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ABSTRACT: The cyclic five-membered disulfide 1,2-dithiolane has been used as the key element in numerous chemical biology probes.
Contradictory views of this disulfide motif populate the literature: some reports describe it as being nonspecifically reduced, others as a highly

specific substrate for thioredoxin reductase (TrxR). We show that 1,2-dithiolanes are nonspecifically reduced by a broad range of thiol reductants
and redox-active proteins, and that their cellular performance is barely affected by TrxR inhibition or knockout. We conclude that inhibitor
screenings and probe designs treating 1,2-dithiolanes as TrxR-selective substrates should be treated with caution and previous interpretations

may need careful re-evaluation. Considering ring-opening polymerisation, and stringently interpreting assays involving the thiophilic gold-based

inhibitor auranofin, are critical to assess 1,2-dithiolane’s true behaviour. We present an approach to control against assay misinterpretation with

reducible probes, to ensure that future TrxR-targeted designs are robustly evaluated for selectivity, and to better orient future research.

INTRODUCTION
Specific dithiol/disulfide-exchange reactions underlie a great

number of crucial pathways in biology. Often, these are coordinated
through  conserved, highly  specialised networks  of
oxidoreductases." The thioredoxin reductase - thioredoxin
(TrxR/Trx) system, and the glutathione reductase — glutathione -
glutaredoxin (GR/GSH/Grx) system, are central “nodes” in these
networks. TrxR (nM cellular concentration) passes reducing
equivalents from NADPH to the effector protein Trx (uM).
Similarly, GR (nM) passes reducing equivalents from NADPH to
the redox-active peptide GSH (mM), that can directly function as a
cellular reductant or be further shuttled to the effector Grx proteins
(uM). These systems drive hundreds of redox reactions vital to
cellular metabolism, and also regulate protein activity, protein—
protein interactions, and protein localisation by reversible
dithiol/disulfide-type reactions.” Their complex homeostasis is
dysregulated in many diseases, particularly in autoimmune
disorders and cancer,’ making Trx and TrxR promising therapeutic
targets.* Designing selective probes or substrates that report on or
target these redox nodes, would enable abroad range of
applications in both basic biological and applied biomedical
research, and is therefore a subject of intense development both
through genetic engineering and chemical biology approaches.™

Disulfides are the native substrates of these redox manifolds,
and both linear and cyclic disulfides have been exploited as artificial
substrates in biophysics, materials chemistry and chemical biology.

Driven by the high intracellular concentration of thiols (ca.
50 mM total, ca. S mM GSH) compared to low concentrations in
plasma or in the extracellular space, linear disulfides undergo
irreversible and nonspecific transthiolation and reduction in cells
(Figla)” Linear disulfides are thus used for nonspecific
intracellular release and/or activation of appended cargos,

exploiting the cellular thiol pool.

By contrast, cyclic disulfides can exhibit quite different
kinetics and thermodynamics for disulfide transthiolation or
reduction, and may therefore display different specificity. Cyclic
systems are found in nature, perhaps most remarkably in the
epidithiodiketo-piperazine class of natural products (ETP).*"
ETPs such as gliotoxin (Fig 1b) and chaetocin feature a near-planar
diketopiperazine that is 1,4-bridged by a disulfide with an
unfavourable CSSC dihedral angle of 0° as compared to the more
favourable dihedral angle found in linear disulfides (90°) or 6-
membered cyclic disulfides (60°). ETPs were reported to inhibit a
range of enzymes and cause a variety of toxic cellular effects, but
these often poorly reproducible bioactivities are now understood as
relatively nonspecific chemical reactivity of their highly strained
disulfide.”

A particularly important cyclic disulfide is the S-membered
1,2-dithiolane (in this work also termed $8-50). This motif
underlies the critical cellular redox cofactor lipoic acid, as well as
being found in several natural products (Fig 1c),"”" and it has

emerged as a motif of general interest within the last decade.!*1¢

The strained 1,2-dithiolane is kinetically labile to
transthiolation,'® which is likely the reason for its biological role as
a redox cofactor. The disulfide’s opening/reduction kinetics have
made it the focus of numerous chemical biology approaches,
although these have been predicated on two mutually contradictory
views of its cellular behaviour, which in this paper we will examine
and resolve.

