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ABSTRACT: Specialized cellular networks of oxidoreductases
coordinate the dithiol/disulfide-exchange reactions that control
metabolism, protein regulation, and redox homeostasis. For probes
to be selective for redox enzymes and effector proteins (nM to μM
concentrations), they must also be able to resist non-specific
triggering by the ca. 50 mM background of non-catalytic cellular
monothiols. However, no such selective reduction-sensing systems
have yet been established. Here, we used rational structural design
to independently vary thermodynamic and kinetic aspects of
disulfide stability, creating a series of unusual disulfide reduction
trigger units designed for stability to monothiols. We integrated the
motifs into modular series of fluorogenic probes that release and
activate an arbitrary chemical cargo upon reduction, and compared their performance to that of the literature-known disulfides. The
probes were comprehensively screened for biological stability and selectivity against a range of redox effector proteins and enzymes.
This design process delivered the first disulfide probes with excellent stability to monothiols yet high selectivity for the key redox-
active protein effector, thioredoxin. We anticipate that further applications of these novel disulfide triggers will deliver unique probes
targeting cellular thioredoxins. We also anticipate that further tuning following this design paradigm will enable redox probes for
other important dithiol-manifold redox proteins, that will be useful in revealing the hitherto hidden dynamics of endogenous cellular
redox systems.

1. INTRODUCTION

Controlled dithiol/disulfide-exchange reactions are essential to
cellular metabolism, protein folding, protein regulation, and
diverse aspects in cellular homeostasis and stress response.1,2

Two ubiquitous networks are particularly important: the
thioredoxin (Trx)−thioredoxin reductase (TrxR) system and
the glutaredoxin (Grx)−glutathione (GSH)−glutathione re-
ductase (GR) systems (Figure 1a).3,4 These systems are driven
by catalytically active enzymes, GR and isozymes of TrxR (low
nM cellular concentrations), which pass reducing equivalents
from NADPH into a wide range of dithiol/disulfide-type
reactions via effector proteins, especially several isozymes of
Trx and Grx (μM); in the case of GR, this transfer goes over
the redox-active peptide GSH (mM concentration).5,6 The
networks are interlinked and can function as backup systems
for each other.4,7 The Trx and Grx systems catalyze two-
electron dithiol/disulfide-exchange reactions proceeding via
polar ionic mechanisms with high substrate specificities and
precise biological control.8,9 Their scope of substrates is
controlled by chemocompatibility as well as protein−substrate
binding, and the relative turnover rates of each step in these

redox networks are tightly regulated by reaction kinetics and
compartmentalization.10

The biochemistry and isoforms of the Trx and GSH/Grx
networks have been excellently reviewed;11 relevant aspects are
summarized here. (i) TrxRs and GRs use similar FAD-
containing domains to harvest electrons from NADPH, passing
them to similar structurally restricted dithiol/disulfide active
sites (CVNVGC motif).12 Mammalian TrxR also has a C-
terminal selenolthiol/selenenylsulfide active site (CU motif)
on a flexible surface-exposed loop, to relay electrons from the
NADPH-driven dithiol site onto its substrates.13 These include
Trxs and related redox proteins, e.g., TRP14 (also known as
TXNDC17), though it can also reduce non-physiological small
molecules (Figure 1b).14,15 Due to its rare selenolthiol, TrxR
has unusual redox properties compared to dithiols: with both
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enhanced reaction kinetics and lowered reduction potential.16

GR is unusual in that it is highly specific for the small molecule
glutathione disulfide (GSSG), so offering little scope for other
substrates. (ii) Trxs and dithiol Grxs (includes Grx1 and Grx2)
are dithiol/disulfide redox-active proteins with surface-exposed
dithiol redox-active sites (CxxC motifs) that recognize and
reduce a variety of protein substrates in pro- and eukaryotic
organisms (Figure 1b). Trxs have lower reduction potentials
and are reduced by selenolthiol TrxR; Grxs have higher
reduction potentials and use monothiol GSH for their
reduction.17

In all these enzymes, the spatial pre-organization and
flexibility of the dichalcogenide redox-active sites are key to
their kinetics and thermodynamics (mirroring what is known
for small-molecule reductants).21 These factors, plus others
such as protein recognition, redox potentials, and non-
equilibrium metabolic flows, contribute to their substrate
scopes in cellsthough our understanding of the determinants
for cellular activities of these enzymes remains poor.22

The lack of techniques to measure or respond to the
turnover dynamics of these redox proteins in situ greatly limits
our understanding of redox biology, because it is turnover
dynamics that are key to understanding network function and
homeostasis.2 So far, the best-developed probes for use in
redox biology are genetically engineered ratiometric fluores-
cent sensors of redox-active protein or small-molecule redox
poise.23−26 These give specific, spatiotemporally resolved

readouts for the reduced-to-oxidized state ratio of the target
species. However, as ratiometric readouts of redox state, they
do not reveal turnover dynamics. Also, genetic approaches are
monitoring-only systems that cannot respond to redox
reactions with an action, such as delivering a therapeutic cargo.
To quantify turnover, selective turn-on probes are needed,

whereby enzymatic turnover events can be measured by
integrating cumulative and irreversible signal accumulation in
the form of an activated probe. In this context, small-molecule
probes that employ disulfide-based trigger−cargo designs
(Figure S1) are promising alternatives to protein sensors,
and are potentially chemocompatible with the redox enzymes.
Such probes are ideally created so that their cargo is
deactivated in the oxidized state, while reduction irreversibly
activates the cargo, resulting in a signal. Typically, activation
proceeds by a fragmentation reaction, exposing a key structural
element on the cargo, often simply by cleaving it from the
trigger. This is a conceptually simple design, and it is
additionally attractive because, unlike genetic probes, it can
act upon a stimulus: modular designs can enable not only
probes for detection and quantification of enzyme activity but
also prodrugs delivering drug cargos conditional upon this
activity.
In the thiol redox context, trigger−cargo designs have been

