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Thiol-mediated uptake is emerging as method of choice to penetrate cells. This study focuses on irreversible
covalent inhibitors of thiol-mediated uptake. High-content high-throughput screening of the so far largest
collection of hypervalent iodine reagents affords inhibitors that are more than 250 times more active than
Ellman’s reagent and rival the best dynamic covalent inhibitors. Comparison with other irreversible reagents
reveals that inhibition within one series follows reactivity, whereas inhibition across series deviates from
reactivity. These trends support that molecular recognition, besides dynamic covalent exchange, contributes
significantly to thiol-mediated uptake. The most powerful inhibitors besides the best hypervalent iodine reagents
were Fukuyama’s nosyl protecting group and super-cinnamaldehydes that have been introduced as irreversible
activators of the pain receptor TRPA1. Considering that several viruses use different forms of thiol-mediated
uptake to enter cells, the identification of new irreversible inhibitors of thiol-mediated uptake is of general
interest for the discovery of new antivirals.

Keywords: antiviral agents, hypervalent compounds, hypervalent iodine reagents, inhibitors, nosyl protecting
group, thiol-mediated uptake, TRPA1 pain receptor.

Thiol-mediated uptake is an intriguing process be-
cause it works so well but is so poorly understood.[1]

The ability of oligochalcogenides, usually disulfides, to
facilitate cell penetration has been observed in many
variations.[2–14] The unifying theme is dynamic cova-
lent oligochalcogenide exchange with thiols (and/or
disulfides) on the cell surface that can be inhibited by
thiol reactive agents (Figure 1,a). This central dynamic

covalent chemistry process can be coupled to diverse
uptake mechanisms, including endocytosis, fusion and
also direct translocation across the plasma membrane
directly into the cytosol.

Early examples on thiol-mediated uptake focus
mainly on the entry of viruses into cells. Particular
emphasis has been on HIV, which proceeds by fusion
after the essential dynamic-covalent exchange with
protein disulfide isomerases on cell surfaces.[15] More
recently, privileged scaffolds such as CPDs (cell-
penetrating poly(disulfide)s) and COCs (cyclic
oligochalcogenides)[16] have been introduced to ex-
ploit thiol-mediated uptake for the efficient delivery of
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a broad variety of substrates into the cytosol.[1] This
includes substrates that are significant and, depending
on the context, often problematic to deliver otherwise,
e.g., antibodies,[4] DNA/RNA, nanoparticles,[7] artificial
enzymes,[17] quantum dots,[18] liposomes and polymer-
somes.[19]

Ellman’s reagent has been the benchmark inhibitor
to probe for thiol-mediated uptake until recently.[20]

This choice has not been beneficial for the field,
because 5,5’-dithio-bis(2-nitrobenzoic acid) (DTNB) is a
notoriously weak and unreliable inhibitor. The poor
performance of Ellman’s reagent is reasonable consid-
ering that it produces activated disulfides on cell
surfaces that readily continue to exchange. Together
with challenges in target identification with dynamic
networks,[1] unreliable DTNB data have helped to raise
questions concerning significance, nature and even
the very existence of thiol-mediated uptake. Earlier
this year, these overall unnecessary questions have
been addressed with a broad inhibitor screening.[20]

Up to 5000 times more powerful inhibitors were
found. In preliminary tests, a few of the identified
inhibitors also inhibited the entry of SARS-CoV-2 spike
pseudo-lentiviruses, with efficiencies clearly exceeding
the popular ebselen[21,22] (mostly unpublished). It
remains to be seen whether or not this is more than a
coincidence. The same holds for the transferrin
receptor (among many other possible targets), found
in both proteomics screens for thiol-mediated uptake
of COCs[23] as well as contributing to the entry of
SARS-CoV-2.[24]