Following one view, 1,2-dithiolane has been cast as an easily,
nonspecifically, and irreversibly transthiolated and/or reduced
motif. Whitesides” systematic disulfide investigations highlighted
that its unfavourable CSSC dihedral angle of ca. 30° destabilises it
by more than 8 kJ/mol relative to linear disulfides (90°), and that its
reduction potential (ca.-240 to -270 mV) is not significantly below
that of linear disulfides (ca.-230 mV). In the 1950s, Fava observed
that alkyl thiolates transthiolate 1,2-dithiolane ca. S000 times faster



than linear aliphatic disulfides.” Creighton reported that its
transthiolation by the vicinal dithiol dithiothreitol (DTT) is over
100 times faster still,* and Whitesides showed that in DMSO, this
rate is only 100-fold slower than the diffusion limit.”' With
and  high kinetic lability,
1,2-dithiolanes readily polymerise at low concentrations by

favourable  thermodynamics
nucleophile-catalysed ring-opening polymerisation, in particular in
the presence of thiols.””® Matile showed that the sterically less
shielded 1,2-dithiolane in asparagusic acid derivatives (two primary
thiols) polymerise even more easily than do lipoic acid derivatives,**
giving them valuable applications exploiting proximity-induced-
polymerisation.”

The intrinsic lability of 1,2-dithiolanes has also been extensively
applied for thiol-mediated cellular uptake systems. Promoted by
strain, 1,2-dithiolanes are transthiolated at the cell surface, then are
internalised through a series of dynamic covalent reactions with
membrane and intracellular thiols. Attaching the strained disulfide
to a cargo can therefore dramatically enhance its cellular uptake rate
(Fig 1d; overview in Fig S1a)."”***** It will be important to note
that this process may be affected by thiophilic inhibitors: uptake
rates could be decreased 5-fold by treating cells with thiol-alkylating
or thiol-oxidising reagents, or instead enhanced by treatment with
reducing agents. Other recent studies further demonstrate that
1,2-dithiolanes undergo fast strain-driven cross-linking or

polymerisation initiated by thiols or other nucleophiles.**"

In contrast however, 1,2-dithiolanes have also been reported as
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fluorogenic TRES probes and prodrugs"® have been
commercialised and extensively reviewed*** (Fig le; overview in
Fig S1b). These probes have since been used to study the role of
TrxRin Parkinson’s disease® and stroke®, and have been employed
for mechanistic validation of putative TrxR inhibitors during

screening approaches.16

Which the real situation? 1,2-dithiolane
simultaneously be TrxR-selective and yet highly and nonspecifically

is cannot
reactive. To develop a systematic understanding of redox biology, it
is necessary to clarify such fundamental disagreements, and reveal
why such contradictory results could arise.

Towards this goal, we have investigated the novel 1,2-
dithiolane-based reduction-sensing probe SS-50-PQ. We show
that (a) its S-membered cyclic disulfide is nonspecifically reduced
by a broad range of monothiols, dithiols, proteins and enzymes, and
(b) its cellular processing does not exclusively require TrxR.

Taken together, we conclude that 1,2-dithiolane-based probes
are not selective for cellular TrxR, so the previous work interpreting
the performance of TRFS probes as TrxR reporters''%*>333 will
benefit from re-evaluation. We speculate that strained disulfides are
best understood as probes to monitor thiol-mediated uptake rates,
and can be legitimately applied for enhanced delivery and
nonspecific activation of trigger-cargo-systems, which opens up
promising avenues for chemical biology. We also outline a strategy
to control against assay misinterpretations with reducible probes, to
promote progress towards a robust and useful toolset of probes for

reduction-sensing units with a remarkable selectivity for TrxR. The redox biology.
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Figure 1: 1,2-dithiolanes in chemical biology. (a) Principle of disulfide-based cellular delivery: irreversible cleavage of linear disulfides
after cell entry leads to intracellular cargo release (Pr-SH: intracellular protein thiol). (b) Increasing ring strain from linear, to 6-membered and
S-membered disulfides, to ETPs. (c) Strained 1,2-dithiolanes in natural products. (d) Fast, irreversible and nonspecific transthiolation of 1,2-

dithiolanes with exofacial protein thiols permits rapid dynamic exchange cascades enhancing cellular cargo uptake.