used to release a range of cargo types upon reduction,
including phenol- and aniline-type fluorophores and drugs
(Figure S1a,b). For such designs to be selective, a probe must
only commit to the f irst irreversible step on the pathway to turn-
on after it reacts with the targeted enzymeand not with any
undesired species (reducing or otherwise). Therefore, while
analyzing thiol/disulfide exchanges in light of equilibrium
thermodynamic parameters (e.g., reduction potential E°) is
generally informative, to design selective cumulative-release
probes for enzyme turnover requires considering the kinetics
and reversibility of each step in the reaction sequence. These,
in turn, depend on the chemistry of the redox trigger and its
reaction with target enzymes and reductants. For this analysis,
we must distinguish the reaction of a disulfide with a single
thiolate to liberate a thiolate, which we refer to as exchange,
from the net reduction of a disulfide to liberate two thiolates
by two stepwise exchanges, which we will refer to as reduction.
Linear disulfides are the most-used redox triggers in cargo-

releasing designs (Figure S1a,b).27 However, linear disulfides
cannot selectively detect or respond to enzyme activities in the
cellular context.28−30 This is because thiol−disulfide exchange
at either sulfur irreversibly and non-selectively commits linear
disulfides to turn-on (Figure 2a), and the rapidity of even
uncatalyzed exchange with the high intracellular monothiol
concentrations (ca. 5 mM GSH, ca. 50 mM protein thiols
(PRSH)) causes a high degree of monothiol-based cargo
release that likely drowns out enzyme-specific components.28

Therefore, at best, linear disulfides report non-specifically on
initial thiol−disulfide exchange rates.31

Cyclic disulfide redox triggers of type A (Figure 2b) instead
allow kinetic reversibility in both exchange steps: their first
irreversible step is the actual cargo release itself (krel).
Reversion to the cyclic disulfide A after exchange to B or D
(kT1 or kG1 in Figure 2b) is a unimolecular reaction that may
be kinetically rapid (intramolecular cyclization that can also be
pre-organized) as well as thermodynamically favored by
enthalpic (pre-organized disulfide geometry) and entropic
effects (molecular cleavage). These factors can be amenable to
tuning by structural design of the disulfide trigger. However,

Figure 1. Key players in dithiol/disulfide homeostasis. (a) NADPH-
driven cellular signal transduction and redox repair through the GSH/
Grx and Trx systems. (b) Active-site structures of Trx18 and
TrxR:12,14,19,20 pre-organized cyclic dichalcogenides.
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for dithiol proteins, completing the reduction (B to C) is a pre-
organized, unimolecular reaction that reductases are evolved to
perform, and which could therefore be competitive to or faster
than kT1. By contrast, the reaction of D to C is both
bimolecular and not kinetically favored, so reversion by kG1 is
the most probable fate of D under monothiol challenge.
Therefore, A should be much more rapidly reduced to the
signal-generating intermediate C by dithiol proteins than by
monothiol background. Reversion of C to A is also well
known: it underlies the use of dithiothreitol (DTT) as a rapid,
stoichiometric, non-specific reductant particularly of linear
disulfides GSSG, PRSSG, and PRSSPR (kG2 in Figure 2b); this
pathway could also prove relevant in suppressing signal
generation by monothiol challenge. Therefore, we concluded
that stably pre-organized cyclic disulfides A would be suitable
starting points for triggers in enzyme-selective probes (Figure
2b), and we determined to explore their synthesis and use.
Cyclic disulfide trigger substrates for trigger−cargo probes

have been sparsely reported, and structures that are known
have rarely been assessed for redox selectivity and kinetic
performance. The most studied are strained cyclic 6-membered
disulfide epidithiodiketopiperazines (ETPs), but their strain-
promoted reactivity with monothiols is non-specific and
significant, so they are not suitable for selective probes.32

Moderately strained 5-membered cyclic disulfides (1,2-
dithiolanes) had been reported to be selectively reduced by

TrxR and were applied in the fluorogenic “TRFS” probes33−35

and prodrugs.36 However, 1,2-dithiolanes undergo strain-
promoted, kinetically irreversible, facile, and non-specific
exchange with cell-surface monothiols,37,38 as known from
disulfide-mediated cellular uptake studies.39−41 Our work
confirmed that 1,2-dithiolane probes are, correspondingly,
non-specifically activated by monothiols.31

To resist monothiol reduction by minimizing the concen-
tration of C under monothiol challenge requires a high
reversion rate kG1 (and optionally kG2) compared to kG3. We
thus focused on unstrained cyclic disulfides, which are in fact
the most poorly explored as triggers of irreversibly activated
redox probes (Figure S1c,d, and further discussion in the
Supporting Information). The few notable studies concern the
6-membered cyclic disulfide 1,2-dithiane. As far as we know,
only three concepts of 1,2-dithiane designs intended to release
a general molecular cargo after reduction by biological species
have been disclosed. First, Butora used DTT phosphoesters to
release phosphate cargos after reduction, which was stated to
occur by reaction with GSH;30,42 this approach was since used
by, e.g., Urata.43 Second, Xu and Tang used an aniline
carbamate of DTT to release aniline cargos after reduction,
which was stated to occur by reaction with H2Se;

