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SUMMARY

Covalent drugs emerged as a promising addition to the arsenal
of medicinal chemistry tools. Here, a gold-templated mechanism is
exploited to enable the selective covalent targeting of the CysSec-
dyad of thioredoxin reductase 1 (TXNRD1) in cancer cells. This
two-step mechanism involves reversible coordination of a cyclome-
talated gold(lll) compound, featuring a bidentate CAN ligand, to
thiolates/selenolates, followed by reductive elimination and irre-
versible covalent cross-coupling reaction of the ligand to these nu-
cleophiles. Following this reactivity, potent inhibition of TXNRD1
activity was shown in vitro, including cancer cell extracts. Selective
arylation of the CysSec-dyad in the presence of reducing equivalents
was seen in cell-free studies. Chemoproteomic studies showed that
the proposed mechanism is selective toward specific protein tar-
gets, including TXNRD1. Proteome profiling revealed down-regula-
tion of the detected selenoproteins, except TXNRD1, and induction
of the NRF2-KEAP1 pathway. Metal-templated covalent targeting
may prove useful to rationally expand the ligandable space of cova-
lent drug discovery.

INTRODUCTION

Covalent drug discovery has made significant progress during the last decade.’
Covalent inhibitors feature mildly reactive, electrophilic groups, including, among
others, acrylamides, activated nitriles, or cyanamides.” Careful control of the
reactivity of covalent warheads can achieve selectivity and prolong target engage-
ment, thereby favorably altering pharmacodynamic profiles® of drug candidates
to outperform classical non-covalent targeting strategies. The rational develop-
ment of reactive covalent inhibitors had long been avoided in medicinal chemistry
due to the perceived risks of off-target reactivity and their interference in biolog-
ical assays.' Initial covalent drug discovery efforts were driven by incorporating
reactive functional groups into known reversible inhibitors. For example, to over-
come the T790M gatekeeper mutation in the EGF receptor of non-small cell
lung cancer, afatinib was designed with an acrylamide moiety that reacts with
Cys797 in the receptor and was approved in 2013." More recent covalent drugs
were discovered by electrophile-first approaches, such as sotorasib, a covalent in-
hibitor for KRAS(G12C) mutants.” Therefore, covalent target engagement is a
promising strategy for hard-to-drug targets with shallow or cryptic binding
pockets. Electrophile-first approaches are largely facilitated by chemoproteomic
techniques.®”’
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In this context, we decided to explore a medicinal inorganic chemistry approach,
based on organogold compounds,® to develop anticancer metallodrugs acting via
covalent bond formation reactions with pharmacological targets. Gold-based drugs
are a class of metal-based anticancer agents’ endowed with distinct modes of action
(MoA) with respect to platinum-based anticancer agen’cs,m'M and which can be
categorized into gold(l) and gold(lll) compound families that generally follow pro-
tein-targeting pathways, with a few remarkable exceptions.'®™'” Auranofin repre-
sents the benchmark gold(l) drug that was initially approved to treat rheumatoid
arthritis and is currently being repurposed as an anticancer agent.'® Among its vali-
dated modes of action, the inhibition of the selenoenzyme thioredoxin reductase 1

(TXNRD?1) is particularly relevant,'”*°

since its selective inhibition can induce pro-
apoptotic signals.'®?" The metallodrug binding mode involves the formation of a
reversible coordination bond to the selenocysteine in the protein’s catalytically
active site, following ligand exchange reactions at the gold(l) center.'??? Recently,
it has been shown that gold(lll) complexes may exert their anticancer activity by co-
valent targeting of proteins beyond the pure coordinative binding mode, and as
such, emerge as new chemical tools for bioorthogonal transformations in vitro and
in vivo, as well as novel drug leads.”® For example, the anticancer gold(lll) meso-
porphyrin IX was shown to covalently modify protein cysteine thiols of TXN, perox-
iredoxin (PRDX), and deubiqui‘cinases.24 In this example, the gold(lll) center was
crucial to activate the meso-carbons of the porphyrin ring toward nucleophilic sub-
strates. In 2017, a study by Tanaka and co-workers reported on a cyclometalated
gold(lll) compound tethered to an N-glycoalbumin carrier, which by virtue of its
Lewis acid character was capable of activating propargyl ester functions for binding
to proteins by amide bond formation in vivo.”> Some gold(lll) organometallic com-
pounds are also known to perform metal-templated covalent additions of ligands to
biological nucleophiles, especially cysteine thiols.?® In this context, we and others
observed that cyclometalated gold(lll) compounds featuring bidentate CAN ligands
can template the formation of covalent aryl-peptide adducts via C-S cross-coupling
at cysteine residues (Figure 1A).%"?7?% According to density functional theory calcu-
lations combined with mass spectrometry (MS) studies, this involves a two-step
reaction mechanism (Figure 1A).% First, the gold(lll) coordinates to a thiolate/
selenolate in trans position to the N-heterocycle of the CAN-cyclometalated ligand
upon exchange with one of the ancillary ligands, forming a classical gold coordina-
tion bond. Second, a peptide bond nitrogen is required to exchange the
N-heterocycle, which allows the C-5/Se cross-coupling reaction by reductive elimi-
nation. The reduced gold atom is released during this process. Interestingly, this
gold-templated covalent reactivity was found to be selective toward thiols over
other nucleophiles.”’ The mechanism combines the benefits of reversible coordina-
tion of gold(lll) adducts for targeting thiol-based nucleophiles with the possibility of
covalently modifying these sites. Such reactivity is unique to this family of organome-
tallic gold(lll) complexes and is not accessible by gold(l) compounds.zmo'31

