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Gold complexes have a long tradition in the treatment of the
symptoms of rheumatoid arthritis."? Therapeutically used
drugs include mainly gold(I) thiolates (e.g. aurothiomalate
and auranofin), which belong to the group of disease-
modifying antirheumatic drugs (DMARDs) that are used to
slow down or stop the progression of this severe and disabling
rheumatic disorder. Interestingly, in vitro studies on cultured
tumor cells have also indicated the considerable potential of
this class of metallodrugs for tumor chemotherapy, and
thioredoxin reductase is one of the enzymes identified as
a critical target.® Intensified research on the development
of gold antitumor drugs has led to many active species such as
gold(I) complexes with phosphine, thiolate, chloride, and
carbene ligands as well as gold(III) derivatives.[>*1-12]
However, a major issue in the development of new
bioactive gold complexes is the preparation of complexes that
show suitable stability under physiological conditions.!'>f!
Gold complexes with alkynyl ligands, which are widely used
because of their catalytic and luminescent properties,’”! might
display reasonably stable coordinative bonds. In fact, recent
initial reports on the bioactivity of alkynyl gold complexes
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indicate that this type of organometallic complex offers
opportunities for the development of new chemotherapeutics
against cancer and infectious diseases."®! Despite these
prospectives, only three studies on the biological potential
of alkynyl gold complexes have been reported so far.1*2!

Here, we present the outcome of a pilot study aimed at
establishing the biological profile of alkynyl phosphine
gold(I) complexes. Our study shows that the critical target
enzyme thioredoxin reductase can be efficiently and selec-
tively inhibited and that cysteine and selenocysteine residues
are presumably the sites of molecular interaction with the
enzyme. Moreover, we quantified the cellular uptake of the
complexes, established their effects on tumor cell metabolism
and mitochondrial respiration, and investigated their anti-
angiogenic properties in zebrafish embryos.

A series of six alkynyl gold(I) complexes (1-6, see
Figure 1) was prepared by reacting the respective alkynes
with chloro(triphenylphosphine)gold(I). The structures were
confirmed by 'H, *C, *'P NMR, and IR spectroscopy and
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Figure 1. Overview of the investigated gold complexes 1-6 and the
alkynes L1-L6.
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their high purity was determined by elemental analysis (see
the Supporting Information). The disappearance of the
alkyne proton signal of the free ligands in the 'H NMR
spectra is an indication of the complex formation. The
resulting complexes were readily soluble in organic solvents
such as chloroform, dichloromethane, and dimethylform-
amide (DMF). For application in the biological assays, stock
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solutions of the compounds were prepared in DMF and
diluted with the respective assay buffers and media.
Proliferation assays with 1-6 in MCF-7 breast adenocar-
cinoma and HT-29 colon carcinoma cells confirmed the strong
antiproliferative activity of the alkynyl phosphine gold(I)
complexes (see Table 1). The observed ICy, values between
0.8 and 12.0 um were in the range of the activities of

Table 1: Antiproliferative effects and enzyme inhibitory activity of alkynyl
gold(l) complexes and alkynes expressed as ICs, values [um] obtained in
two or three independent experiments.

HT-29 MCF-7 TrxR GR GR/TrxR®
L1 >100 >100 >100 >250 n.a.t!
L2 >100 >100 >100 >250 n.a.
L3 > 100 >100 >100 >250 n.a.t!
L4 >100 >100 >100 >250 n.a.t!
LS >100 >100 >100 >250 n.a.
L6 >100 >100 >100 >250 n.a.t!
1 50403 1.0+0.2 0.045+0.034 10.3+4.4 228
2 16+£07 22404 0.3594+0.054 193479 54
3 52+1.5 08+05 0.0474+0.007 19.1+6.0 406
4 23412 3.8+0.1 1.400+0.251 65.7+6.7 47
5 45403 0.8+0.3 0423+0.113 1494119 35
6 12.0+35 22+0.6 0.337+0.113 31.1+7.0 92

[a] Ratio of GR vs. TrxR inhibition. [b] n.a.: not applicable.

established cytostatics such as cisplatin and S-fluorouracil
and recently studied gold(I) phosphine derivatives.’**! The
metal-free alkyne ligands L1-L6 were investigated as con-
trols, and as expected they showed no activity against tumor
cell proliferation.