Inhibitor screening for thiol-mediated uptake has
so far focused on dynamic covalent inhibitors.[20] The
objective of this study was to shift attention to
irreversible inhibition. Particular emphasis is on hyper-
valent iodine reagents of different structure and
reactivity (Figure 1,b). Hypervalent iodine reagents
centered around the ethynyl benziodoxolone (EBX)
scaffold react with high rate with thiols.[25,26] They
have been used previously in proteomics studies of
the cysteinome, and excelled with unique reactivity
and selectivity.[27] Other applications include further
derivatizations of cysteines,[28,29] peptide Cys-Cys and
Cys-Lys stapling,[30] functional terminators of CPDs,[31]

and classical use as alkynylation reagents in organic
synthesis.[32,33] The results from irreversible inhibition
of thiol-mediated uptake with hypervalent iodine
reagents are then compared to classical and modern
irreversible thiol-reactive agents.[34–45] Hypervalent
iodine reagents emerge top, together with Fukuyama’s
nosyl protecting group[34] and super-cinnamaldehyde

ligands of the pain receptor TRPA1,[35] all rivaling the
best reversible inhibitors.

The inhibitor candidates 1–25 tested in this study
were numbered to roughly reflect their identified
activity, decreasing with increasing numbers, with
DTNB ending up as number 25 (Figure 2). They were
synthesized mostly following reported procedures (see
Supporting Information).

For inhibitor screening of thiol-mediated uptake,
the conjugate 26 composed of an epidithiodiketopi-
perazine (ETP), i. e., one of the most active COCs,[46]

and fluorescein (FITC) was used as reporter (Figure 3).
FITC-ETP 26 rapidly penetrates unmodified HeLa cells
to end up staining cytosol and nucleus.[46] In this assay,
inhibition of thiol-mediated uptake is detected as
decreasing fluorescence of the cells (Figure 3). For
inhibitor screening, a recently introduced fully auto-
mated, fluorescent microscopy image-based high-
content high-throughput screening (HCHTS) was
used.[20,47] Namely, HeLa cells in multiwell plates were
incubated first with inhibitor candidates for a given
period of time. Then, reporter 26 was added to
penetrate cells within 30 minutes. Afterward, the
multiwell plates were washed to remove all reporter
and inhibitor candidates in the media, Hoechst 33342
and propidium iodide were added for automated
analysis, and the CSLM images were recorded. Hoechst
33342 is a cell-permeable DNA stain applied to stain all
cells, propidium iodide is a cell-impermeable DNA
stain used to differentiate necrotic and apoptotic from
healthy cells. Relative cell viability (RV) was calculated

Figure 1. a) Thiol-mediated uptake operates with inhibitable
dynamic covalent chalcogen exchange cascades before or
during cellular entry by direct translocation, endocytosis or
fusion, usually thiol/disulfide exchange. b) General scheme for
inhibition with irreversible covalent inhibitors.
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automatically from the ratio of propidium iodide and
Hoechst 33342 labeled cells (Figure 4; results were
backed up with MTT cell viability assays for selected
inhibitors, Figure S5). Propidium iodide negative cells
were kept to determine average fluorescence intensity
from reporter 26 for intact cells only. This fully
automated procedure was important to secure quanti-
tative data on both uptake and toxicity, and to record
uptake independent from toxicity. In other words,
uptake data refer to intact cells exclusively, even at
high toxicity.

In this assay, it is possible to remove inhibitor
candidates from the media before reporter addition, a
method referred to as ‘pre-incubation’ which, in
principle, excludes direct interaction between reporter
and inhibitor and thus limits inhibitor exchange to
cellular target. The alternative addition of reporter

without prior inhibitor removal is referred to as ‘co-
incubation’ method, which, in principle, does not
exclude direct interaction between reporter and
inhibitors that have not reacted before with cellular
targets.

The results of HCHT inhibitor screening were
ranked according to their MIC, that is the minimal
inhibitory concentration needed to inhibit the thiol-
mediated uptake of FITC-ETP 26 by ca. 15 % (Figure 2).
MICs were preferable over IC50’s, that is the concen-
tration needed for 50 % inhibition, because competing
high concentration effects such as toxicity, precipita-
tion or even activation, could produce highly unusual
dose response curves (Figure 4). Such anomalous
concentration dependence is also the origin of con-
flicting results with Ellman’s reagent 25, which reaches
MIC around 0.5 mM and loses this marginal activity