[4); data from Matile et al.”” (e)

1,2-dithiolane-based probes that have been reported as selective cellular substrates of thioredoxin reductase.
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RESULTS AND DISCUSSION

Probe design: We aimed to explore the properties of
1,2-dithiolanes using a reduction-activated probe. Reduction-
activated probes and prodrugs are typically trigger-cargo designs,
where a reduction-sensitive trigger is connected to the cargo while
masking a key functional group. Trigger reduction then results in a
fragmentation reaction that restores activity by unmasking that key
functional group. This concept has been used for a range of imaging

agent*”* and drug** cargos.

The TRES probes are also designed as trigger-cargo constructs
with 1,2-dithiolane as the redox sensor, attached to aniline
fluorophores through a carbamate (TRFS-red, TRFS-green;
Fig le) or urea (Fast-TRFS; Fig le). For the carbamate probes,
disulfide reduction and thiol cyclisation releases the active aniline
fluorophore; though the urea probe operates without aniline
unmasking, and the fluorescence turn-on mechanism is not fully
understood. Generally, most trigger-cargo disulfide probes employ
aniline rather than phenol cargos (Fig S1b). While aniline
carbamates have high hydrolytic stability,'¢ phenol-releasing designs
would in many ways be more attractive targets, due to a large scope
of cargos and to theirimproved release kinetics. Therefore, to test the
reduction selectivity of 1,2-dithiolane with a rapidly-responding
probe - and at the same time to establish a modular design that allows
delivering a wide range of agents in the future - we created the novel
phenol-releasing probe $S-50-PQ (Fig 2a).

The SS-50-PQ design has several advantages. As a tertiary
carbamate, this probe cannot decompose by Eis elimination,*
avoiding the instability'® that has blocked previous phenol-releasing
1,2-dithiolane probes. The choice of 2-(2"-hydroxyphenyl)-4(3H)-
quinazolinone (PQ-OH) as the cargo, ensures a complete-off-to-on
signal readout for carbamate cleavage, making it a sensitive and easily
interpreted sensor of disulfide cleavage.

Following disulfide transthiolation and/or reduction and
thiolate cyclisation, expulsion of the electron-poor phenolate
(Fig2a) results in PQ-OH precipitating upon reaching its low
aqueous solubility limit (ca. 0.5 uM).””** Only in the solid-state
precipitate does PQ-OH exhibit its large-Stokes-shift ESIPT-based
fluorescence, that involves intramolecular transfer of the phenolic
hydrogen (ex/em 360/530nm). Therefore, fluorescence is
unambiguously due to cyclisation-mediated cargo release, and
combined with the large Stokes shift, the system gives excellent
signal-to-background ratios of typically >100 without needing
background subtraction.

Probe synthesis: 1,2-dithiolane 6 was prepared using an
approach initially reported by Raines® followed by N-methylation
and Boc-deprotection (Fig2b). All intermediates containing the
S-membered cyclic disulfide showed degradation upon standing,
that we presume to be linear polydisulfide oligomers. This occured
even without clear stimuli (e.g. stirring in dichloromethane). The
cyclic monomer could typically be recovered by stirring in dilute
methanolic solution, although isolating the monomer from this
solution while avoiding re-polymerisation was not straightforward.
The N-methylation step suffered particular tendency towards
polymerisation, untilwe found that the monomeric product could be
extracted from methanol by hexane washes (see Supporting
Information). The final fluorogenic probe S$S-50-PQ was
assembled by carbamate coupling with PQ-OH.