44 Fang also
applied this approach, but contradicting Butora, stated that
neither TrxR nor GSH caused release.35 Third, Ziv disclosed
phenolic carbamate prodrugs of 4-amino-1,2-dithiane, in-
tended to release the phenol cargo after reduction, though
this was only described as occurring through the “ambient
reductive environment” of the cell.45,46 Relatedly, Kohn
worked on 6-membered cyclic disulfide derivatives of porfiro-
mycin and mitomycin, though not releasing a cargo;47,48 like
Butora, their reports cited non-specific dithiane exchange/
reduction by monothiols (Figure S1c,d).
We consider these reports both contradictory and limited in

their assessment of which cellular reductants are, or are not,
effective for exchange/reduction of 1,2-dithiane-based trigger−
cargo probes: so we set out to assess this comprehensively.
We also believed that tuning rates throughout the turn-on

process would prove critical for achieving protein selectivity.
Particularly, we wished to explore pre-organization by
annelating the cyclic disulfide triggers (dotted ring in Figure
2b). This modification adds minimal steric pressure at the
redox-active -SS- site, so it might not suppress enzyme docking,
but it could bring two favorable effects into play: (i) increasing
thiol cyclization rate of C (krel), to accelerate signal generation
without changing the reductant selectivity profile, and so
improve probe performance (N.B.: krel is equally increased by
both cis- and trans-annelation); (ii) stabilizing the cyclic
disulfide A, to increase kT1 and kG1 and so potentially change
the selectivity profile (N.B.: these effects should depend on the
cis-/trans-stereochemistry). Such annelated disulfides have not
yet been reported, so we wished to develop scalable and
convenient syntheses, enabling their general application to
redox research.
Lastly, we noted that, according to our proposed

mechanism, as long as hydrolytic cargo release is blocked,
the choice of cargo only influences krel and should not affect a
probe’s reductant selectivity. We were therefore curious to use
the same trigger with different cargos, to test the bioreductant
selectivities, and to rationally tune probe performance.
In this work we address the lack of information on cyclic

disulfide suitability for probes. We test our design principles by
stepwise exploration of the features predicted to determine

Figure 2. Mechanistic aspects of (a) irreversible monothiol reduction
of linear disulfide-type reduction-sensing units and (b) thermody-
namically reversible dithiol reduction of cyclic disulfide systems as
part of irreversible release probes.
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cargo release selectivity and rate. We scalably synthesize novel
cyclic disulfide-based triggers and apply them in robust,
irreversible-release probes suitable for generalized cargos. We
comprehensively evaluate the probes’ selectivity for key redox-
active proteins and their resistance to a high monothiol
background, also benchmarking previously reported but poorly
characterized disulfides. This will reveal the potential of pre-
organized disulfides as enzyme-selective reduction sensors and
identify a promising Trx-selective probe design.

2. RESULTS AND DISCUSSION

2.1. Trigger Design. We designed a broad panel of
disulfide-based redox triggers for this study (Figure 3a). To
avoid unspecific monothiol-triggered cargo release, we used
stable cyclic 6-membered disulfide triggers: most simply,
disulfide trigger SS60. To study how pre-organizing annelation
affects both cargo release and selectivity profiles, we designed
cis- and trans-fused triggers SS66C and SS66T. As linear
disulfide controls, we used simple trigger SS0027 and annelated
SS06 (which, when compared, should test for pre-organization
only of cargo release krel). Where needed, we compare the
results with those of the strained and/or polymerizable
monocyclic disulfide controls SS5031,33 and SS7.49 This
broad panel of disulfide structure motifs would allow us to
compare reductant selectivity and cargo release rates, across
stable or pre-organized or strained, cyclic or linear disulfide
redox probes, on a level that to our knowledge has not yet been
attempted. Lastly, we introduced O56 as a similarly polar but
non-reducible negative control trigger to check stringently for
stability against non-reductive chemical or enzymatic release of
probe cargos.
2.2. Probe Design Considerations. To create modular

probe designs, we chose to work primarily with phenolic
fluorophores. Anilines are simpler to adapt into fluorogenic
probes, as acylation usually substantially suppresses fluores-
cence (though only in special cases does it do so completely),
and since acylated anilines have good hydrolytic stability.35

Aniline carbamates are well represented in trigger−probe
designs. However, the poor leaving-group nature of anilides
results in slow cargo release for 5-exo-trig thiol cyclization, with
physiological half-lives of >3 h, even under fully reduced

conditions.35 Alternative anilide designs such as amides and
ureas are not cleavable and so do not represent modular
response systems as we sought.35,50

By comparison, phenol-releasing systems could benefit from
superior leaving-group nature to improve release kinetics.
Several phenolic systems featuring true off-to-on fluorogenicity
are known, and phenols are found as key activity-determining
groups in a broad range of diagnostic or therapeutic cargos,
meaning that modular designs in this work could be extended
into a useful series of probes and prodrugs. Stability against
non-reductive hydrolysis is the major challenge for most
phenols. For example, disulfide-trigger phenolic esters and
carbonates have been reported,51,52 but non-reductive phenol
release by spontaneous and enzymatic hydrolysis is certain to
prevent them achieving any selectivity in biological settings.
Phenolic carbamates have previously been reported to be
unstable.35 However, we interpreted this instability as the
spontaneous E1cB elimination pathway that affects primary
carbamates,53 so we designed all triggers for secondary
carbamate linkages to avoid this (Figure 3a),54,55 guided by
precepts from our earlier work.31,56

2.3. Cargo Choice and Use. We selected two major series
of fluorescent cargos to be masked by mono-O-carbamylation
(Figure 3b), requiring that this should entirely suppress their
fluorescence by mechanism-based quenching. (i) We used
xanthene-based mono-O-alkylated fluorescein MF-OH57 and
its acidified photostable congener IG-OH58 (as its iPr might
resist nucleophilic attack better than MF-OH’s methyl). Their
mono-O-carbamylation mechanistically quenches fluorescence
by locking the central carbon as sp3, so destroying conjugation.
Conjugation is restored by cleaving the carbamate substrate
(simplifying kinetics compared to typical double-substrate
probes such as fluorescein diacetate), giving soluble,
biocompatible, bright fluorophores (ex/em 485/515 nm).
(ii) We also used the precipitating fluorophore PQ-OH,59,60

whose high-quantum-yield, large-Stokes-shift fluorescence (ex/
em 360/520 nm) depends on excited-state intramolecular
proton transfer (ESIPT) of the phenolic hydrogen. Carbamy-
lating the phenol entirely and mechanistically abolishes ESIPT
fluorescence of the probe. The electron-withdrawn PQ should
also have fast release. To compare our phenolic designs to