Figure 2. Structure of inhibitor candidates 1–24 with their concentrations needed to inhibit by ca. 15 % (MIC) the thiol-mediated
uptake of fluorescently-labeled ETP 26. All results were obtained by 1 h pre-incubation of HeLa cells with inhibitor candidates,
followed by 30 min incubation with reporter 26. Below compound numbers are given, in parenthesis, first MIC, then, if detectable,
IC50, both in μM. t, onset of toxicity; f, ‘flat’ dose-response curve (see text); a, onset of activation of uptake; upward arrows, MIC not
reached at indicated concentration; downward arrows, MIC already passed at indicated concentration (compare dose response
curves, Figures 4, S1–S4). MIC values indicated by symbols in brackets are approximate.
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again at higher concentrations due to the onset of
weak uptake activation (Figure 2). Such uptake activa-
tion at high concentrations often indicates the onset
of membrane damage and coincides with the onset of
cytotoxicity (Figures 4,i and 4,j).

The ability of hypervalent iodine reagents to inhibit
thiol-mediated uptake varied enormously, covering
the full range of MICs <2 μM to undetectable inhib-
ition at >100 μM (Figure 2). In general, increasing
inhibition activity coincided beautifully with increasing
reactivity of the hypervalent iodine reagent. The most
impressive MICs were obtained for the classical ethynyl
benziodoxolone such as 2, 4, 6, 8 and 9.[26,27,29,30]

Substitution of the terminal phenyl in ethynyl benzio-
doxolone 2 with a methyl in 8 reduced activity to
MIC=4 μM but improved dose response curve profiles
with regard to toxicity at higher concentration
(Figures 2, 4,a and 4,e).

Replacement of the benziodoxolone in 2 with a
less reactive, N-stabilized benziodazolimine in 10[48]

caused the respective drop from MIC <2 μM to MIC=

8 μM, together with an attractive decrease in toxicity at
higher concentrations (Figures 2, 4,b and 4,e). Tosyla-
tion of the second nitrogen in benziodazolimine 10
gave the completely inactive 21 with an MIC >100 μM

(Figures 2, 4,b and 4,c).[48] This inactivation by tosyla-
tion was again consistent with the poor reactivity of
21, which is caused by a halogen bond[49–52] from the
tosyl oxygen acceptor to the hypervalent iodine donor
(Figure 5).[48] Similar inactivation by intramolecular σ-

hole interactions has already been observed for anion
transport with chalcogen bonds[53] as well as catalysis
with pnictogen bonds,[54] and used extensively in the
design of fluorescent flipper probes.[53,55] Replacement
of the terminal phenyl group with a TIPS gave the
same trend with 11 and 12, although clearly less
pronounced (Figure 2). Benziodazolone 20 was inac-
tive, whereas increasing reactivity with an activated
benziodosulfoximine 5 afforded the expected low MIC
<2 μM together with, however, an inacceptable dose
response curve (Figures 2, 4,h; vide infra).

Replacement of the alkyne in benziodoxolone 2
with an alkene in vinylbenziodoxolone[56] 14 reduced
activity as expected from reduced reactivity (Figures 2,
4,d and 4,e). Similarly reduced activity of the highly
reactive nitrile 18 is presumably due to instability in
water. Activation of the benziodoxolone in 2 with a
nitro acceptor in para position gave 6 with an
excellent MIC <2 μM together with excessive toxicity
(Figures 2, 4,e and 4,g). The anionic sulfonate acceptor
in the analogous 19[57] resulted in uptake activation
rather than inhibition above 50 μM (Figure 2). Such
activation often coincides with the onset of toxicity
and has been attributed to membrane-disrupting
detergent-like activity at higher concentration. This
interpretation was in good agreement with the
amphiphilic structure of the anion 19.

The ethynyl benziodoxole dimer 15, originally
conceived for peptide stapling,[30] was attractive with
regard to the recognition of neighboring thiols on the
cell surface. However, the modest performance with
MIC=20 μM was dominated by the reduced reactivity
rather than divalency (Figure 2). The same was true for
9 with MIC=8 μM, which was designed for Cys-Lys
stapling in aprotic media,[30] but presumably hydro-
lyzed to the carboxylate before reacting at the cell
surface (Figure 2).