1,2-dithiolane is unstable in probes: Polymerisation was also
observed for probe stock solutions in DMSO. Their maximal

fluorescence, determined by applying a standardised reducibility test
(aq. buffer, pH 7.4, 10eq of the quantitative disulfide reductant
tris(carboxyethyl) phosphine, TCEP) decreased over time. We
understood this as a consequence of polymerisation, since the
hydrophobic, polymeric degradation products would have decreased
accessibility to solvated reductants. Fresh probe stocks were
therefore prepared immediately for each assay from powdered solid,
then assayed for quality with comparison to calibration curves
established by precipitating the theoretical amount of PQ-OH. Only
stocks yielding TCEP-related signals within 10% of the calibration
intensity were used in assays. In fact, we re-prepared $S-50-PQ five
times during this research to maintain high-quality stocks.
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Figure2: 1,2-dithiolane probe design and synthesis.
(a) After reduction of the 1,2-dithiolane in $S-50-PQ, thiolate
cyclisation releases the precipitating phenol PQ-OH that gives
ESIPT-based fluorescence in the solid state. (b) Synthesis of
$S-50-PQ; (i) Boc:O, NEt;, dioxane/H,O, r.t., 15h (96%) then
either MsCl, py, DCM followed by KSAc, acetone, 60°C, 2 h (89%),
or HSAc, PPhs, DIAD, THF, 0°C to r.t, 15h (88%). (ii) KOH,
MeOH, open to air, r.t., 15h (98%). (iii) Mel, NaH, DMF, 0°C to
rt, 0.5h (70%). (iv) PQ-OH, triphosgene, NEt;, DCM, 0°C to r.t.,
1 h; then 6, NEt;, DCM, 0°C tor.t., 1 h (49%).

1,2-dithiolane is nonspecifically reduced by various thiols: A
trigger can only be enzyme-selective in the cellular context, if it resists
transthiolation or reduction by the cellular monothiol background
(ca. 50 mM, of which ca. S mM GSH**?) Hence, we began testing
the potential for selectivity by performing cell-free incubations of
$S-50-PQ (10 uM) with GSH. Probe “sensitivity or resistance” to
challenge by a species, is often cited according to ameasurement at a
single challenge concentration at a single timepoint. However, this
allows inconsistent or selectively chosen results to oversimplify or
misrepresent a more complex situation. To provide a useful
characterisation of probe resistance to monothiols, we titrated GSH



over a wide concentration range (0.01 to 10mM) and collected
time-course fluorescence data (Fig3a). For more meaningful
representations, we normalised the signals at each timepoint to the
maximum fluorescence time-course value at that timepoint (TCEP),
and also calculated dose-response curves at various endpoints
(Fig 3b; see Fig $2). This normalisation is important and can be
generally recommended: it helps to separate kinetics of
fragmentation from kinetics of reduction (otherwise, slow
fragmentation can hide reductive sensitivity); and it allows direct
comparison of experiments relative to their theoretical maxima. We
observed strong, fast probe response to even subphysiological GSH
levels. The GSH concentrations causing half-maximal fluorescence
(“ECs0®"”) were S1mM (Fig3b; Fig$2). This indicates that
1,2-dithiolane probes can be rapidly and fully reduced by cellular

GSH concentrations, even without enzyme catalysis involved.

We also screened other monothiol reductants, e.g. cysteine
(Cys), N-acetylcysteine (NAC), N,N-dimethyl-cysteamine
(MEDA), and cysteamine (CA) and found fast probe activation
(Fig 3c-d) with similar concentrations and kinetics compared to
GSH. This suggests that 1,2-dithiolane is generally instable to
monothiols, so that probes derived from it might be rapidly activated
by the intracellular thiol background. Matching expectations from
Creighton” and Whitesides®, the probe was quantitatively and
rapidly triggered by equimolar vicinal dithiol DTT. We controlled
for release by mechanisms other than transthiolation/reduction-
triggered cyclisation, using serine (Ser) and glutathione disulfide
(GSSG). The probe was entirely stable to non-reductive degradation
as e.g. aminolysis, highlighting the stability of the tertiary phenolic
carbamate, and supporting that transthiolation/reduction is its
pathway for signal generation (Fig 3c).

In summary, these assays show that 1,2-dithiolanes do not resist
uncatalysed reduction by monothiols, even at subphysiological
concentrations. This provides initial evidence that probes using
S-membered cyclic disulfides may not be enzyme-selective in the
biological context.