Figure 3. Trigger-and-cargo design for redox probes. (a) Stable cyclic disulfide-based reduction sensors and their control and comparison systems.
(b) Complete off→on fluorogenic cargos based on phenol mono-unmasking. (c) Representatives of the 20 fluorogenic probes used in this study,
derived by trigger−cargo combinations.
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prior art in aniline disulfide redox probes, we also prepared 3-
O-methyl-rhodol MR-NH2 for kinetic comparisons.61 Thus, all
our probes feature a true off-to-on mechanistic switch of signal
upon disulfide trigger cleavage, thereby maximizing their
signal-to-noise ratio and simplifying analysis (details in Figure
S2).
We combined triggers freely with cargos to create a panel of

probes for analysis. We name the resulting probes by the
combination used; e.g., in Figure 3c, SS66C-MF is an SS66C-
trigger MF-OH-releasing probe, etc. (further details and
discussion in the Supporting Information).
2.4. Diastereomerically Pure Synthesis of Annelated

SS66 Disulfides. The simpler disulfide redox triggers were
accessed straightforwardly. Monocyclic disulfide SS60 was
obtained using the approach reported by Raines62 to give the
protected primary amine, then by N-methylation and
deprotection to prepare the novel secondary amine SS60.
Known polymerization-prone38,63 unstable cyclic disulfides
SS50 and SS7 were accessed from aminopropanediol31 and
from a nitrogen mustard precursor,49 respectively, as described.
Symmetric linear disulfides SS00 and SS06 were accessed by
oxidative dimerization of the respective thiols; as far as we
know, cyclization-pre-organized linear disulfides like SS06 have
not been studied before (Figure 3a). The secondary amine of
these symmetric disulfides proved inconvenient for yields and
purification, with double-reaction side products being formed
during later carbamate coupling. Unsymmetric linear disulfides
of the SS00 type are rarely reported in the literature, and we
found no convenient methods to synthesize them. We
developed a versatile batch synthesis strategy for unsymmetric
linear disulfides by coupling easily prepared, isolable precursors
(one primary S-acetyl and one primary S-tosyl), achieving high
chemoselectivity and isolating the unsymmetric morpholino-
substituted SS00M (Figure 3a) in good yields. For details, see
the Supporting Information.
The bicyclic redox triggers were more challenging (Figure

4). We first focused on the cis-fused SS66C system, setting the
stereochemistry by heterogeneous hydrogenation of pyridine 1.
Boc-protection to amine 2 and then ester reduction gave cis-
diol 3, which we could not, however, convert into a bicyclic
disulfide. During Mitsunobu reaction with thioacetic acid
under Raines’s conditions,62 no bis(thioacetate) but rather
undesired cis-ether 5 was isolated, with X-ray confirming its
structure. Fortunately, 5 provided ideal non-reducible hydrol-
ysis controls, as the O56 series. Other strategies to activate the
hydroxy groups for S-nucleophile substitution were unsuccess-
ful; e.g., attempted bis(sulfonylation)s gave intramolecularly
cyclized carbamates, e.g., 4, as known for Boc-/Cbz-methanol-
piperidines.64−66 To avoid carbamate cyclizations, we switched
to PMB as the N-protecting group. Diastereomerically pure N-
PMB-diol 10 was accessed in decent yield by hydrogenation of
1, ester reduction to 9, and N-alkylation. It was crucial to
reduce the esters before nitrogen protection, to avoid partial
cis−trans-isomerization at the diester stage. Mesylation of diol
10 and nucleophilic substitution with KSAc gave bis-
(thioacetate) 11, and tandem basic acetate cleavage/oxidation
gave novel annelated disulfide 12. PMB was deprotected
without reductive or oxidative conditions by using 2-
chloroethyl chloroformate (ACE-Cl),67 giving the precursor
to all SS66C probes (Figure 4).
For the trans-fused SS66T, we took a route exploiting the

previous setbacks to our advantage. First, we could use basic
cis−trans-epimerization to recycle cis-diester 2, after some trials

reaching an inseparable 2:1 trans:cis epimerized mixture by
NaOMe treatment and then quenching by AcOH. Ester
reduction gave 2:1 cis:trans-diol 6, still unseparated. Then, we
could selectively destroy the residual cis while carrying the
trans through its next step of thio-Mitsunobu reaction: trans-
diol 6 converted smoothly to the trans-bis(thioacetate) 7,
while cis-diol 6 converted to cis-ether 5, separable by
chromatography. Thioester hydrolysis of 7, dithiol oxidation,
and deprotection gave diastereomerically pure trans-8, the key
SS66T precursor, in decent yields (Figure 4). (This also
suggested that the cis-fused system’s greater tendency to 5-exo-
tet cyclization than the trans might be reflected in a greater
kinetic and/or thermodynamic stability of its cis-disulfide,
which we soon examined, as described below.)
Deprotected secondary amines of the disulfide triggers were

reacted with O-chloroformates of phenolic fluorophores to
deliver 19 fluorogenic MF, IG, and PQ series probes (Figure