In order to evaluate the extent of cellular uptake, we
measured the gold content of HT-29 cells exposed to 5.0 um of
the complexes over a period of 6 h by a method based on high-
resolution continuum source atomic absorption spectroscopy
(HRCS-AAS).?¥ Differences in the observed cytotoxicity
values of Table 1 could not be explained by these experi-
ments, although the experiments indicated a faster uptake of
the complexes with smaller alkynyl ligands (see the Support-
ing Information for details).

As mentioned above, thioredoxin reductase (TrxR) rep-
resents a critical pharmacological target for bioactive gold(I)
species and is significantly involved in pathophysiological
processes including cancer and rheumatic diseases.>*
Besides the prospective target enzyme TrxR, the structurally
and functionally similar glutathione reductase (GR, from
yeast) was used as a reference to check the specificity of the
enzymatic inhibition.

The strongest inhibition of TrxR was observed with 1 and
3, which exhibited ICy, values in the low nanomolar range
(see Table 1). GR was inhibited with more than 200-fold
higher ICs, values in the micromolar range. This clearly
demonstrates that alkynyl gold(I) complexes can achieve
tremendous selectivity for the inhibition of TrxR closely
resembling key features of the gold(I) lead compound
auranofin (9 nm against TrxR and 15 um against GR in the
same assay).”®! Complexes 2, 5, and 6 were approximately
eight times less active against TrxR, and for 4 the highest
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value against TrxR was observed (1.4 um). However, as
outlined above, these differences in activity against TrxR (1,
3>2,5,6>4) were not translated into a substantially higher
cytotoxic activity of 1 and 3 relative to that of 2 and 4-6. The
metal-free alkynes L1-L6 showed no activity.

The interaction of gold complexes with the active center
of TrxR is supposedly dominated by ligand-exchange pro-
cesses between the coordinated ligands at the gold center and
cysteine/selenocysteine residues of the enzyme.”??! In the
assay for TrxR inhibition the enzyme was initially exposed to
the complexes for 75 min to allow these ligand-exchange
reactions to achieve equilibrium conditions. In order to check
for the time dependency of the enzymatic reaction we
measured the inhibition of TrxR by 1 close to its ICs
concentration (0.050 um) immediately after adding the com-
plex to the enzyme. In fact this experiment indicated a time-
dependent process since the activity was decreased to only
79(£12) % of that of the untreated control. After 10 min of
exposure the enzymatic activity already dropped to approx-
imately 50 % and remained close to this value, which indicates
that the kinetic processes involved in the interaction with
TrxR are completed within a few minutes.

Based on their exceptionally strong TrxR inhibitory
properties complexes, 1 and 3 were selected for further
comparative studies. To study the relative strengths of the
Au—C and Au—P bonds, the bond dissociation energies of the
structurally closely related complexes 1-3 were evaluated
theoretically by DFT calculations.”>>! The calculated Au—C
bond dissociation energies were in the range of 270 to
278 kJmol™', while the Au—P bond dissociation energies
ranged between 173 and 175 kJmol ™ (see the Supporting
Information). Accordingly both types of bonds are stable
from a theoretical viewpoint with the phosphines represent-
ing the more weakly coordinated ligands. However, because
of the relatively small differences between the respective gold
complexes themselves, further conclusions concerning the
kinetics of the interaction with TrxR could not be drawn.

Mass spectrometry can be used to identify possible
binding partners on the molecular level. Here we used the
selenocysteine-containing model peptide Ala-Gly-Sec-Val-
Gly-Ala-Gly-Leu-lle-Lys (AGUVGAGLIK) to check for
binding to selenocysteine, which is present in the active site
of TrxR. Incubation of the selenopeptide with the most active
TrxR inhibitors 1 and 3 for 75 min, 24 h, and 48 h followed by
MS analysis led in all cases to molecular ions at m/z 1133,
which corresponds to a naked gold atom attached to the
peptide. Additional peaks were observed in both cases for
peptide coordination by the gold(alkynyl) and the gold(tri-
phenylphosphine) fragment. MS/MS spectra of the molecular
ion at m/z 1133 contained appropriate modified and unmodi-
fied series of b* and y* fragment ions and confirmed the
selenocysteine residue as the major gold binding site (see
Figure 2).