1,2-dithiolane is nonspecifically reduced by redox-active
proteins and enzymes: We next tested probe reduction with redox
proteins from the Trx/TrxR and Grx/GSH/GR systems. Each
protein has multiple isoforms, as has been excellently reviewed.” We
employed recombinant human Trxl and Trx2; the thioredoxin-
related protein TRP14, which features a vicinal dithiol/disulfide
redox-active site that is also reduced by TrxR; the oxidoreductases
TrxR1, TrxR2 and GR; and human vicinal dithiol glutaredoxins Grx1
and Grx2. Both Trxs and Grxs have orders of magnitude higher
cellular concentrations (ca. 10 uM) than their upstream TrxR and
GR partners (ca. 20 nM), so we reflected these concentrations in our
assays. SS-50-PQ was challenged with combinations of proteins
from these redox systems. To study whether probes were reduced by
the effectors Trx or Grx, and/or by direct reaction with the upstream
reductants TrxR or GR, we compared assays using both effectors and
upstream reductants, against assays employing only upstream
reductants or only effectors (TrxR/GR assays included NADPH;
GR+Grx assays included 10pyM GSH for Grx reduction; see
Supporting Information).

The 1,2-dithiolane probe was nonspecifically reduced, with
Trxl, Trx2, TRP14, Grxl, Grx2, TrxR1 and TrxR2 all rapidly
reaching high conversion. Only the highly GSSG-specific enzyme
GR gave no signal (Fig 3e, Fig $3). Time-courses even showed that

both enzymatic cascades (TrxR/Trx and GR/GSH/Grx; Fig 3f)

have identical activation profiles.

Taken together, the 1,2-dithiolane probe is nonselectively and
nonenzymatically triggered by GSH and monothiols at
subphysiological concentrations, as well as by a broad range of
dithiol/disulfide-type proteins and enzymes. The systematic
variation and titration of chemo- and bioreductants, and the
examination of both time-course and endpoint data, show that 1,2-
dithiolane is not a TrxR-selective substrate in a cell-free setting.
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Figure 3: 1,2-dithiolane probe SS-50-PQ is activated by a
range of chemical and biological reductants. (a) Fluorescence
time-courses of $8-50-PQ (10 uM in TE-buffer) exposed to GSH.
(b) Dose-response plot for GSH triggering of $§-S0-PQ_(10 yM in
TE-buffer, 6h at 37°C). (c-d) Chemical reductant assays.
Normalised signal from $S-50-PQ (10 yM in TE-buffer) when
challenged with monothiol reductants (1 mM) or reference reagents
(I1mM DTT, GSSG and Ser, or 100uM TCEP). (c) Single
timepoint results (6h at 37°C) and (d)selected kinetics.
(e-f) Redox enzyme assays. Normalised signal from S$S-50-PQ
(10 uM in TE-buffer) challenged with TrxR/Trx or GR/GSH/Grx
network proteins (20 nM TrxR1/GR, 10 uM Trx1/Grxl, 100 M
GSH as indicated; 100 yM NADPH in all TrxR/GR assays). (e)
Single timepoint results (6 hat 37 °C) and (f) selected kinetics.



The 1,2-dithiolane probe is cellularly activated: We tested
the cellular activation of $S-50-PQ in four cell lines: HeLa cervical
cancer, A549 lung cancer, Jurkat T-cell lymphoma cells, and mouse
embryonic fibroblasts (MEF). All cell lines rapidly generated well-
of PQ-OH. Fluorescence
platereader quantification showed a nearly linear increase of signal in