Reactivity toward arylation can be tuned by structural changes of the chelating and
ancillary ligands. [Au(C“®N)Cl,] (C°°N = 2-benzoylpyridine; Figure 1B) was found to
be more reactive than other CAN-cyclometalated derivatives.?’ Furthermore, cyclo-
metalation is one of the main strategies to stabilize gold(lll) centers, so that these
compounds become sufficiently stable for potential medicinal applications or for

functionalization for imaging and targeting purposes.””*

Activity-based proteomic profiling of [AU(CSPN)Cl,] in Staphylococcus aureus

cell extracts showed that the compound can efficiently arylate cysteine thiol
residues of >100 proteins, >50% of which were not engaged by the established
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Figure 1. Mechanism of gold(lll)-templated cross-coupling and chemical structures of the investigated compounds

(A) Proposed scheme of the reaction of CAN-cyclometalated gold(lll) compounds with thiols and selenols of proteins. The binding proceeds via 2 steps:
(1) the formation of a coordination adduct in which the gold(lll) center binds directly to the S7/Se™ nucleophiles and (2) C-S/Se cross-coupling reaction

via reductive elimination and liberation of gold(0/1).

(B) Chemical structures of the parent compound [Au(C“°N)Cl,] (C°°N = 2-benzoylpyridine) and of the investigated CAN-cyclometalated gold(lll)

analogs Au (with a functional carboxylic acid via an oxime) and Au-Fluo.

a-chloroacetamide.®® Out of the ligandable sites, 10 potential arylation sites
were assigned to be close to the respective functional protein sites; some of the
identified proteins were already known targets for metal compounds with antibacte-
rial effects.

These initial results showed promise for gold(lll)-templated covalent targeting as an
anticancer strategy. Here, a cyclometalated gold(lll) CAN complex featuring a
carboxylic acid group on the ligand scaffold for further functionalization (Au, Fig-
ure 1B) was used to investigate metal-templated covalent targeting as an anticancer
strategy in human SW480 colon cancer cells. In detail, we applied MS-based and
complementary methods to validate the proposed reactivity. In general, besides
other analytical techniques,®**° MS contributed toward elucidating the reactivity
of metal-based candidates.”’*° In the frame of increasingly mechanism-driven

h,41-43

researc metalloproteomic techniques were successfully established to char-

A1A4=s1 22754 or redox |oroteomes.55

acterize target landscapes, metal interactomes,
In this context, using chemoproteomic techniques, we saw target selectivity for
TXNRD1 and found potent inhibition of TXNRD1 activity against the isolated
enzyme and in cell extracts. In the presence of reducing equivalents, the CysSec-
dyad of TXNRD1 was selectively arylated by Au, highlighting that selenocysteine
may contribute to the coordinative targeting mechanism. Metal-templated covalent
strategies may represent a promising strategy to expand the ligandable space in co-

valent drug discovery.

RESULTS AND DISCUSSION

The investigated C*N-cyclometalated gold(lll) compounds template cross-
coupling reactions to thiols

The parent substance [Au(C“®N)Cl,] was modified to two oxime-containing CAN-cy-
clometalated compounds featuring either a functional carboxylic acid group (Au) or
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Figure 2. Reactivity of Au toward NAC

H-NMR spectra of Au reacting with 3 equiv of NAC in DMSO-ds:D,0 (9:1). The spectrum of NAC
alone is included as a reference. The characteristic shift of the a-H was observed (A = 0.78 ppm),
indicating a rapid C-S coupling of Au with NAC.

a fluorescent tag (Au-Fluo). Au was synthesized according to a previously reported
procedure.’ The fluorescent derivative Au-Fluo was synthesized by amidation
of Au with the 2-(-4-(7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)piperazon-1-yl)ethane-1-
amine fluorophore, and both compounds were characterized by standard analytical
methods (Figures S1 and S2).

Since metal-based compounds are typically reactive molecules that can undergo
ligand exchange reactions, the stability of the complexes Au and Au-Fluo was tested
in DMSO-dg:D,0 (9:1) by "H-NMR spectroscopy (Figures S3 and S4). The com-
pounds were stable over 24 h under these conditions, as suggested by the observa-
tion of the characteristic doublet at 9.31 ppm for Au and Au-Fluo, corresponding to
the proton adjacent to the Au-N bond in the pyridinyl ring (a-H).

