24 h) (Fig. S30, ESI).

Formation of oxidative stress. TrxR inhibition normally
increases intracellular ROS levels, triggers oxidative stress
and induces apoptosis of cells. To confirm ROS generation,
A2780cis cells were incubated with the complexes for 24 h.
The staining of mitochondrial ROS (MitoTracker Red), the
nuclei (Hoechst Dye) and the cell membrane (wheat germ
agglutinin (WGA) conjugate) facilitated the observation of
alterations in cell morphology using confocal microscopy
(Fig. 8A-F).

Compared to Auranofin, cells treated with 2-4 displayed at
5 pM no/marginal ROS formation (e.g., 4, Fig. 8E). Only at a
4-fold higher concentration (20 pM) increased ROS could be
detected in the cells (see, e.g:, 2 and 3, Fig. 8C and D).
Interestingly, the highest ROS level was identified in cells
treated with 5 (concentration 0.5 pM, Fig. 8F), although this
compound showed less TrxR inhibitory potency.

Conclusions

Halido[3-ethyl-4-phenyl-5-(2-methoxypyridin-5-yl)-1-propyl-1,3-
dihydro-2H-imidazol-2-ylidene]gold(r) complexes (halido = CI~,
Br~, I") were synthesized and characterized. Of interest was
the reactivity of the (NHC)Au(1)-X bond and its relevance to
the biological effects. The exchange reaction decreased in
the series X = I" < Br~ < ClI” < NHC. While the chlorido
(NHC)gold(1) complex 2 was relatively stable in aqueous solu-
tion, the iodido (NHC)gold(r) derivative 4 reacted within 72 h
to about 44.41% to the [(NHC),Au(1)]" species 5. In the pres-
ence of 0.9% NaCl, 3 was quantitatively transformed to 2,
while from 4 both 2 and 5 were formed. The reactivity of the
halido (NHC)gold(1) complexes was further tested against
iodide as a model nucleophile. Even under equimolar con-
ditions the complexes underwent a nearly quantitative trans-
formation to 4 followed by ligand scrambling to 5. In the case
of 3, the T-shaped intermediate 6 was also detected in
increased proportions. Generally, the highest stability was
observed for 5, which reacted only marginally with nucleo-
philes. Nevertheless, this complex caused high cytotoxicity and
very likely participated in the biological effects of 3 and 4.

As the mode of action, TrxR inhibition plays a subordi-
nate role for 2-4, because of a missing correlation of
enzyme inhibition, cytotoxicity and the intracellular pres-
ence of ROS. In particular, the most cytotoxic complex 5,
only marginally inhibited TrxR at 1 puM, but induced high
ROS generation and cell growth inhibition at concentrations
<0.5 uM.

This journal is © The Royal Society of Chemistry 2022
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Experimental section
General material and methods

Chemical reagents and solvents were purchased from commer-
cial suppliers (Sigma-Aldrich, Fluka, Alfa Aesar and Acros) and
were used without further purification. Selenocysteine was
obtained from Cayman Chemical Company, Ann Arbor, MI,
USA. For the analytical thin-layer chromatography, Polygram®
SIL G/UV,s5, (Macherey-Nagel) plastic-backed plates (0.25 mm
layer thickness) with fluorescent indicator and Merck TLC
Silica gel 60 F,s, aluminium backed plates were used. The
spots were visualised with UV light (254 nm). For column
chromatography silica gel 60 (0.040-0.063 mm) was used.
NMR spectra were recorded on a Bruker Avance 4 Neo spectro-
meter ("H NMR, 400 MHz; >C NMR, 100 MHz). The centers of
the solvent signal and the TMS signal were used as internal
standards. Deuterated solvents purchased at Eurisotop were
used as solvents. For the HPLC experiments a Shimadzu pro-
minence HPLC with an autosampler (SIL-20A HT), a column
oven (CTO-10AS VP), a degasser (DGU-20A), a detector
(SPD-M20A) and pumps (LC-20AD) was used; the column was
a KNAUER Eurospher 100-5 C18, 250 x 4 mm with a 0.20 pm
membrane filter (Carl Roth GmbH + Co. KG, Karlsruhe,
Germany). The software used for data processing was
LabSolutions. For mass spectra an Orbitrap Elite mass spectro-
meter (Thermo Fisher Scientific, Waltham, MA, USA) using
direct infusion and electrospray ionization was used. MS data
analysis was carried out using Xcalibur. Graphics were created
with OriginPro 2018G (Origin LabCorporation, Northampton,
MA, USA).