defined fluorescent precipitates
the first 6h (Fig4a) and the signal was concentration-dependent
(Fig 4b), indicating that no saturation effects are operative. The
solid preciptates of PQ-OH were intracellularly localised and visible
in most cells (Fig4c). Because platereader data and microscopy
images can misrepresent population-level response, we used flow
cytometry to collect single-cell-resolved statistics of probe activation.
Though this is unusual for small molecule probes, it is possible with
§S-50-PQbecause the solid PQ-OH precipitate is cellularly retained
during cell fixation. These data showed a monomodal fluorescence
intensity distribution with >60% of cells exhibiting strong PQ-OH
fluorescence (Fig 4d, Fig SS).
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The 1,2-dithiolane probe is activated in vivo: At this point, we
considered it valuable to apply $S-50-PQ in a simple in vivo model,
to test three design goals of our phenolic carbamate probe system:
(a) zero signal background due to mechanistic quenching in the
probe and high Stokes shift of the released fluorophore; (b) no
spontaneous cargo release; due to the hydrolytic robustness of the
tertiary carbamate; and (c) cellular retention of PQ-OH precipitates
for high-spatial-resolution imaging in vivo. Therefore, we incubated
zebrafish zygotes and embryos up to 3 days post fertilisation (dpf) in
media containing $S-50-PQ and acquired time-courses by
epifluorescence and live confocal microscopy (Fig 4e, Fig S7-S8).
Probe activation began within two hours, with intriguing localisation
of the marked cells, although the interpretation of this pattern would
need additional investigation and we do not believe that it is
connected to TrxR activity. Most pleasingly however, all three probe-
design goals were achieved: high-contrast images were obtained
without background manipulation, with precise resolution that will
be particularly important for future investigations.
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Figure 4: The 1,2-dithiolane-based probe $S-50-PQ is activated in cellulo and in vivo. (a) Cellular fluorescence time-course with
$S-50-PQ (S0 uM; HeLa and AS49 cells; 3 independent experiments). (b) Dose-dependency of cellular fluorescence time-courses with SS-50-
PQ (10-100 uM; HeLa cells). (c) Representative microscopy images of §S-50-PQ-treated HeLa cells show fluorescent intracellular solid
precipitates of PQ-OH. (d) Flow cytometry-based single-cell statistics of cellular fluorescence after §S-50-PQ treatment (25 pM; Jurkat T-
cells). (e) Fluorescence image of a zebrafish embryo (3 dpf), after 2 h treatment with §S-50-PQ (15 yM).

Cellular probe activation is not blocked by TrxR
suppression: We then tested the TrxR-specificity of cellular probe
activation in several ways. Cells cultured without selenium
supplementation may not fully incorporate SeCys in TrxR, lowering
cellular TrxR activity.** However, we did not observe significant
dependency of $S-50-PQ_signal upon Na;SeOs supplementation
(Fig 5a). We more stringently evaluated TrxR-dependency using a
TrxR1 knockout MEF cell line (TrxR17") compared to its control
(TrxR1"). Their signal time-courses were indistinguishable, i.e.
probe activation is independent of TrxR1 expression (Fig 4b). We
then explored whether chemical inhibition of TrxR affects signal
generation, using the selective TrxR inhibitors TRi-1 and TRi-3.%
Cells pretreated with TRis gave similar probe signals as the no-
inhibitor controls (with partial inhibition observed for high-

concentration experiments above 2 yuM) and depending on the time
of pre-incuation, regardless of whether this was evaluated as in time-
course or endpoint (Fig Sc-d; and Fig S4) population-average
assays, or with single-cell statistics (Fig Se; and Fig§5-6). The
inhibition effect was evaluated for different duration of the cells’
pre-treatment to exlucde, that the cells recover from TrxR
inhibition and their biological consequences within a time window
of 15h. Therefore, neither TrxR inhibition nor TrxR knockout
greatly alter the cellular activation of $S-50-PQ. Together with the
cell-free results showing rapid and nonspecific activation of 1,2-
dithiolane by cellular thiols, we conclude that cellular activation of
1,2-dithiolane probes does not exlusively report on TrxR activity.



Why might 1,2-dithiolanes have been previously proposed
as TrxR-selective substrates? Our cell-free and cellular assays had
however shown that 1,2-dithiolane is not selective for TrxR.
However, previous studies of 1,2-dithiolane probes have claimed
excellent TrxR selectivity. This claim was based on assays where
exposure of cells or lysates to auranofin (AF; Fig$) dose-
dependently reduced fluorescence signals as compared to untreated
controls.”” We were intrigued to study AF more closely, to
understand if/why it may have led to misinterpretation of
selectivity, and to assess what information monomeric SS-50-type
probes really provide in the biological context.