Figure 4. Diastereomerically pure syntheses of SS66T- and SS66C-
series bicyclic disulfide redox probes. Reagents and conditions: (i) (1)
H2, H2SO4, Pd/C, MeOH, 80 bar, r.t., 15 h; (2) Boc2O, NEt3,
dioxane/H2O, r.t., 15 h (98%). (ii) LiAlH4, Et2O, 0 °C to r.t., 3 h.
(88%). (iii) MsCl, DCM, NEt3, r.t., 15 h (89%). (iv) Cis-selective
tetrahydrofuran formation: (1) PPh3, DIAD, HSAc, THF, r.t., 15 h
(90%); (2) HCl, MeOH, 80 °C, 4 h (quant.). (v) (1) H2, H2SO4, Pd/
C, MeOH, 80 bar, r.t., 15 h; (2) LiAlH4, THF, 0 °C to r.t., 3 h. (vi)
PMB-Cl, K2CO3, EtOH, r.t., 15 h (v−vi: 42% over 3 steps). (vii) (1)
MsCl, NEt3, DCM, r.t., 1 h; (2) KSAc, DMF, r.t., 15 h. (viii) KOH,
MeOH, r.t., 15 h (vii−viii: 51% over 3 steps). (ix) (1) ACE-Cl, DCE,
80 °C, 5 h; (2) MeOH, 80 °C, 2 h; (3) carbamate coupling. (x) (1)
NaOMe, MeOH, r.t., 1 h; then AcOH (2:1 trans:cis); (2) LiAlH4,
Et2O, 0 °C to r.t., 2 h. (72% over 2 steps). (xi) Trans-selective
bis(thioacetylation): HSAc, PPh3, DIAD, THF, r.t., 15 h. (xii) (1)
KOH, MeOH, r.t., 15 h; (2) HCl, r.t., 4 h (xi−xii: 45% over 3 steps).
(xiii) Carbamate coupling.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.1c03234
J. Am. Chem. Soc. 2021, 143, 8791−8803

8795

https://pubs.acs.org/doi/suppl/10.1021/jacs.1c03234/suppl_file/ja1c03234_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c03234/suppl_file/ja1c03234_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c03234/suppl_file/ja1c03234_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c03234/suppl_file/ja1c03234_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.1c03234?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c03234?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c03234?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c03234?fig=fig4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c03234?rel=cite-as&ref=PDF&jav=VoR


4) and one MR reference compound.68 These were all
colorless and non-fluorescent both as solids and in solution, as
expected for their mechanistically quenched emission. To
assess disulfide thermodynamics, we also benzoylated the
amines to give “SS-Bz” compounds that mimic the geometry of
the triggers in the carbamate probes but can be reversibly
equilibrated as well as crystallized (see below).
2.5. Thermodynamic Analyses: Redox Potentials Are

Lowest for Annelated Cyclic Disulfides (SS66). Redox
potentials depend on structural/geometric features that
(de)stabilize the disulfide relative to the dithiol. Bond distance
(SS), bond angle (CSS/SSC), and dihedral angle (CSSC),40

together with strain factors, typically affect disulfide stability.
We could acquire X-ray structures of all three SS-Bz 1,2-
dithianes (Figure 5a), showing their disulfide rings in chairlike
conformations with minimal eclipsing and CSSC dihedral
angles close to that of the model 1,2-dithiane DTTox (56°).69

But, while a double-chair conformation was found for SS66C-
Bz (similar to a cis-decalin), against our expectations SS66T-
Bz formed a more strained boat-chair system unlike a trans-
decalin (for further discussion, see Raines70 and references
therein, and Supporting Information).
We then experimentally examined the thermodynamic

reduction potential E° of the cyclic disulfides. We had
anticipated that thermodynamic stability (low E°) would be
important to resist reduction by monothiols and so to achieve
selectivity for dithiol species. Whitesides calculated and
experimentally determined E° values of uncommon disulfides
in the 1980s−90s.63,71 The lowest E° values they reported were
indeed for 2,3-dithiadecalin-type disulfides,72 which under
non-standard conditions (50:50 buffer:cosolvent) were −0.35

V (trans) and −0.34 V (cis). This extraordinary stability
compared to linear disulfides (E° ca. −0.22 V)63 was promising
for our aims in this study. However, while we expected the E°
of the tetrahedral amine triggers SS66T and SS66C to match
these, we believed that the restrained geometries of the
carbamates would modify the probes’ potentials. To mimic
these while avoiding the influence of kinetic considerations
that also determine irreversible probe performance (trigger
reduction and thiol cyclization rates), we again used the
reversible SS-Bz series; these also allowed us to benchmark our
reduction potentials under normalized conditions.
To determine reduction potentials, we equilibrated the SS-

Bz series against chemocompatible reductant standards,
analyzing oxidized:reduced compound ratios by HPLC. We
did this similarly to methods used by Raines62 and others63,73

though with three additional features. First, the benzamide is a
convenient UV-active tag for HPLC signal integration. Second,
we detected oxidized:reduced ratios for both benzamide probe
and reductant standard (e.g., DTT); this controls for parasitic
oxidation by adventitious oxygen (which would be reflected by
an increasing total of oxidized species). Third, we performed
time course measurements to follow the progress of
equilibration, and upon reaching stable plateaus we controlled
for reversibility by re-oxidizing all dithiols to disulfides using I2
(Figure 5b). This controls for polymerization of strained
disulfides, which risks being misinterpreted. By titrating
reductants, we determined reduction potentials of −0.276 V
for SS60-Bz, −0.317 V for SS66T-Bz, and −0.339 V for
SS66C-Bz (Figure 5c,d), whereas the strained analogues SS50-
Bz and SS7-Bz were not equilibrating systems. We estimate
±0.01 V precision in our experiment. The lower reduction