Synthesis

General synthesis of halido[3-ethyl-4-phenyl-5-(6-methoxy-
pyridin-3-yl)-1-propyl-1,3-dihydro-2 H-imidazol-2-ylidene]gold()
complexes. Method A: The imidazolium iodide salt 1a or the
imidazolium hexafluorophosphate salt 1b was dissolved under
an argon atmosphere in an anhydrous DCM/MeOH (3 + 3 mL)
mixture and supplemented with 0.7 eq. of silver(i)oxide. The
resulting suspension was stirred overnight at rt under protec-
tion from light. Then, 5.0 eq. of lithium bromide, potassium
chloride or potassium iodide were added together with 1.2 eq.
of chlorido(dimethylsulfide)gold(r). ~ After stirring for,
additional 6 h and evaporating the solvent, the residue was
resuspended in DCM, filtered over a pad of Celite to remove
silver salts and washed with DCM. The filtrate, containing the
halido (NHC)gold(1) complex, was evaporated under reduced
pressure to dryness. The precipitate was then crystallized from
MeOH to yield the pure product.

Method B: After dissolution of the chlorido (NHC)gold(1)
complex 2 in dry acetone under an argon atmosphere, 10.0 eq.
of sodium iodide were added and the solution was stirred for
20 min. The solvent was removed under reduced pressure. The
precipitate was suspended in DCM and purified as described
in method A.

Chlorido[3-ethyl-4-phenyl-5-(6-methoxypyridin-3-yl )-1-propyl-
1,3-dihydro-2H-imidazol-2-ylidene]gold(r) (2). Method A: From
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50 mg of the imidazolium hexafluorophosphate salt 1b.
Brownish solid, 59 mg (99% yield). "H NMR (CDCl,): & = 0.85
(t, 3H,J=7.4Hz), 130 (t, 3 H,J = 7.5 Hz), 1.75 (qt, 2 H, J =
7.4,7.4 Hz), 3.92 (s, 3 H), 4.08 (q, 2 H,J = 7.7 Hz), 4.18 (q, 2 H,
J = 7.4 Hz), 6.72 (d, 1 H, J = 8.5 Hz), 7.18-7.20 (m, 2 H),
7.37-7.39 (m, 4 H), 7.99 (d, 1 H, J = 2.0 Hz). >C NMR (CDCl,):
5=11.1, 16.8, 24.7, 44.5, 50.8, 53.7, 111.3, 116.8, 127.3, 128.1,
129.0, 129.6, 130.5, 131.9, 140.2, 148.6, 164.4, 170.1. ESI-MS m/
z: 554.1250 [M + H]', calculated: 554.1273. Purity calculated by
HPLC (peak area): 95.9%.

Bromido[3-ethyl-4-phenyl-5-(6-methoxypyridin-3-yl)-1-propyl-
1,3-dihydro-2H-imidazol-2-ylidene]gold(r) (3). Method A: From
80 mg of the imidazolium hexafluorophosphate salt 1b.
Colorless solid, 96 mg (94% yield). "H NMR (CDCl,): & = 0.85
(t, 3H,J=7.6 Hz), 1.31 (t, 3 H, J = 7.6 Hz), 1.76 (qt, 2 H, ] =
7.6, 7.6 Hz), 3.92 (s, 3 H), 4.05-4.25 (m, 4 H), 6.73 (d, 1 H, J =
8.4 Hz), 7.18-7.23 (m, 2 H), 7.36-7.43 (m, 4 H), 8.01 (d, 1 H, ] =
2.4 Hz). *C NMR (CDCly): § = 11.3, 17.0, 24.9, 44.5, 50.8, 53.9,
111.4, 116.9, 127.5, 128.2, 129.2, 129.8, 130.6, 132.1, 140.4,
148.7, 164.5, 173.8. ESI-MS m/z: 628.0885 [M + H]", calculated:
628.0868. Purity calculated using HPLC (peak area): 98.1%.