Influences on tumor cell metabolism can be measured by
using an advanced sensor chip system, which makes it possible
to continuously monitor drug effects on cell metabolism as
well as cell adhesion properties. The effects of 1 and 3 on cell
impedance, cell respiration, and extracellular acidification
were studied in MCF-7 cells in concentrations of 5 and 10 um
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Figure 2. MS/MS spectrum of the molecular ion [peptide 4+ Au]* at
m/z 1133 formed by ionization of a 1:1 mixture of complex 3 with the
selenopeptide H-AGUVGAGLIK-OH after 75 min of incubation at
37°C. Signal groups marked with an asterisk (*) stem from species
that contain one gold atom. Similar results were obtained after 24 h
and 48 h of exposure and with 1 (see the Supporting Information).

(see Figure 3). A decrease of cell impedance is the conse-
quence of changes in the cell membrane properties (e.g. cell-
cell or cell-matrix contacts or cell adhesion) and reflects
major cellular morphological changes. Cell impedance was
substantially decreased in a dose- and time-dependent
manner with both 1 and 3. In both concentrations used, 3
was clearly more effective. The sharp decrease of oxygen
consumption reflects the immediate inhibitory effects of 1 and
3 on cellular respiration. Compound 3 was also more effective
in decreasing the extracellular acidification of the cells, which
is related to a lowered glycolysis rate. Complex 1 triggered
only minor activity in this case. Concomitant reduction of
impedance and glycolysis with 3 at 10 um clearly indicates
efficient killing of cells at this concentration.”? Complexes
1 and 3 show some similarities to gold(I) complexes with N-
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heterocyclic carbene (NHC) ligands and cisplatin, but also
differences in their effects on MCF-7 cell metabolism.***¢3
Both cisplatin and gold(I) NHC complexes triggered a com-
pensatory enhancement of glycolysis when respiration was
inhibited, which was not observed with 1 and 3. Similar to
1 and 3, gold(I) NHC complexes caused an immediate
decrease of cell respiration but cisplatin affected respiration
only after extended exposure periods. Cell impedance
declined after approximately 8-10 h with all compounds.

The strong and immediate decrease in respiration clearly
indicates mitochondria as a major target organell, which also
had been described previously for gold metallodrugs.!***3%34
Accordingly, we studied the effects of 1 and 3 on the
respiration of functionally active mitochondria (see
Figure 4). In this assay the oxygen consumption of freshly
isolated mouse liver mitochondria was measured using an
oxygen sensor system. Complex 3 initially stimulated mito-
chondrial respiration in concentrations of 5 and 10 um (as
reflected by an increased oxygen consumption in this assay)
and eventually inhibited mitochondrial functions with longer
exposure (>240 min). This indicates that complex 3 acts as
a weak oxidative decoupling agent and only after longer
treatment inhibits mitochondrial respiration. With this prop-
erty it significantly differs from recently studied gold(I)
complexes, which had demonstrated strong inhibition of
mitochondrial respiration.”®! Complex 1 showed generally the
same properties as 3, but in this case the effects were only
minor. The gold-free ligand L3 was used as a negative control
and as expected its effects could not be distinguished from
those of the untreated control. chloro(triphenylphosphine)-
gold(I) was used as a positive control and inhibited mito-
chondrial respiration strongly at a concentration of 10 pm (see
the Supporting Information for the results with both con-
trols).