Figure 5. Redox thermodynamics of cyclic 6-membered disulfide triggers. (a) Single-crystal X-ray structures of 1,2-dithianes: CSS bond angles θ;
CSSC dihedral angles φ; disulfide bond distance Δ. (b) HPLC-based E° measurement protocol. Disulfides are equilibrated against DTTred, and
then dithiols are quantitatively re-oxidized by iodine as a control. (c) HPLC time courses, equilibrium ratios, and resulting disulfide E° values. (d)
Graphical depiction of E° for this study’s 1,2-dithianes against known (bio)reductants.11
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potentials of the annelated SS66 compared to the monocyclic
SS60 matched expectations. Potentially due to the benzamide
strain, SS66T-Bz indeed had 0.02 V higher E° than SS66C-Bz.
While Whitesides gave a 0.01 V lower potential for the trans-
2,3-dithiadecalin,63 this may only hold true for the SS66
amines (Figure 5d; see also Supporting Information).
2.6. Kinetic Analyses: Cyclic 6-Membered Disulfides

Resist GSH Reduction but Are Triggered by Vicinal
Dithiols. We now turned to the PQ- and MF/IG-based
fluorogenic probes, to test their activation by, or resistance to,
small-molecule reductants.
Calibrations on the cargos MF-OH, IG-OH, and PQ-OH

confirmed large linear concentration/signal ranges
(20 nM−30 μM for xanthenes, >1 μM for PQ-OH; Figure
S2a,b). Assays of the probes’ fluorogenic character highlighted
their true off-to-on fluorescence switching, based on complete
mechanistic quenching in the intact probes (Figure S2c).
Throughout the reductant challenge assays, we controlled

against fluorophore release by non-reductive degradation
mechanisms (such as carbamate hydrolysis, or carbamate
thiolysis by thiol reductants) using the O56 probe series.
Matching our design requirements, the O56 series showed in
all cases that the secondary amine carbamates were entirely
robust, thereby solving the problems with prior phenolic
carbamates35 and indicating that disulfide reduction and
intramolecular thiol cyclization would be the only pathway
for signal generation with our disulfide probe series.
First, to report selectively on enzyme activity, a probe must

resist reduction by the cellular monothiol background (ca.
50 mM, of which up to 5 mM GSH).11 We therefore began by
incubating probes with monothiols (1 mM) to profile their
monothiol resistance. Linear SS00 and SS06 probes and
strained 5-membered cyclic SS50 probes were rapidly triggered
by all monothiols: GSH, cysteine, cysteamine (CA), N,N-
dimethyl cysteamine (MEDA), and N-acetylcysteine (NAC).
In contrast, 1,2-dithiane SS60, SS66C, and SS66T as well as 7-

Figure 6. Reductant-resistance profiling and cargo-release kinetics. (a) Fluorescence response of representative linear and 1,2-dithiane probes to
monothiol reductants (1 mM), benchmarked to quantitative reductant TCEP (100 μM) and to dithiol DTT (1 mM); t = 2 h. (b) Probe activation
kinetics with TCEP (100 μM). (c) GSH challenge titrations (0.01−10 mM GSH, 10 μM probe, t = 6 h data). (d) Dithiol challenge titrations
(0.01−10 mM DTT, 10 μM probe, t = 6 h data). (e, f) Modular probe design allows comparing cargo release kinetics.
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membered cyclic SS7 probes resisted monothiol reduction
(Figure 6a, Figures S4 and S5 for PQ series, Figure S6 for MF
series, and Figure S7 for IG and MR series).
Next, we examined the kinetic performance of each probe,

using the rapid and quantitative disulfide reducing agent tris(2-
carboxyethyl)phosphine (TCEP). In these settings where no
dithiol re-oxidation is possible (cf. kT2 and kG2, Figure 2),
probe signal generation depends on the rates of reduction by
the phosphine, 5-exo-trig thiol cyclization, and cargo expulsion.
Under such special conditions, the cargo nature rather than the
disulfide structure became the major determinant of signal
kinetics (Figure 6b; PQ-OH release approximately 10 times
faster than that of MF-OH). While some reports claim that
distal cargos substantially affect the reductant selectivity
profile,74 we attribute the faster release of PQ-OH than MF-
OH simply to its better leaving-group character.
Pleasingly, the relative rates of probes within each series were

almost identical for theMF as for the PQ series (Figure 6b; fits
in Figure S3), revealing trigger-based performance features. (1)
While annelations have been used for amine cyclization
promotion,56,75 this has not yet been studied for thiols. The ca.
3-fold rate enhancement of annelation in the linear disulfides
was significant (SS06 > SS00, also suggesting that their thiol
cyclization is more rate-determining than their phosphine
reduction). Annelation in the 1,2-dithianes was interesting:
while the cis-fused SS66C was faster than SS60 as expected,
the trans-fused SS66T was slower than SS60. (2) Thiol
cyclization/cargo elimination (C → PhOH, Figure 2) occurs
on a scale of minutes. As intramolecular thiol−disulfide
exchanges (B → A, B → C, and D → A) typically take <10
ms,76 we propose that “on-reductant” cyclization of the
exchange intermediates B and D to release PhOH before
their full reduction to C (Figure 2) is not a major contributor
to cargo release. (3) The rates of bisthiolate cyclization (from
SS50) were twice those of the correponding monothiolate
(SS00), a satisfying match to theory, though the SS7 probes
were sluggish and behaved irreproducibly. (We believe
oligomerization of SS737,63,71 causes its poor performance,
paralleling the behavior of polymerizable31 SS50 probes.
Additionally, neither SS7-Bz nor SS50-Bz performed reliably
in the equilibration/reoxidation assay. So, while we carried
these probes through all assays, we focus on interpreting only
the reliable 1,2-dithiane and linear disulfide results; see
Supporting Information.)
We next aimed to profile GSH sensitivity more meaningfully

than by single-concentration assays, to reach results
predictively applicable to diverse settings. Therefore, we
titrated the probes with GSH over a wide concentration
range (0.01−10 mM GSH, 10 μM probe) to build logarithmic
dose−response curves profiling GSH sensitivity with long-term
challenge (fluorescence at t = 6 h; Figure 6c, Figures S4−S7).
These showed that linear disulfide (SS00/SS06) and 5-
membered cyclic SS50-type probes are indeed quantitatively
activated by physiological GSH concentrations (Figure 6c).
The novel 1,2-dithiane probes, however, gave either zero
response to GSH up to 10 mM (SS66C, SS60) or else very
low signal from 1 to 3 mM GSH (SS66T; Figure 6c). As the
1,2-dithiane probes are monothiol-resistant, this indicated they
might have potential for protein-selective monitoring.
We then explored a simple model system for vicinal dithiol

reactivity using DTT. Vicinal dithiols reduce cyclic disulfide
triggers via a net bimolecular pathway, in contrast to
monothiols (net trimolecular; Figure 2). We hoped that this

mechanistic difference would allow monothiol-stable cyclic
disulfide probes to be selectively activated by vicinal dithiols.
Dose−response titrations showed that the GSH-resistant