Iodido[3-ethyl-4-phenyl-5-(6-methoxypyridin-3-yl)-1-propyl-
1,3-dihydro-2H-imidazol-2-ylidene]gold(x) (4). Method A: From
80 mg of the imidazolium iodide salt 1a. Yellow-white solid,
39 mg (34% yield).

Method B: From 49 mg of the chlorido (NHC)gold(i)
complex 2. Yellowish solid, 52 mg (98% yield). '"H NMR
(CDCL;): 6 = 0.85 (t, 3 H, J = 7.4 Hz), 1.31 (t, 3 H, J = 7.2 Hz),
1.76 (qt, 2 H, J = 7.4, 7.4 Hz), 3.93 (s, 3 H), 4.09 (q, 2 H, /= 7.5
Hz), 4.19 (q, 2 H,J = 7.2 Hz) 6.73 (d, 1 H, J = 8.4 Hz), 7.18-7.21
(m, 2 H), 7.37-7.39 (m, 4 H), 8.00 (d, 1 H, J = 2.0 Hz). ">C NMR
(CDCL,): 6 = 11.1, 16.3, 24.7, 44.1, 50.4, 53.9, 111.3, 116.8,
127.4, 127.9, 129.0, 129.6, 130.4, 131.4, 140.3, 148.6, 164.4,
180.8. ESI-MS m/z: 646.0626 [M + HJ", calculated: 646.0630.
Purity calculated using HPLC (peak area): 97.2%.

Bis[3-ethyl-4-phenyl-5-(6-methoxypyridin-3-yl)-1-propyl-1,3-
dihydro-2H-imidazol-2-ylidene]gold(i) bromide (5). The syn-
thesis was performed as described, with the difference that 7
eq. lithium bromide were used.*® The crude product was puri-
fied by chromatography (silica gel, DCM/ethyl acetate = 50:50
(v/v)) and subsequently crystallized from MeOH/water (50:50
(v/v)) to obtain a colorless solid (43% yield, 67 mg from 80 mg
hexafluorophosphate salt 1b). "H NMR (400 MHz, CDCl;): § =
0.90 (t, 6 H, ] = 7.4 Hz), 1.39 (t, 6 H, J = 7.4 Hz), 1.82 (qt, 4 H, J
=7.4,7.4 Hz), 3.92 (s, 6 H), 4.12-4.31 (m, 8 H), 6.77 (d, 2 H, J =
8.8 Hz), 7.23-7.29 (m, 4 H), 7.38-7.41 (m, 6 H), 7.52 (dd, 2 H, J
= 8.8, 2.4 Hz), 8.02 (d, 2 H, J = 2.0 Hz). *C NMR (100 MHz,
CDCLy): 6 = 11.3, 17.4, 25.3, 44.5, 50.8, 53.8, 111.5, 116.8,
127.2, 128.9, 129.1, 129.7, 130.7, 132.8, 140.7, 148.6, 164.6,
183.3. ESI-MS m/z: 839.3346 [M - Br]*, calculated: 839.3349.
Purity calculated using HPLC (peak area): 99.3%.

