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Abstract: Cellular uptake is one of the central challenges in chemical biology and beyond. With the objective to
find conceptually innovative ways to enter into cells, cyclic oligochalcogenides (COCs) are emerging as pow-
erful tools. Increasing ring tension is shown to maximize speed and selectivity of dynamic covalent exchange
chemistry on the way into cells. However, simple dynamic covalent attachment immobilizes the transporters on
membrane proteins, resulting in endosomal capture. To move across the membrane into the cytosol, dynamic
covalent COC opening has to produce high acidity chalcogenols that remain deprotonated in neutral water and,
according to the present working hypothesis, initiate COC walking along disulfide tracks in membrane proteins,
across the bilayer and into the cytosol. Compatibility of diselenolanes, the current ‘lord of the rings’, with the
delivery of larger substrates of biological relevance is currently under investigation.
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The delivery of substrates of free choice — drugs, probes, pep-
tides, proteins, oligonucleotides, vesicles, nanoparticles — into
cells is a central challenge in the life sciences. The relevance of this
topic in the NCCRs Chemical Biology!!l and Molecular Systems
Engineering!?! illustrates the general nature of the challenge very
well. Its persistence despite massive efforts worldwide calls for a
shift of attention toward conceptually innovative approaches to,
hopefully, identify new ways to enter into cells. Along this line,
we took note that the unique properties of the recently introduced
cell-penetrating poly(disulfide)s (CPDs)i3-%1 might originate not
from repulsion-driven ion pairing associated with cell-penetrating
peptides (CPPs)[10.111 but from dynamic covalent disulfide ex-
change chemistry.[+12-16] Casual observations that dynamic cova-
lent dichalcogenide exchange chemistry might mediate cellular
uptake can be traced far back in the literature.l'”! The first among
more explicit studies!!7-22] arguably came from the Sagan group
in Paris.['81 As soon as we understood that CPDs might function
this way, we knew that we have to take a closer look at cyclic
oligochalcogenides (COCs) to elaborate on speed, selectivity and
even the nature of dynamic covalent exchange chemistry on the
way into a cell (Fig. 1). For this purpose, COCs and controls 1-7
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have been attached to a fluorophore.[23-251 According to flow cy-
tometry, cellular uptake increased from left to right in Fig. 1. Up
to epidithiodiketopiperazine (ETP) §, this trend can be understood
with ring tension. In relaxed acyclic disulfides, the CSSC dihe-
dral angle is 90° to minimize lone pair repulsion and maximize
hyperconjugation.[26:27] Activation of acyclic disulfides with good
leaving groups as in 1 does much to improve cellular uptake.[23I The
same is true for minimal ring tension present in DTT 2 with CSSC
~60°. With a further increase in tension in lipoic acid 3 and as-
paragusic acid (AspA) 4, an increasing uptake can be observed.[23]
At maximal ring tension in ETP § with CSSC ~0° cellular uptake
further increases.*l Moving from sulfur to selenium,[28-30] relaxed
acyclic diselenides 6 are already more active than disulfides 5 at
maximal tension.[?>) Moreover, the application of ring tension in
diselenolane (DSL) 7 did not further increase activity dramatically.
Ring tension in diselenolanes in general is less important because
of the longer selenium—selenium bonds that reduce lone-pair repul-
sion and hyperconjugation. Comparison of the resulting CSeSeC
~0° of diselenolane 7 compared to the CSSC = 35° of thiolane 2
illustrates this difference in ring tension very well.