Additionally, both compounds were investigated with respect to their ability to ary-
late thiols. The compounds were incubated under the same conditions in the pres-
ence of 3 equiv of N-acetylcysteine (NAC; Figures 2 and S5). The characteristic shift
of the "H-NMR signal from 9.3 to 8.5 ppm of the a-H corresponding to thiol aryla-
tion?” was observed for both Au and Au-Fluo. The kinetics of C-S bond formation
varied only slightly, with Au inducing complete arylation within the timescale of
the first measurement (time = O h), as also seen for [Au(C®N)Cl,] (Figure Sé),
whereas Au-Fluo required a few extra minutes.

Then, the interaction of Au-Fluo with BSA was studied using fluorescence spectros-
copy. BSA represents a competitive binding model for Au-Fluo because it contains
one free cysteine, several disulfide bridges, and several surface-exposed nucleo-
philes (e.g., imines) that can coordinate to the gold(lll) center by ligand exchange.
The luminescence properties of Au-Fluo were determined first (Figure 3A). The emis-
sion spectrum of Au-Fluo featured an excitation maximum at 493 nm and an
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Figure 3. Fluorescence spectroscopy and microscopy studies of Au-Fluo

(A) Absorbance (blue, Aaps,max = 493 nm) and emission (red, Aem,max = 553 nm) spectrum of Au-Fluo in DMSO with the related Stokes shift (orange) of
AX =62 nm, and the absolute fluorescence quantum yield (¢g). For the emission spectrum, Au-Fluo was excited at the absorbance maximum of 493 nm.
(B) Fluorescence emission spectra recorded over time of the interaction between Au-Fluo (1 equiv) and BSA (10 equiv) at an excitation wavelength of
478 nm. Spectra were recorded in PBS (pH 7.4):DMSO (9:1), and samples were incubated at 37°C for 1 and 24 h. The spectra of BSA (green) and free
Au-Fuo (orange) incubated for 24 h are also reported for comparison.

(C) Cellular distribution of Au-Fluo in SW480 cancer cells after a 4-h incubation studied by confocal fluorescence microscopy. DAPI (blue) indicates
nuclei and phalloidin (red) indicates actin cytoskeleton. Green fluorescence of Au-Fluo was monitored after excitation at 469 nm and emission at 525 nm
(GFP channel). Scale bar, 20 pm.

emission maximum at 553 nm in PBS:DMSO (9:1). For the study with BSA, 1 equiv of
Au-Fluo and 10 equiv of BSA were dissolved in PBS (pH 7.4):DMSO (9:1) and incu-
bated at 37°C for 1 and 24 h. Solutions of Au-Fluo and BSA at the same concentra-
tions were analyzed as controls under the same conditions. Upon incubation for 1 h
with BSA, the emission maximum underwent a blueshift toward 547 nm, indicating
an arylation reaction potentially at the cysteine (Figure 3B). Most notably, the fluo-
rescence intensity further increased by approximately 60% over 24 h.

The C*N-cyclometalated gold(lll) compounds are moderately cytotoxic, and
Au-Fluo distributes to the perinuclear and nuclear regions

The antiproliferative activity of the two compounds Au and Au-Fluo was determined
in human SW480 colon cancer cells using the colorimetric MTT assay. Cells were
incubated for 24 and 72 h. The compounds showed moderate cytotoxicity. The
half-maximal effective concentration (ECsg) for growth inhibition was determined
tobe 62 + 1and 32 + 6 uM for Au and Au-Fluo, respectively, after 24 h (Figure S7).
After 72 h, the potency increased slightly to ECsg values of 31 £ 9 uM for Au and
20 + 2 uM for Au-Fluo.

Cell Reports Physical Science 5, 102072, July 17, 2024 5
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The fluorescence of Au-Fluo was further used to track its cellular distribution in
SW480 cancer cells. Its excitation and emission spectra enabled excitation at
469 nm and data acquisition by green fluorescence in the microscope. For these
studies, SW480 cells were treated with Au-Fluo at half-ECsq (16 uM) and ECso
(32 uM) concentrations for up to 24 h. The cellular distribution of Au-Fluo in
SW480 cells was assessed by live-cell fluorescence microscopy (Figure S8). The me-
dium had to be exchanged before analysis to reduce the background fluorescence.
Au-Fluo was found to distribute into SW480 cancer cells, with a slight preference for
the nuclear compartment after 4 h, and the distribution remained similar over 24 h.
This experiment was repeated using confocal fluorescence microscopy benefiting
from an increased resolution. After fixing and permeabilization, the cells were co-
stained with phalloidin (red) as a marker for the actin cytoskeleton and with DAPI
(blue) as a marker for the nucleus (Figure 3C). Au-Fluo was confirmed to distribute
to the perinuclear region and into the nuclear compartment.