Crystallography

A Bruker D8 Quest Kappa diffractometer equipped with a
Photon 100 detector was used to collect the single-crystal
intensity data. Monochromatized MoKa radiation was gener-
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ated with an Incoatec microfocus X-ray tube (50 kV/1 mA
power settings) in combination with a multilayer optic. The
supplementary crystallographic data were deposited as CCDC
1923121 (4) ESLT

HPLC and ESI-MS investigations

For all experiments, ACN and water of HPLC grade were used.
For experiments in ACN, 0.250 mM solutions of the respective
complex were prepared. For experiments in ACN/water, 0.5 mM
solutions of the respective complex were prepared in ACN and
diluted to a final concentration of 0.250 mM with water.

To study the reaction with NaCl/KI, the salt was dissolved at
a 2-fold concentration in water, which was then used to
prepare an ACN/water mixture (50:50, (v/v)). A solution
(0.250 mM in 1.50 mL) of complexes 2-5 in ACN or ACN/water
= 50:50 (v/v), also with NaCl (0.9%) or KI (1 eq.), was passed
through a 0.20 pm membrane filter and incubated for 72 h at
rt. Samples (30 pL each) were taken at appropriate time points
(t=0,0.51,1.5,2,4,8,12, 24,48 and 72 h) and analyzed with
a Shimadzu prominence HPLC system. The mobile phase con-
sisted of ACN and water with 0.1% TFA. To achieve a separ-
ation of the compounds a gradient elution from ACN/water =
70:30 to 90:10 was used with a flow rate of 1 mL min~" at an
oven temperature of 35 °C. All solvents were degassed before
use. The injection volume was 30 pL and the detection wave-
length was set to 254 nm. The data were evaluated and
visualized with Origin Pro 2018 (Origin LabCorporation,
Northampton, MA, USA).

For the experiments with selenocysteine, 0.046 mg of
NaBH, and 1 eq. of the amino acid were dissolved in water
(1.5 mL). The mixture stirred for 1 h at rt until the reduction
was completed. Then, 1 eq. of the respective gold(i) complex,
dissolved in ACN, was added to the mixture to obtain a concen-
tration of 1 mM. Aliquots of 10 and 80 pL, respectively, were
taken to monitor the reaction by means of ESI-MS and HPLC
analysis at ¢ = 0, 1, 2, 4 and 24 h. The reaction of 3 (1 mM)
with 1 eq. NAC or Cys was analogously performed.

Biology

General cell culture methods. The acute myeloid leukemia
cells HL-60 were purchased from DSMZ - German Collection
of Microorganisms and Cell Cultures, Braunschweig, Germany.
The ovarian carcinoma cell lines A2780wt (wild-type) and
A2780cis (Cisplatin-resistant) were kindly provided by the
Department of Gynaecology, Medical University Innsbruck.
The human fibroblasts kindly provided by the
Department of Haematology, Medical University Innsbruck. All
cell lines were grown in RPMI 1640 without phenol red
(BioWhittaker, Lonza, Walkersville, MD, USA), supplemented
with r-glutamine (2 mM), penicillin (100 U mL™"), streptomy-
cin (100 pg mL™") and fetal bovine serum (10%) (all from
Invitrogen Corporation, Gibco, Paisley, Scotland) at 37 °C in a
5% CO,/95% air atmosphere and fed/passaged twice weekly.
To maintain resistance, A2780cis cells were incubated every
second week with 1 puM of Cisplatin. The resistance of the

were
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A2780cis cells is caused by an increased ability to repair DNA
damage mediated by cytogenetic abnormalities.

Determination of the antiproliferative activity.
Logarithmically growing A2780wt and A2780cis cells were sus-
pended in culture medium at 1 x 10* cells per mL, plated in
triplicate into flat-bottomed 96-well plates (100 pL; Falcon,
Becton Dickinson, Franklin Lakes, NJ, USA) and incubated at
37 °C in a 5% CO,/95% air atmosphere for 24 h. Thereafter,
compounds were added to obtain the final concentrations in a
total volume of 150 pL. Exponentially growing HL-60 cells were
seeded into U-bottomed 96-well plates with a density of 5 x 10"
cells per mL per well. After incubation for 2 h, the compounds
were added to achieve the test concentrations in a total volume
of 150 pL. All cell lines were incubated with the compounds
for 72 h. For the last 12-16 h of incubation, each well was
exposed to [*H]-thymidine (2 Ci mmol~!, Hartmann Analytic,
Braunschweig, Germany). Cells were harvested using a semiau-
tomated device and the [*H]-thymidine uptake expressed in
counts per minute (cpm) was measured in a scintillation
counter (Microbeta Trilux, PerkinElmer, Waltham, MA, USA).
The proliferation in the absence of the complexes was set at
100% and the activity of the compounds was calculated as per-
centage of the control (without compound). The final data rep-
resent the mean of at least three independent experiments +
standard error.