The most active hypervalent iodine reagents with
MIC�2 μM showed less than perfect dose response
curves. Ethynyl benziodoxolone 2 suffered from a
rather early onset of toxicity, exceeding activity above
the IC50 =10 μM (Figure 4,e). Azide 4 showed an
intriguing, almost concentration independent inhibi-
tion around 30 % from MIC�2 μM until the onset of
toxicity >50 μM (Figure 4,f). As already mentioned,
competing precipitation or the onset of toxicity related
activation could contribute to this apparent concen-
tration independence. Moreover, the environment-
dependent contributions from the addition of exofa-
cial thiols 27 to yield alkene 28 rather than the
standard substitution product 29 could contribute to
unusual dose response (Figure 5).[28] The same behav-

Figure 3. Structure of FITC-ETP reporter 26 and representative
multiwell plate for automated HCHT inhibitor screening of HeLa
Kyoto cells incubated first with, from left to right, increasing
concentrations of an inhibitor and then with a constant
concentration of 26. Each green dot represents at least one
HeLa cell penetrated by 26, and the response in decreasing
fluorescence of cells to increasing concentration characterizes
the efficiency of the inhibitor, quantified in MIC and IC50, see
Figure 2.
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ior at weaker inhibition of ca. 15 % was observed with
5 (Figure 4,h), while 6 was simply too toxic to be
considered (Figure 4,g). More convincing dose re-
sponse curves appeared with 8 at MIC=4 μM (Fig-
ure 4,a). The less reactive amidines generally excelled
with low toxicity also at high concentrations. The dose
response curves for 10 with an MIC=8 μM could be
completed below a high IC50 =42 μM without the
appearance of toxicity (Figure 4,b).

Irreversible inhibition of thiol-mediated uptake with
hypervalent iodine reagents compared favorably to
other reagents. Tunable heteroaromatic sulfones like
16 have been introduced recently as bioorthogonal
probes for cysteine profiling.[37] They react with thiols
by nucleophilic aromatic substitution, affording aryl
sulfides 30 (Figure 5). As reported previously,[20] inhib-
ition of thiol-mediated uptake with heteroaromatic
sulfones nicely follows reactivity from 24 with MIC=

300 μM over 17 with MIC=40 μM to 16 with MIC=

15 μM, but overall activities were not competitive
(Figure 2). The same was true for the related, electron-
deficient 2-sulfonylpyridines 22 and 23 introduced by
Zambaldo et al. for the targeted labeling of proteins
with stable aryl sulfides 31 (Figure 5).[38] Activities
increased from 23 to 22, but the best MIC=100 μM

was not impressive, only five times better than
Ellman’s reagent (Figure 2).

The 3-arylpropiolonitrile 13 introduced by Wagner
and coworkers[36] for ultrafast, bioorthogonal and
irreversible conjugate ‘click’ addition of cysteines to
afford conjugates 32 gave better results, with an
MIC=19 μM and an onset of competing activation
visible above 50 μM (Figures 2 and 5). The most positive
surprise, however, was DNs protected glutamate 7. A
classic in organic synthesis, nosyl deprotection occurs
also by nucleophilic aromatic substitution with thiols
27 to afford sulfide 33 besides the deprotected amine
and SO2 (Figure 5).[34] Inhibition of thiol-mediated

Figure 4. Representative HCHTS profiles showing relative fluorescence intensity I (filled symbols) and relative cell viability RV (empty
symbols) of HeLa Kyoto cells after incubation with a) 8, b) 10, c) 21, d) 14, e) 2, f) 4, g) 6, h) 5, i–k) 1 and l) 7 for 1 h at the indicated
concentrations, followed by incubation with the fluorescent reporter 26 (10 μM) for 30 min. i–k) Screening optimization for 1:
i) Initial tests revealing the onset of toxicity (empty symbols) and toxicity related activation (arrow) between 10 and 50 μM; blue: 1 h,
pink: 30 min incubation with 26; j) focused tests at lower concentrations, demonstrating the onset of toxicity related activation
between 5 and 10 μM; k) curve fit for inhibition until onset of activation above 5 μM, revealing MIC and IC50.
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uptake of reporter 26 by DNs 7 occurred with an
MIC=2.1 μM, an IC50 =31 μM and a dose response
curve without significant anomalies (Figures 2 and 4,l).