TXNRD1 is identified as a potential target of Auin SW480 cancer cell extracts
The gold-templated covalent targeting of Au was then investigated in the proteome
of SW480 cancer cells using a chemoproteomics approach.”'*> Coupling conditions
of the carboxylate-containing Au to the amine-based Sepharose resin were opti-
mized. The amidation reaction turned out to proceed selectively in an aqueous so-
lution in the presence of 1.5 equiv of 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide at pH 4 when using Au and 1 equiv of serotonin as a model amine. Ami-
dation required at least 18 h to proceed, which led to the hydrolysis of one chlorido
ligand at the gold(lll) center and formation of a gold(lll)-hydroxido complex, as de-
tected by ion trap MS at m/z 661.11 (Miheor = 661.09) with a characteristic single
chloride isotope pattern (Figure S9). These coupling conditions were employed
forimmobilizing Au on amine-containing Sepharose resins, but using a 3-fold excess
of Au with respect to the available amines to increase the coupling efficiency. Since
the buffer of the chemoproteomic experiment contained DTT as a reducing agent,
the reactivity of Au toward DTT (1:2 equiv) was also investigated over the course
of 70 min directly after mixing (Figure S10). In line with expectations, Au coordinated
rapidly to DTT, but the cross-coupling reaction between the ligand and DTT pro-
gressed steadily over the entire incubation period. This indicated that DTT blocks
immobilized Au only to a minor degree during the 2-h incubation of the chemopro-
teomic experiment since the coordination bond enables successive ligand ex-
changes until a final nucleophile traps the gold(lll) complex.

The chemoproteomic experiment was performed using a differential approach (Fig-
ure 4A). The immobilized Au on Sepharose resin was exposed to a native protein
whole-cell lysate of SW480 cancer cells for 2 h. During this time, the immobilized
Au coordinates to nucleophiles under competitive conditions until a final nucleo-
philic moiety traps the complex and leads to an irreversible covalent bond. This
approach is prone to non-selective binding of proteins to the resin due to hydropho-
bic interactions. To account for the latter, a separate competitive pull-down exper-
iment was performed, where the native whole-cell lysate was pre-incubated for 2 h
with free Au (12 uM) and then incubated for another 2 h with the Au-anchored resin.
Pre-incubation with free Au leads to the irreversible arylation of potential interactors,
which cannot be captured by the immobilized Au any longer, so that only non-
selective interactors are detectable. Differences between the normal and the
competitive pull-down reveals selective binding partners. Since we expected only
covalently bound proteins to be attached to the resin after chemoselective arylation,
we performed the proteolytic digestion directly on the beads, subsequent to harsh
washing steps. After nano liquid chromatography-tandem MS (nLC-MS/MS)-based
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Figure 4. Target identification of immobilized Au using chemoproteomics

(A) Au was immobilized on amine Sepharose beads. Native protein cell lysates of SW480 cancer cells were prepared and either directly incubated with
the immobilized probe (normal pull-down) or pre-treated with free Au (12 uM, competitive pull-down).

(B) Differential analysis of the normal and competitive pull-down experiments revealed selective binding to TXNRD1 from the native protein whole-cell
lysate of SW480 cancer cells.

(C) Dose-dependent titration with free Au at 0 nM, 96 nM, 480 nM, 2.4 uM, 12 uM, and 60 pM revealed dose-dependent binding affinity for only TXNRD1
and PRDX4. The unusual titration curve indicates bis-arylation of TXNRD1 by Au possibly involving the CysSec-dyad. Each concentration was performed
in 3 replicates.

proteomic analysis and evaluation, the potentially selective interactors were ranked
by means of their enrichment efficiency and significance of interaction as calculated
from the respective intensities in the normal and competitive pull-down (Figure 4B).
A total of 2,833 proteins were identified in the pull-down from the whole-cell lysate
of SW480 cancer cells. Strikingly, we identified the selenoprotein TXNRD1 as the
most prominent selective interactor based on enrichment and significance (Fig-
ure 4B). TXNRD1 is a key player in the maintenance of the intracellular redox homeo-
stasis within the TXN system, often overexpressed in cancers due to a constitutive
activation of the transcription factor and stress sensor NRF2.°® It is involved in
apoptosis induction and has emerged as one of the main targets of cytotoxic gold
complexes, including the clinically evaluated auranofin.'”?%>” Human TXNRDs are
homodimers coupled head to tail, each one containing a redox-active CysSec-
dyad with sequential cysteine and selenocysteine residues at the C terminus respon-
sible for the interaction of the enzyme with various substrates as well as TXN itself.>®

The chemoproteomic approach was expanded to a dose-dependent competition
experiment to verify the interaction with TXNRD1 and assess the potency of interac-
tion.”” This was achieved by titrating Au at increasing concentrations (0.096-60 M)
in the competitive pull-down. Once more, TXNRD1 was verified as an interactor of
Au and showed a clear dose-dependent profile. However, in contrast to earlier ob-
servations,”’ we noted an unusual interaction profile suggesting that arylation of
TXNRD1 by Au involves a second binding site. A 2:1 binding stoichiometry between
Au and TXNRD1 was indicated by the apparent enrichment of TXNRD1 after the first
arylation step, with a maximum at 2.4 pM and a nearly complete competition at
12 uM (Figure 4C). The catalytic CysSec-dyad of TXNRD1 potentially allows for
two arylation events to occur. A further dose-dependent interaction was observed

Cell Reports Physical Science 5, 102072, July 17, 2024 7




¢? CellPress

OPEN ACCESS

with PRDX4, but only at the highest tested concentrations. PRDX4 is thus an unlikely
target at pharmacologically relevant concentrations. It is worth noting that we did
not observe other proteins with clear-cut dose-dependent profiles in the tested con-
centration range.