Fluorescence microscopy images revealed that dithiolane 4
and acyclic diselenide 6 are mostly trapped in endosomes, where-
as ETP § and diselenolane 7 avoid endosomal capture and enter
into cytosol and nucleus (Fig. 2). Passing through thiol exchange
affinity columns, significant retention and release only upon ad-
dition of DTT to the mobile phase was found for 4 and 6 but not
for § and 7 (Fig. 2, peak indicated by *). The coincidence of en-
dosomal capture and retention on thiol exchange affinity columns
supported that 4 and 6 exchange with thiols on the cell surface,
where they remain immobilized and undergo endocytosis. In clear
contrast, the efficient entry of ETP 5 and DSL 7 into cytosol and
nucleus coincides with negligible retention on affinity columns
(Fig. 2). This suggested that they either do not exchange with thi-
ols on the way into cells, or dynamic covalent exchange is revers-
ible and repeated several times to walk(37-391 along thiol or, more
likely, disulfide tracks into the cytosol. Most importantly, the chal-
cogenols obtained by thiol-mediated opening of ETP § and DSL
7 both have a pK_ <7 and thus exist as reactive chalcogenates in
neutral water. The presence of a nearby reactive chalcogenate is
essential for COC mobility.
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Exchange of ETP 5 with thiols was easily detectable by NMR
spectroscopy because ring opening is favored.?*! Exchange of
DSL 7 with thiols was more difficult to detect because these
COCs prefer to stay closed as selenophilicity overcompensates
ring tension.[?3] First indications that DSL 7 exchanges with thi-
ols was obtained from the catalysis of DTT 8 oxidation into di-
sulfide 9 (Fig. 3).125] Spontaneous oxidation of diselenol 10 with
air recycles catalyst 7. This observation was important because
it also indicated that intramolecular ring closure with the thiol in
intermediate 11 can compete with ring closure with the selenol.

More detailed insights into thiol-mediated ring opening of
DSL 7 were obtained by trapping experiments at low temperature
(Fig. 4).1401 Opening with thiols 12 was found to occur on the sec-
ondary selenium atom. The secondary selenosulfide 13 then rear-
ranges by up to ~40% only into the primary constitutional isomer
14. This formal first step of a DSL walker occurs in 4 ms. Both
reactive intermediates were trapped with iodoacetamide 15. The
resulting isomers 16 and 17 convert during workup into ‘tail—tail’,

(a)

(quénc'hing factor 15.6)
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Fig. 2. Thiol-exchange affinity column chromatograms with a 0-50 mM
DTT gradient at t = 60 — 70 min (solid) and constant 50 mM DTT from ¢

= 0 (dashed, left), and fluorescence microscopy images of HeLa Kyoto
cells (right) after addition of (a) 6, (b) AspA 4, (c) ETP 5 and (d) DSL 7.
Images are not corrected for quenching by COCs, particularly pro-
nounced with 7 (factor 15.6). *Elution after addition of DTT demonstrates
immobilization by thiol-mediated dynamic covalent exchange. Adapted
from ref. [24] with permission, copyright RSC 2018.
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‘head-tail’ and ‘head-head’ diselenides 18-18, 18-19 and 19-19,
which were readily discriminated and quantified by NMR spec-
troscopy. This direct experimental evidence for mobility supports
a working hypothesis with DSL as a molecular walker37-31 that
moves along disulfide tracks into cells, possibly causing tempo-
rary local membrane protein denaturation!33-35] next to the adap-
tive, non-leaky and self-healing micellar pores known from CPPs
and CPDsl'! (Fig. 5).

Application of the same analysis to lipoic acid 3 gave almost
identical results, i.e. opening on the secondary sulfur followed by
fast, partial rearrangement of secondary 20 into primary 21.[40]
The main difference is the poor acidity of the released thiol.
Contrary to selenols 13 and 14 with pK, <7, thiols 20 and 21 with
pK, >7 are protonated in neutral water. Interestingly, indications
of existing but poor mobility can be seen in fluorescence images
of AspA 4 added to HeLa cells (Fig. 2b, faint diffuse emission
around strong punctate emission from endosomes!231). This back-
ground emission from cytosolic delivery is much less present in
acyclic diselenides 6, unable to walk after losing one leg during
the first step (Fig. 2a).

With these intriguing mechanistic insights in hand, the big
question was if COC-mediated uptake would also work with larger
substrates of biological relevance. A DSL tag in scale next to a
streptavidin tetramer looks as out-of-proportion as the ant carrying
the elephant (Fig. 6). The compatibility of COC-mediated uptake
is currently being addressed with a broad screening of substrates of
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Fig. 3. The oxidation of DTT 8 is accelerated by DSL 7.
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relevance in the NCCR communities.[!21 Examples include protein-
covered quantum dots,[”! artificial metalloenzymes uncaging fluo-
rescent probes, 8! actin-targeting bicyclopeptides, mRNA targeting
PNAs and antibiotics. The first positive results for the most promis-
ing DSL-mediated uptake have been reported recently.[*!]
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Fig. 6. The ant and the elephant: In-scale model of a streptavidin tet-
ramer carried by a diselenolane. Adapted from ref. [8] with permission,
copyright Springer-Nature 2018, and from ref. [25] with permission,
copyright RSC 2018.
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