AF is a thiophilic Au(I) complex that is popularly used as an
inhibitor of TrxR. AF binds TrxR in cell-free assays and in cells.
However, AF is more generally a “potent thiol-reactive species”*
that is also reported to bind at least 20 other thiol protein targets,
and its therapeutic mechanisms of action are widely accepted to be
unresolved,” although it is clear that TrxR is one of its major
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targets.” Notably, AF is a particularly strong binder of membrane
thiols, possibly driven by its lipophilicity.*®

We confirmed that cells pretreated with AF (0.1 to 4 yuM) had

decreased probe processing, seen by both single-cell (Fig Se,
Fig$5-6) and population average (Fig5d,f) measurements.
However, this does not necessarily indicate that probe processing
occurs through TrxR. Given AF's polypharmacology, the
dithiolane's cell-free nonselectivity, and the minor effects of non-
Au-based TrxR modulation on probe activation (Fig5a-e), we
were motivated to look more critically into this result. Conclusively,
even in a fully cell- and enzyme-free setting, AF catalytically
suppressed the fluorescence generated upon TCEP treatment,
without a clear dose-dependence (FigSg). Therefore, signal
suppression in the cellular assay cannot be used to argue that TrxR,

Cc

F (a.u.)

f
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or any other cellular target of auranofin, might be a selective
reductant of 1,2-dithiolane.
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Figure 5: The activation of 1,2-dithiolane probes in cells does not require TrxR. (a) Cellular fluorescence time-courses in A549 cells
cultured with /without Na;SeOs-supplemented medium (50 uM 8S-50-PQ). (b) Cellular fluorescence time-courses of TrxR1-knockout (-/-)
and -wildtype (f1/fl) MEF cells. (c) Cellular fluorescence time-courses of HeLa cells pretreated with the gold-free TrxR inhibitors TRi-1 and
TRi-3 (25 uM $S-50-PQ; 15 h pre-treatment). (d) Cellular fluorescence dose-reponse plots for cells pre-treated with TRi-1, TRi-3 and AF
(25 uM SS-50-PQ, 15 h pre-treatment). (e) Flow cytometry-based single-cell statistics of cellular fluorescence (25 uM $S-50-PQ) in HeLa
cells optionally pretreated (15 h) with TRi-1, TRi-3 or the Au(I)-based inhibitor auranofin (AF; 4 uM), compared to reference fluorescence
(“blank”, no $S-50-PQ) and to uninhibited cells (“no inhibitor”). (f) Fluorescence time-courses of HeLa cells pretreated with AF (25 yuM
$S-50-PQ). (g) Cell-free, enzyme-free fluorescence time-course of TCEP (100 uM) reduction of 8S-50-PQ (25 pM in TE-buffer) after

pretreatment of the probe stock with AF (atr.t. for 2 h).

We present two hypotheses that plausibly explain why AF
suppresses signal from 8S-50-PQ, that are consistent with
1,2-dithiolane being a nonspecific thiol probe, for which TrxR is
not a significant cellular reductant. (1) The strained disulfide
probe wusually benefits from dynamic covalent exchange
enhancement of cellular delivery, therefore AF’s binding to

membrane thiols® suppresses cellular delivery and signal. Similar

suppression of delivery of strained disulfide substrates has been
achieved by thiophilic organic alkylators of exofacial thiols."” This
delivery inhibition is consistent with literature findings and our
data showing that reaching the intracellular environment, 1,2-
dithiolanes are nonspecificially opened by thiols (Fig 3), and it
could be responsible for some or most of the cellular signal
suppression by auranofin. (2) AF reacts with 1,2-dithiolane probes



to suppress signal by both directly and catalytically diminishing
their reducibility. Literature reports indeed show that
Au(I)-(thiolate) (phosphine) complexes react with disulfides,
initially forming triethylphosphine oxide and the thioglucose-gold-
thiolate complex.®® Since Au(I)-bis(thiolate) complexes
undergo facile net ligand exchange with disulfides, they mediate
thiol-disulfide exchange reactions®, which in the case of
1,2-dithiolane would trigger ring-opening polymerisation.
Polymerisation of the 1,2-dithiolane-based probe would generate
hydrophobic polymeric products, which (as literature suggests®)
are not reducible by even such strong aqueous reductants as
TCEDP, so suppressing fluorescent signal generation. This would
explain auranofin’s cell-free (Fig Sg) signal suppression, and can
even be sufficient to explain its cellular signal suppression, that we
and others have observed.