Au selectively arylates the catalytic CysSec-dyad on TXNRD1 in the presence
of reducing equivalents

The selectivity of Autoward TXNRD1 in the chemoproteomic approach suggested the
catalytic CysSec-dyad as a likely site of interaction and potentially enabling bis-adduct
formation to occur. To characterize the terminal arylation sites, TXNRD1 was reacted
with Au in a cell-free experiment using O, 1, and 5 equiv of Au. Additionally, TXNRD1
was reacted with 1 equiv Au in the presence of 0, 1, and 5 equiv of NADPH as a
reducing agent. Each sample was directly proteolytically digested and analyzed
by nLC-MS/MS. To automatically detect modified peptides of TXNRD1 using
MaxQuant (version 1.6.17.0), arylation and carbamidomethylation were customized
as variable modifications on cysteine and selenocysteine. These experiments revealed
a 96% sequence coverage of TXNRD1, including the C-terminal peptide that contains
the catalytic CysSec-dyad (Figures 5A and S11A). The latter contained the sequence
RSGASILOQAGCUG (m/z 692.7775 [z = 2], Miheor = 692.7810) that showed a retention
time (RT) of 28.2 min in this experimental setup (Figure 5B). Interestingly, already at a
1:1 molar ratio between TXNRD1 and Au in the absence of NADPH, two chromato-
graphic signals for the arylated peptide (m/z 791.3072 [z = 2], Miheor = 791.3058)
were observed, with RTs of 39.9 and 40.3 min, respectively. This indicated the pres-
ence of two distinct arylation sites on this peptide. Additionally, a bis-arylation prod-
uct was observed (m/z 593.5517 [z = 3], Miheor = 593.5551) at RT = 49.1 min, support-
ing the possibility of two different binding sites on this peptide. The isotopic patterns
of the different mass signals clearly showed the presence of selenium, revealing excel-
lent simulation matches and mass accuracies of <5 ppm (Figures 5C and S11B). The
four detected mass signals corresponding to the unmodified CysSec-dyad peptide
(RT = 28.2 min), the two mono-arylated peptides (RT = 39.9 and 40.3 min), and the
bis-arylated peptide (RT = 49.1 min) were individually selected for MS/MS analysis
at their respective RTs (Figure 5D). MS/MS analysis revealed detailed information
about the peptide sequence and the location of the arylation sites. The unmodified
peptide was identified with characteristic b- and y-fragments.**>” The bq;* fragment
represents an unmodified cysteine, while y3* represents the unmodified C-terminal
CUG fragment of this peptide. Interestingly, the b-fragments remained similar for
the mono-arylated product at 40.3 min, including the bq;* fragment. In contrast,
the detected y-fragments indicated an arylation product, and the arylated y," frag-
ment [y2(Ar)*] provided direct proof of selenocysteine arylation on TXNRD1. The sec-
ond mono-arylation product eluting at RT = 39.3 min did not feature the unmodified
b1" ion. Indeed, the lack of the by, ion and the detection of an arylated bq;* ion
(b11(An) highlights that this species corresponds to a cysteine arylation product.
Finally, the MS/MS spectrum of the bis-arylation product eluting at 49.1 min revealed
a different set of fragments that supported simultaneous cysteine and selenocysteine
arylation. For example, the fragments y,(Ar)* and y3(2Ar)* clearly evidenced bis-aryla-
tion of the CysSec-dyad of TXNRD1. This terminal peptide was neither observed un-
modified or arylated in the proteome profiling experiments of SW480 cancer cells
treated with Au. In addition to their characteristic m/z ratios, RTs, and fragmentation
spectra, these C-terminal peptides also featured distinct ion mobilities supporting the
structural impact of the arylation on the peptide (Figure S11C).

The reaction between TXNRD1 and Au in the absence of NADPH also revealed three
other arylated peptides, among which was an N-terminal peptide containing the