Among the best inhibitors were super-cinnamalde-
hydes 1 and 3. These activated Michael acceptors were
introduced by Cravatt, Schultz and coworkers to
elucidate the mode of action of TRPA1 (transient
receptor potential ankyrin 1).[35] TRPA1 is an ion
channel that is activated by pain, cold and itch,
responding to noxious stimuli from pungent natural
products such as cinnamaldehyde, mustard oil, or
allicin from garlic.[35,58] Super-cinnamaldehydes 1 and
3 were rationally designed to explore whether or not
the ion channel is activated by conjugate addition of
thiols. Their activity was found to exceed cinnamalde-
hyde, thus validating the hypothesis of covalent ion
channel activation. Conjugate addition to yield sulfide
34 was shown to be irreversible (Figure 5).[35] Molecular
recognition by TRPA1 is likely to direct the regioselec-
tivity of the Michael addition to mimic cinnamalde-

hyde as drawn in 34, whereas intrinsic reactivity in
solution should favor addition to the exocyclic
carbon.[59]

The inhibition of thiol-mediated uptake of reporter
26 by super-cinnamaldehydes was slightly better for
the more hydrophobic 1 than for 3 (Figure 2). Both
Michael acceptors gave anomalous dose response
curves in initial screens, with promising inhibition
around 10 μM changing to significant activation and
high toxicity at 50 μM (Figure 4,i). Focused screening
around 10 μM gave a sub-micromolar MIC <1 μM and
a minimum around the IC50 =4 μM, followed by
decreasing inhibition at higher concentrations due to
increasingly dominant uptake activation (Figure 4,j).
Remarkably, this IC50 =4 μM of super-cinnamaldehyde
1 was below the best hypervalent iodine reagent 2
with IC50 =10 μM and not affected by cytotoxicity at
this relevant concentration (Figures 2 and 4,i).

It would be premature to conclude that TRPA1 can
contribute to thiol-mediated uptake. The cysteines

Figure 5. Irreversible reactions of hypervalent iodine reagents compared to other key motifs with thiols on cell surfaces.
Substitution products like 29 are generally preferred, addition products like 28 occur with alkyl alkynes, depending on the
environment. An intramolecular halogen bond is thought to account for reduced reactivity of 21 and related inhibitors.
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targeted by super-cinnamaldehyde 1 are on the
luminal side of the ion channel and not accessible by
larger substrates. However, TRPA1 contains cysteines
within transmembrane helices that could conceivably
be involved in thiol-mediated uptake as outlined
elsewhere.[1] More likely, however, is that super-
cinnamaldehydes 1 and 3 react with other, so far
unknown targets on the cell surface with exofacial
thiols that mediate cellular uptake.

In summary, screening of the so far largest
collection of hypervalent iodine reagents to inhibit
thiol-mediated uptake of a fluorescent ETP reporter
afforded activities that, with MIC <2 μM, rival the best
COCs identified so far and exceed the activity of the
benchmark DTNB more than 250 times. Inhibition
overall correlated well with reactivity. Anomalous dose
response curves could be rationalized with the onset
of activation by membrane destabilization and, per-
haps, aggregation and precipitation. Activities com-
pare well with other irreversible thiol-reactive agents,
which increase with reactivity within a given class but
vary strongly between different classes. These reac-
tivity-independent variations demonstrate that thiol-
mediated uptake operates with important selectivity,
that is molecular recognition. Similarly significant
contributions from molecular recognition have been
observed in proteomics studies with the same and
similar thiol-reactive probes. Each probe labeled differ-
ent protein families in the cysteinome.[27,37,44] Thiol-
mediated uptake thus emerges as functional system to
elucidate parts of the cysteinome ‘in action’.

The distinct signatures of irreversible inhibitors
further confirm that thiol-mediated uptake exists and
involves significant molecular recognition. Simple
passive diffusion also of small-molecule reporters like
26 across the plasma membrane can thus be excluded.
Together with hypervalent iodine reagents, nosyl
protecting groups and super-cinnamaldehydes
emerge as unexpected and most promising scaffolds
to further elaborate on irreversible inhibitors of thiol-
mediated uptake and beyond.
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