SS60, SS66T, and SS66C cyclic disulfide probes were indeed
fully activated by DTT (Figure 6d). The linear and SS50
probes were quantitatively triggered by even equimolar DTT,
and the control O56 probes were again fully resistant (Figures
S4−S7). Pleasingly, the ordering of DTT resistance (SS00/
SS06 < SS60 < SS66T/SS66C) was common to all cargos,
again supporting the modularity of the probes’ design.
As for the monothiols, we noted apparent differences of

probe sensitivity to DTT depending on the cargo nature, but
again we attribute this to leaving-group kinetics (PQ-OH ca.
10-fold faster-releasing than MF-OH/IG-OH; we had
expected that the acidification of IG-OH would make it a
faster cargo thanMF-OH77 but we did not see this; Figure 6e,f,
Figures S4−S7). The design control probe SS60-MR had poor
activation (ca. 5% at 10 mM DTT at 6 h, Figure 6f),
highlighting a general benefit of our phenol-releasing design
over standard aniline-releasing probes (further detailed
evaluation in the Supporting Information).
Taken together, this systematic comparison strongly showed

that only 6-membered disulfides resist uncatalyzed reduction
by monothiols at physiological concentrations, but that such
motifs can still be reduced by vicinal dithiols. To the best of
our knowledge, dose−response assays evaluating, e.g., GSH
and DTT stability across wide concentration ranges to test for
trigger reductant preferences have not been used in this field
before, nor have previous reports established trigger or cargo
selectivities on the basis of independently varying both triggers
and cargos within the same probe series. In our opinion, both
would be useful additions to the toolbox of standard assays for
cumulative-release turnover probes.

2.7. Cyclic 6-Membered Disulfides Are Selectively
Reduced by Trx Rather than by Other Oxidoreductases.
Having established the selectivity of the 6-membered cyclic
disulfide probes for reduction by vicinal dithiols and their
resistance to monothiols, we next proceeded to profile the
probes’ reduction by biological vicinal dithiol/disulfide-type
proteins, focusing on the main components of the TrxR/Trx
and GR/GSH/Grx systems. In cells, the effector proteins Trx
and Grx (ca. 10 μM each) have orders of magnitude higher
cellular concentrations than their upstream reductases TrxR
and GR (ca. 20 nM each). To design cell-free assays to predict
cellular enzyme selectivities, we ensured that the assays were
performed (a) with cellular reductant concentrations, (b) using
the catalytically powered redox systems rather than only pre-
reduced effector proteins, and (c) examining a range of protein
isoforms, both isolated from primary tissues as well as
recombinantly expressed. The last point is particularly relevant
for TrxR since the key selenocysteine (Sec, U) residue in its
active site is highly present in isolates of native enzymes78 or
recombinant forms made with novel production method-
ologies (up to 100% Sec contents),79 which we employed in
this study, rather than the ca. 30% Sec content from standard
expression methods.80 Accordingly, our tests used recombinant
human TrxRs, both cytosolic TrxR1 and mitochondrial TrxR2;
recombinant human Trxs, both cytosolic Trx1 and mitochon-
drial Trx2; and as a comparison, recombinant human
thioredoxin-related protein TRP14,81 which also features a
vicinal dithiol/disulfide active site that is reduced by TrxR. Grx
variants were examined using recombinant human vicinal
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dithiol glutaredoxins Grx1 and Grx2 together with human
recombinant GR.
We evaluated all probes in fluorescence time courses. To

conclude on whether probes were reduced by the effectors Trx
and Grx, and/or by direct reaction with the upstream
reductants TrxR and GR, we compared assays using both
effectors and upstream reductants against assays with only
upstream reductants, controlling against the effectors only. We
also confirmed these interpretations by titrating effectors (e.g.,
Trx1) in the presence of a fixed concentration of upstream
reductants (e.g., TrxR1) or vice versa. To our knowledge, this

approach has not been reported with other compounds
described as redox turnover probes, but it proved to be a
powerful technique to illustrate probe selectivities. All assays
were performed with NADPH; GR assays optionally included
a low concentration of GSH to allow Grx reduction without
significantly reducing probe directly; see Supporting Informa-
tion for further details.
The 6-membered cyclic disulfide probes based on SS60,

SS66C, and SS66T were selectively activated by thioredoxins
Trx1 and Trx2 (Figure 7a), with the SS60 series the most
sensitive. The SS66C series had the highest Trx selectivity,