8 Cell Reports Physical Science 5, 102072, July 17, 2024

Cell Rerrts )
Physical Science



Cell Reports

Physical Science ¢? CelPress
OPEN ACCESS
A B
TXNRD1 =2.04mc c
Sequence coverage w
96% 215
10 [RSGASILQAGCU(Ar)G+2H*J2*
% ’ CesHogN2021SSe+2H*
=05 - 791.3072
et Au : TXNRD1 (1: 1) [M+C(Ar)+2H*]>*  [M+U(Ar)+2H*]>* 2 791.8070
] B 790.3057( '
1 61RSGASILQAGCUG  1m/z 791.3072 m/z 791.3072 @
X 4 39.9 min / 40.9 min 8 ‘ l l J I X
< [M+2H" N\ M+C(Ar)+U(Ar)+3H? ] - ‘
£ m/z 692.7776 d ,(,,/2)594_55)24 I 2 791.3050 2.8 ppm
3 28.2 min 49 1 min £|  700.3057|701:8061 ‘
© & |Au:TXNRD1 (5:1) &
W 61rRsGASILQAGEUG L |,
X4 789 791 793
4 = E m/z—
C-terminal peptide: T,_$
RSGASILQAGCUG 10 20 20 20 50 50 70 = RSGASILOAGCU(ANG
D - Time [min] -~ RSGASILQAGC(ANUG
MS2: 692.7775 5723104 . b8 3x10%
28.2 min ys" o
yor g S0T088Y ORI o Rins RsGAsI'QAGCUG 2
284.0124 444.0446 B10E . T 570 e & 2410°
b3* 941.5078 i §
e | L I. L nl\ l u E
= 1x10°
MS2: 791.3072 SRR =
40.3 min RSGASILQAGCUG
i (G R .
2 ya(an 7991482 1 ggsa05 y7(Ar)* Sse O 0 1 2 3 4 5
B Y2(Ar)* 641.0903 y4(Ar)* 1010.2941 NADPH equiv.
S 481.0605 \f98.1128 / b1+
= -+ WGLGGTCVNVGC(AnIPK
; | 1 lﬁ vl ] ) | 1101f5441 i - WGLGGTC(Ar)VNV(GglPK
& - -+ YLGIPGDKEYC(AnISSDDLFSLPYCPGK
2 T oty Rs A s AREAU 6 - JiarooreressonoLprcmpox
5 y4(Ar)*| . et A
® 698.1108 | Y6(Ar) c o 8x10%
bi1(AGE | | 8942073 . o0y o
4810010 40797t [ | | | 1010.2032 26x10%]
L ) Lol My ! |
Q
MS2: 593.5517 SRR £ 4x10%
49.1 min a2k RSGASIL QLALGLCLU G <
p5* y ) o 2 = 2,105
4592286 Y2(Ar)* 895.1568 Ho Oy s LSE o Aoy %10
481.0609 y3(2Ar)*
§38.1360 y5(2An)* % D 0
l l \ 966.1943 SN N~ 0 1 2 3 a4 5
.l Ll. | - ks - II. L I.Il N ul - _ - - : NADPH equiv.
200 400 600 800 ’ 1000 1200 1400 1600
m/z—

Figure 5. Identification of Au-templated arylation sites on TXNRD1
TXNRD1 (5 pg, 2.25 pM) was reacted with 0, 1, and 5 equiv of Au for 24 h. In a second setup, TXNRD1 was similarly reacted with 1 equiv of Au in the
presence of 0, 1, and 5 equiv NADPH. Results are representative of 3 replicates. The protein was proteolytically digested and analyzed by nLC-MS/MS.
(A) A 96% sequence coverage of TXNRD1 was obtained.
(B) The chromatograms depict the total ion chromatogram, as well as the extracted ion chromatograms of the CU-containing C-terminal peptide. The
reaction of TXNRD1 with Au in the absence of NADPH led to the arylation of the CysSec-dyad on TXNRD1. C- and U-arylations were observed at both
molar ratios, as well as bis-arylations.

(C) The experimental mass signal and theoretical simulation of the isotope pattern of the mono-arylated C-terminal CU-containing peptide is shown.
(D) MS/MS experiments of the unmodified and covalently modified CysSec-dyad containing peptide unambiguously identified the location of the

arylation sites on C and U.
(E) Increasing equivalents of NADPH (0, 1, 5 equiv) in the reaction between TXNRD1 and Au (1:1 equiv) led to an increase in the intensity of the arylation
of the C-terminal CU-containing peptide, while all other arylated peptides considerably decreased in intensity. Data are shown as mean + SD (n = 3).

CVNVGC motif that is known to coordinate gold (Figures 5E, S11D, and S11 E).¢°
These arylated species also increased in intensity with increasing Au equivalents.
Interestingly, increasing equivalents of NADPH reduced the arylation efficiency
on these sites, while at the same time the arylation of the C-terminal CysSec-contain-

ing peptide increased. This highlighted the selectivity of the gold-templated cova-

lent targeting toward the C-terminal CysSec-dyad in the presence of reducing

equivalents.
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Au inhibits TXNRD1 activity

TXNRD1 activity was investigated to confirm the inhibitory effect of Au at the
CysSec-dyad on enzymatic activity. Au was first tested against purified mammalian
TXNRD1 and then against TXNRD1 in human A549 lung cancer cells. The cellular
assays were performed in A549 cancer cells due to their abundant TXNRD1 expres-
sion, which is crucial for the sensitivity of the assay.®’ Au exhibits half-maximal inhib-
itory concentration (ICsp) values toward the isolated enzyme in the nanomolar range,
corresponding to 0.069 + 0.046 and 0.176 + 0.045 pM at 15 and 75 min incubation
time, respectively (Figure S12). Au is less potent than auranofin, showing an ICsg =
16 nM in the same experimental setup®”®® but in line with previous studies on anal-
ogous cyclometalated gold(lll) CAN complexes.*”*? Au was then incubated with
A549 cancer cells for 24 h, after which the cells were homogenized and the cell lysate
extracted to determine the remaining TXNRD1 activity at different Au concentra-
tions. Auinhibited the TXNRD1 activity in cellulowithan ICsg = 11.9 + 3.8 uM. These
results indicate that Au inhibits TXNRD1 activity in sufficiently low concentrations to
account for its anticancer activities. Interestingly, the inhibitory concentration of Au
in cellulo parallels the findings of the pull-down during dose-dependent competi-
tion (Figure 4C).