Analysis of metabolic activity. Seeding of the cells was per-
formed according to the proliferation assay. After 72 h of incu-
bation at 37 °C in a 5% CO,/95% air atmosphere, the cells
were analyzed for metabolic activity using a modified 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay (EZ4U kit; Biomedica, Vienna, Austria) according to the
manufacturer’s instructions. Calculation of the metabolic
activity was carried out as described above (determination of
the antiproliferative activity).

TrxR inhibition. The complexes were tested for their ability
to inhibit the TrxR activity using the Thioredoxin Reductase
Assay Kit (Sigma Aldrich Chemie GmbH, Steinheim,
Germany). The assay was modified by testing the enzyme
directly. Therefore, into a 96-well plate, 180 pL of working
buffer, the required amount of assay buffer (14 pL in blank
wells, 10 pL in test wells), 2 pL of isolated enzyme, 2 pL of the
respective test compound and 6 pL of DTNB were added. The
TrxR activity was determined by the transformation of DTNB
in the presence of NADPH/H' to TNB. After the addition of
DTNB, the extinction of TNB was measured at 412 nm using a
microplate photometer (Enspire, PerkinElmer, Waltham, MA,
USA) every 5 min for 160 min. Data were illustrated with
OriginPro 2018G (OriginLab Corporation, Northampton, MA,
USA).

Real-time live confocal imaging of mitochondrial ROS pro-
duction. A2780cis cells were cultured on a p-slide 8-well™
(Ibidi, Munich, Germany) for 24 h before being incubated with
the test compounds for another 24 h. mROS production was
visualized by the addition of reduced MitoTrackerRed
CMH2XROS (incubation time 20 min at rt, final concentration
200 nM, Invitrogen, Carlsbad, CA, USA). Imaging of cell mor-

This journal is © The Royal Society of Chemistry 2022
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phology and nuclei was performed with wheat germ agglutinin
(WGA, Alexa Fluor 647 conjugate, final concentration 5 pg
mL~", Molecular Probes, Invitrogen, Paisley, UK) and Hoechst
33342 (final concentration 0.5 pg mL™'; Sigma Aldrich,
Vienna, Austria). Subsequently, cells were analyzed via real-
time live confocal microscopy using an inverted microscope
(zeiss Observer Z1, Zeiss, Oberkochen, Germany) in an
arrangement with a spinning disc confocal system (UltraVIEW
VoX, PerkinElmer, Waltham, MA, USA). All of the images were
obtained using a 63x oil immersion objective (Zeiss,
Oberkochen, Germany).

Abbreviations

ACN Acetonitrile

cpm Counts per minute

DCM  Dichloromethane

DTNB  5,5'Dithiobis(2-nitrobenzoic acid)
DTT Dithiothreitol

eq. Equivalent

ESI Electrospray ionization

HPLC High-performance liquid chromatography
MS Mass spectrometry

MeOH Methanol

MTT  3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide

mROS Mitochondrial ROS

NHC  N-Heterocyclic carbene

NAC N-Acetyl cysteine

ROS Reactive oxygen species

RP Reversed phase

rt Room temperature

TFA Trifluoroacetic acid

TNB 5-Thio-2-nitrobenzoic acid

TrxR  Thioredoxin reductase

WGA  Wheat germ agglutinin conjugate

wt Wild-type
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