Figure 7. Cyclic 6-membered disulfides are Trx-selective substrates. (a) Bioreductant selectivity (single-concentration profiling; t = 4 h and t = 6 h;
see also Figures S8 and S9). (b) Response kinetics of SS60-PQ (10 μM) and SS60-MF (1 μM) compared to their linear disulfide analogues. (c)
Kinetic response of SS60-MF (1 μM) to titrated redox effectors Trx1, Trx2, Grx1, and Grx2. (d) Dose−response profiles of the 1,2-dithiane probes
to redox effector proteins (t = 6 h). See Supporting Information for details (Figures S8−S13).
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with almost zero detected signal under challenge by the Grx
+GSH+GR and TrxR+TRP14 cascades over 4 or 6 h,
respectively (Figure 7b,c, Figures S8−S13). Both Trx1 and
Trx2 dose-dependently activated the dithiane probes, though
pleasingly, under relevant concentrations, these probes were
non-responsive to any of the TrxR isoforms in the absence of
the effector Trx. It is notable that the 1,2-dithiane-type probes
were not affected by the Trx-analogue vicinal dithiol protein
TRP14, which likely reflects the different active-site structure
and/or electrostatic surface charge of TRP14 compared to
either Trx1 or Trx2.82 We note that the general order of Trx
selectivity in the dithiane series (SS66C ≳ SS60 > SS66T)
matches the order of stability against the supraphysiological
monothiol levels (e.g., GSH at 10 mM, Figure 6c), supporting
the earlier interpretation of structural influences on the relative
kinetic instability of the trans-fused system. Matching expect-
ations, linear disulfide reference probes SS00(M) were
activated completely non-specifically by Trx1, Trx2, TRP14,
Grx1, Grx2, and TrxR1 (Figure 7a,b, Figures S8, S10, and S11)
in addition to the monothiols previously shown. This
highlights the importance of the dithiane for achieving Trx
selectivity (Figure 2). The signal kinetics for all PQ probes
were again faster than for the corresponding MF probes
(Figures S8−S13).
We again performed dose−reponse titrations to test the

sensitivity profiles of all probes to varying concentrations of the
redox-active proteins, which should be a useful predictive tool
to estimate performance in complex applications. Figure 7d
shows these dose−response plots for the two major dithiane
triggers, the more-Trx-sensitive SS60 and the most-Trx-
selective SS66C, as applied to both PQ and MF probes
(other probes in Figures S8−S13). This highlights the highly
preferred processing of the novel dithiane probes by the Trx
isoforms, regardless of their cargo (Figure 7d)an excellent
result for the mechanism-based design.
In summary, this systematic exploration of disulfide probe

reductive triggering has relied on time course rather than
endpoint data, and featured systematic variations and titrations
of all reducing species. The results indicate that regardless of the
cargos with which they are used, the hitherto-reported linear and
cyclic 5-membered disulfide triggers do not withstand non-
selective and non-enzymatic triggering by GSH, monothiols,
and a range of cellular reductants, and are therefore non-
selective reduction sensors. In contrast, the new 6-membered
cyclic disulfide probes display excellent selectivity and steep
dose−response curves for reduction by vicinal dithiols,
particularly by Trx1 and Trx2. SS60 and SS66C were thus
identified as promising disulfide motifs for sensitive, modular
probes selectively reduced by thioredoxins.

3. CONCLUSIONS
Specific dithiol−disulfide-type reactions underlie a multitude
of biological pathways, and engineered disulfides are recently
finding applications from probes in chemical biology to uses in
biophysics and materials chemistry. Linear disulfides have been
used for decades as non-specifically and irreversibly intra-
cellularly cleaved substrates, often for intracellular release of
appended cargos. While strained cyclic disulfides have found
several applications, it has remained unproven whether any
disulfide could be used reliably for creating robust, modular,
enzyme-selective small-molecule probes.31 The challenge
posed has been to unite (i) a broadly applicable, robust design
that is suitable for efficiently releasing arbitrary cargos (toward

both probes and prodrugs) with (ii) a disulfide/dithiol-type
redox trigger that resists the high cellular background of
monothiols yet can be triggered by specific redox-active
dithiol-type enzymes.
In this work we used mechanism-based analysis to design

novel disulfide-based trigger−cargo probes which unite both
features. The 6-membered cyclic disulfide probes characterized
here feature rational tuning of thermodynamic and kinetic
parameters of disulfide reduction as well as of cargo release, to
achieve higher stability to the monothiol background than any
probes previously reported. The trigger motifs were synthe-
sized scalably, with the novel bicyclic disulfide structures being
accessed by divergent diastereomerically pure routes, and then
integrated into modular phenol-releasing probes which feature
stability to cleavage by non-reductive mechanisms. These
probes have been evaluated through a rigorous methodology
combining time course and dose−response screening of
chemical and biological reductants. The disulfides we report,
and the probe designs we apply them to, fill a gap in the
literature by being the first systematic exploration of the
synthesis and reductant selectivity of non-strained and non-
polymerizing disulfides, with the outlook toward adapting
these modular phenol-releasing designs for a range of purposes.
Pleasingly, the design logic of achieving selectivity by matching
probe energetics and mechanism to those of the desired
reducing species was supported by the selectivity in reduction
of the 6-membered disulfides by the vicinal dithiol Trx, but not
by the other redox-active enzymes analyzed here.
Further developing the Trx-selective 1,2-dithiane chemo-

types for cellular monitoring of endogenous Trx is a major aim
of our ongoing research. This faces challenges including (1)
ensuring reduction is competitive with native Trx substrates, to
reach high turnover or signal in the cellular context, and (2)
favoring the post-reduction cyclization krel relative to the re-
oxidation pathways (particularly kG2; Figure 2), to maximize
the proportion of Trx-reduced probe which releases its cargo.
These are non-trivial challenges. We also expect that tuning the
probes’ intracellular localization will prove crucial for perform-
ance.
Diversifying disulfide trigger structures to address other key

oxidoreductases is another goal of our research. The scope of
redox biology would be greatly expanded by developing probes
that are GSSG-competitive substrates of GR, or Trx-
competitive substrates of TrxR. This would allow researchers
to tap into the turnover dynamics that drive the major dithiol/
disulfide-manifold processes throughout the cell. This work has
demonstrated that disulfides are a still-untapped well of
potential for redox probes. We therefore hope that further
developments of probes with increased selectivity for specific
redox enzymes will facilitate progress in the many areas and
applications of research in redox biology.
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