Motivated by the known broad spectrum of auranofin's targets
and effects, it would be beneficial to at least take design precautions
(e.g. cell-free controls testing AF-probe interactions, or using TRi
inhibitors for competition assays) to identify likely confounding
factors before advancing targets of strained disulfide probes based
on AF experiments. We think it would be best to avoid Au-based
reagents altogether, due to the high chance of any assay result
being misinterpreted based on a populous literature of AF targets
with no clear consensus. These may be valuable guides for analysis
of cellular redox probe selectivities in the future.

CONCLUSIONS

Specific dithiol/disulfide-exchange reactions are central to
biology, and engineered disulfides exploiting these reaction
manifolds are finding applications from chemical biology probes to
biophysics and materials chemistry. Linear disulfides have been
known for decades as nonspecifically transthiolated/reduced
substrates, and often used for intracellular release of cargos.
1,2-dithiolanes have emerged as substrates of interest in chemical

14-16

biology'*', although it has remained contentious whether its
reduction is enzyme-selective, or nonspecific. We answered this
question by studying the biochemical and biological performance
of the novel 1,2-dithiolane-based redox probe SS-50-PQ. Here,
the disulfide was integrated in a stable, modular design that can be
adapted to release arbitrary phenols: in this case, arelease-
activated fluorescent cargo, that we could even use in flow

cytometry studies and for cell-resolved imaging in live embryos.

A rigorous methodology of reductant titrations, enzyme panel
screenings, and inhibitor/knockout cell experiments conclusively
demonstrated the nonspecific reduction-based cleavage of the
1,2-dithiolane. While 1,2-dithiolane can indeed be rapidly opened
by TrxR' (Fig3c), it is also rapidly opened by many other
reducing thiol species. Therefore, in cells, it is highly unlikely to
selectively report on TrxR, instead of on more abundantly present
reductants (Fig3). The cellular data show that neither TrxR
knockout, nor TrxR inhibition by recently developed Au-free
inhibitors, greatly modulate the cellular signal obtained from the
1,2-dithiolane probe (Fig5). We pool literature references with
our data to show that inhibition of cellular activation of probes
based on S-membered cyclic disulfides by treatment with
auranofin can result from at least two plausible, precedented
processes that do not involve TrxR: i.e., delivery inhibition by
binding exofacial thiols, and suppressing probe reducibility by
catalysing dithiolane ring-opening polymerisation. Taken

together, we conclude that 1,2-dithiolane is an easily and

nonspecifically transthiolated and/or reduced motif, that is not a
TrxR-specific substrate.

On the other hand, there may be immediate rewards if
1,2-dithiolane-based reduction probes are properly re-evaluated.
This would help maintain a clear literature, avoiding nonspecific
electrophilic pan-assay interference compounds (PAINS) being
falsely identified as TrxR-substrate hits, and could perhaps allow
1,2-dithiolane probes or prodrugs instead to find valuable
applications as simple, modular systems for thiol-mediated cellular
uptake and activation, impacting research in cell penetration and
assisted uptake (extended discussion as a Supplementary Note in
the Supporting Information).

Diversifying trigger structures to reach redox substrates that
are selective for the key oxidoreductases remains a central goal for
research in the field. Our modular probe system already ensured
zero signal background, excellent hydrolytic robustness, and
cellular marking for high-spatial-resolution imaging; these
beneficial features might be transitioned to powerful redox probes,
if more specific reduction-sensing units can be identified and
installed as trigger motifs. In particular, selective substrates for GR,
TrxR or Trxwould, at last, allow researchers to unveil the dynamics
that drive these major dithiol/disulfide-type enzyme systems
within cells. By identifying and avoiding problematic and
nonselective substrate types, chemical development may instead
deliver selective and robust redox chemotypes for bioreductive
probe and prodrug research; these will be reported in due course.
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