Overall, these data, together with the aforementioned chemoproteomic and MS
studies, point toward the possible finding of Au as a metallodrug lead compound
that exhibits an unprecedented mode of covalent TXNRD1 inhibition, compared
to known covalent TXNRD1 inhibitors, including Ethaselen,®” TRi com|oounds,é’5

the half-mustard 2-chloroethyl ethyl sulfide,® e’
68,69

cyclic selenylsulfides,®” and other

small molecules.

Au treatment induces the NRF2-KEAP1 pathway, a key regulator of redox
management capacity in cancer cells

The effects of sub-cytotoxic Au treatment (12 pM, 24 h) on SW480 cancer cells were
evaluated by proteome profiling. The cytoplasmic (CYT) and nuclear (NE) protein
fractions were separately processed and analyzed according to an established work-
flow using a data-dependent label-free quantification strategy.”® A total of 4,347
protein groups were identified. As shown in Figure 6A, the correlation among bio-
logical replicates was typically around 0.85, as exemplified for two Au-treated NE
fractions. This led to a clear separation of the proteome profiles of the different con-
ditions, as revealed by principal-component analysis (Figure S13). Therein, the con-
trols, Au treatments, and CYT and NE fractions were clearly separated, while the
intra-condition replicates clustered together, indicating homogeneous treatment
effects even in subcellular fractions. Of the total number of proteins, 117 and 465
protein groups were significantly regulated in the CYT and NE fractions, respectively
(Figure S13B). Statistical significance was calculated using multiple testing-cor-
rected p values based on 5% false discovery rate (FDR = 0.05 and SO = 0.1). Au treat-
ment induced heme oxygenase 1 (HMOX1), sulfiredoxin 1 (SRXN1), and heat shock
70-kDa protein 1A (HSPA1A) considerably in the CYT fraction. The induction of
HSPAT1A is also depicted in the profile plot highlighting the stability of the entire
experiment (Figure 6B). Although Au targets TXNRD1, this protein was not found
to be significantly regulated according to label-free quantification (LFQ) abundance
(Figure 6B). The second putative binding partner PRXD4 was present in similar abun-
dance and was also not significantly regulated (Figure 6C). Selenoprotein expression
is known to depend on selenium availability.”"’# Au treatment led to the significant
down-regulation of the three detected selenoproteins glutathione peroxidase 1
(GPX1), GPX4, and the mitochondrial protein adenylyltransferase SelO (SELO),
which may be explained by the reduction of the available intracellular selenium
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Figure 6. Effects of targeting TXNRD1 by Au in SW480 cancer cells

SW480 cancer cells were treated at sub-cytotoxic concentration of Au (12 uM, 24 h, n = 6). The protein content was fractionated into CYT and NE extracts
and processed according to a data-dependent LC-MS/MS proteomics workflow.

(A) The scatterplot shows the distribution of the detected proteins according to the intensity of 2 representative biological replicates of nuclear extracts
of Au-treated cells.

(B) The profile plot highlights the stability of protein abundance among biological replicates by visualizing the LFQ intensities of HSPA1A (significantly
up-regulated), TXNRD1 (not regulated), and GPX4 (significantly down-regulated).

(C) While the selenoproteins GPX1, GPX4, and SELO are significantly down-regulated upon treatment, the potential targets TXNRD1 and PRDX4 are

not. Significant protein regulations (*p < 0.05) were obtained after multiple testing correction using anFDR of 0.05 and S0 = 0.1. Data are represented as
means and SDs (n = 6), including all individual data points.

(D) The significantly regulated proteins were grouped according to cellular compartment and visualized by plotting the summed log,(fold changes)
according to CYT and NE. The size of the bubbles represents the number of regulated proteins in the group.

(E) The regulated proteins were also grouped according to biological processes and similarly visualized.

(F) The target-response network depicts the regulated proteins around the potential binding partners TXNRD1 and PRDX4, indicating effects on redox
homeostasis (gold circles), protein degradation via the proteasome (rose circles), selenoproteins (purple diamonds), and autophagy (turquoise circles).

Circle, up-regulated protein; diamond, down-regulated protein; hexagon, not regulated. Significantly regulated proteins were multiple testing
corrected using a 5% FDR and SO = 0.1.

pool after Au treatment. Selenium deficiency is known to lead to selenoprotein trun-
cation, as a consequence of misinterpreting UGA as a normal stop codon instead of a
codon for selenocysteine, and subsequent degradation by the proteasomal sys-
tem.”? It is probable that TXNRD1 remains unaffected because selenocysteine is
located close to the C terminus.