Another feature highly relevant for the design of anti-
cancer metallodrugs is the triggering of anti-angiogenic
effects, which have been reported for various examples
including ruthenium, cobalt, and iridium coordination com-
pounds.”¥" Anti-angiogenic effects are generally related
to the reduction of blood vessel formation in growing tumors.
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Figure 3. Real-time analysis of MCF-7 cell metabolism in response to exposure to 5 and 10 um solutions of complexes 1 and 3. Cell impedance
(left), standard respiration rate (middle), and standard extracellular acidification rate (right). Treatment started after an equilibration time of about

5 h and continued for 24 h. RM: running medium (no compound).
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Figure 4. Time course of the oxygen saturation of medium containing
freshly isolated mouse liver mitochondria. Compounds were added in
concentrations of 1, 5, and 10 um. Top: 1, bottom: 3. Normal
mitochondrial activity leads to a decrease in oxygen saturation
(control). In comparison inhibition of mitochondrial respiration leads
to higher oxygen saturation and an enhancement of respiration results
in a lower oxygen saturation. Rotenone, an inhibitor of respiratory
chain complex |, leads to continuously high levels of oxygen saturation
and carbonyl cyanide 3-chlorophenylhydrazone (CCCP), which acts as
a decoupling agent, causes an increased oxygen consumption (not
shown).

As a result the malignant tissue ultimately “starves” owing to
the reduction of necessary nutrients. This approach is
considered a practicable strategy for anticancer drug devel-
opment.””! Recently experimental in vivo assays using devel-
oping zebrafish embryos have demonstrated a huge potential
as an animal model in the development of anti-angiogenic
agents because of the fast and reliable results and the practical
applicability for drug screening procedures.!!

Interestingly, the alkynyl gold complexesused in this study
displayed significant effects on the blood vessel formation in
developing zebrafish embryos, whereas the metal-free ligands
L1 and L3 remained completely inactive (see Figure 5 and the
Supporting Information). Thus, after 48h and 72h of
exposure to 1 and 3 in nontoxic concentrations (0.1 and
1.0 um), relevant defects in vessel formation could be noted in
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Figure 5. Blood vessel formation in developing zebrafish embryos
(transgenic zebrafish line, Tg:fli1/e GFP) was monitored three days
after fertilization; top: L1 (0.1 um), bottom: 3 (0.1 pum). Examples of
effects on vessel formation are marked with arrows.

more than 90% of the treated embryos. The known anti-
angiogenic drug thalidomide™ was used as a positive refer-
ence in the same concentrations and exhibited significant but
lower activity (approximately half of the embryos were
affected, see the Supporting Information). These results
strongly indicate that the activity of the gold complexes is
related to that of the intact metal species. This result is of
particular importance since we could show in previous reports
that chloro gold(I) phosphines were not active in this assay
and that the activity of related naphthalimide-containing
gold(I) derivatives was linked to the presence of the organic
naphthalimide ligand.?**! The results reported here thus
imply that the alkynyl gold(I) moiety can be used to obtain
active angiogenesis inhibitors.

In summary our study shows that alkynyl gold complexes
of the type alkynyl(triphenylphosphine)gold(I) exhibit
a promising potential as future chemotherapeutics. They
trigger antiproliferative effects and are generally strong
inhibitors of TrxR with a high selectivity over the related
enzyme glutathione reductase. Moreover, effects against
tumor cell metabolism and mitochondrial respiration were
observed as well as significant anti-angiogenic properties in
zebrafish embryos. TrxR is an enzyme with various physio-
logical and pathophysiological functions.***1 Among other
pathways it is involved in cell proliferation, apoptosis, and
angiogenesis and it is relevant for several diseases including
cancer. It has to be clarified in future studies whether the
observed biological effects of alkynyl gold(I) complexes are
directly connected to the inhibition of TrxR or the result of
the interaction with different pathways. A number of
molecular targets have been reported for structurally diverse
gold species and hence they might also be relevant for the
bioactivity of alkynyl(phosphine)gold(I) complexes.!*”! For
example, this might include the interaction with PARP-1,*
phosphatases,***) and cathepsins.[**

The results obtained in this study clearly warrant further
studies on the biochemistry of alkynyl gold complexes, the
identification of additional targets, as well as the development
of structure—activity relationships.
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