The global effects of Au on the proteome of SW480 cancer cells were further illus-
trated by grouping the significantly regulated proteins according to Gene Ontology
cellular compartments and biological processes, and plotting their summed fold
changes according to CYT and NE fractions. We found cytosolic, nuclear, and nucle-
olar proteins to be the main disturbed cellular compartments (Figure 6D). Addition-
ally, there seems to be a minor impact on mitochondria. The biological processes re-
vealed the induction of NRF2 target genes as the strongest perturbation in both CYT
and NE (Figures 6E; Table S1 ).5¢74 This is accompanied by the induction of HSPs and
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an endoplasmic reticulum-based unfolded protein response, which is indicative of
proteotoxic stress possibly due to non-specific gold-templated arylation reactions
or the effects of the liberated gold(0/I) ions in these cells. Similarly to a previously
reported gold(l) bis-N-heterocyclic carbene compound,’® the proteasome was
observed to be translocated into the nucleus. This may also be the consequence of
proteotoxic stress. Indeed, we found the accumulation of green fluorescence from
Au-Fluo in the nucleus by confocal microscopy (Figure 3C). These findings are sup-
ported by an analogous pathway representation with similar findings (Figure S13C).

The target-response network highlights the significantly regulated proteins in the
neighborhood of the target protein TXNRD1 and PRDX4 (hexagons, Figure 6F).
These proteins are located in the center of the network surrounded by a cluster of
NRF2-induced redox proteins (yellow, e.g., HMOX1, SRXN1, TXN, PRDX1, and
NADPH dehydrogenase [quinone] 1). The down-regulated selenoproteins GPXT,
GPX4, and SELO (purple) are directly connected to these redox proteins and
TXNRD1 as well. Autophagy-related proteins (turquoise, e.g., sequestosome 1
and autophagy-related protein 13) and proteasomal proteins (rose, e.g., proteaso-
mal subunit alpha type-1 [PSMA1], PSMA4, and beta type-5), which digest irrevers-
ibly damaged proteins, were also found up-regulated. Therefore, Au-templated co-
valent targeting of TXNRD1 seems to impact proteins involved in maintaining the
redox balance of SW480 cancer cells. As a consequence, cells try to cope with this
challenge by inducing an NRF2 stress response and translocating the proteasome
to the nuclear compartment. We further evaluated the induction of reactive oxygen
species (ROS) in living SW480 cells by the Au treatment (2 h incubation). Au did not
lead to ROS formation in this time interval in concentrations up to ECsg values
(Figure S14).

To functionally evaluate the dependence of SW480 cancer cells on the induction of
the NRF2 stress response upon treatment with Au, we tested for synergism’® by
co-treatment with the HMOX1 inhibitor OB-24.”° HMOX1 was the most strongly
up-regulated protein of the NRF2 target genes upon treatment with Au in both
CYT and NE fractions (Figure S13C). HMOX1 protects cells from oxidative stress
and has anti-apoptotic properties.”” After determining the individual ECsq profiles
of Au and OB-24 in SW480 cancer cells after 72 h of incubation, combination treat-
ments were performed according to 0, EC4o, EC3s, ECs0, EC75, and ECgq concentra-
tions, for a total of 36 combinations. At EC;5 concentrations of Au, a strong syner-
gism (3 score >30) was observed with ECo and ECys concentrations of OB-24
(Figure S15). This verified the dependence of SW480 cancer cells on inducing the
NRF2 stress response to cope with the TXNRD1-targeting ability of Au.

In summary, a cyclometalated gold(lll) CAN complex is shown that covalently targets
the CysSec-dyad of the selenoprotein TXNRD1 via a gold-templated reactivity. Us-
ing combined chemoproteomic and complementary methods, we have shown that
this mechanism allows selective targeting of TXNRD1 in cancer cells by Au, leading
to the potent inhibition of TXNRD1 activity. A fluorescent derivative of the title com-
pound (Au-Fluo) enabled the investigation of the cellular distribution by fluores-
cence microscopy, showing that the compound can be efficiently taken up by cancer
cells, and distributed to the perinuclear region and into the nuclear compartment.
Although Au does not influence TXNRD1 abundance, significant proteome changes
were found to be associated with maintaining the cellular redox balance. These
changes were characterized by the down-regulation of the remaining selenoproteins
and the induction of NRF2-derived redox proteins, but without accompanying ROS
formation in SW480 cancer cells. Synergism studies revealed that the induction of
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the NRF2 pathway is necessary for cancer cell survival upon treatment with Au. This
metal-templated covalent targeting, fostering the formation of C-S/Se covalent
bonds, can be used to design improved anticancer organogold candidates for cova-
lent drug discovery. Furthermore, recent reports on the in vitro/in vivo anticancer ef-
fects of this family of cyclometalated gold(lll) CAN complexes’®*? could be revisited
to consider this bioorthogonal reactivity as part of the compounds’ MoA.
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