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Abstract: The objective of the study was to explore the
potential of ring tension in cyclic disulfides for thiol-mediated
cellular uptake. Fluorescent probes that cannot enter cells were
equipped with cyclic disulfides of gradually increasing ring
tension. As demonstrated by flow cytometry experiments,
uptake into Hela Kyoto cells increased with increasing
tension. Differences in carbon-sulfur-sulfur-carbon (CSSC)
dihedral angles as small as 8° caused significant changes in
uptake efficiency. Uptake with high ring tension was better than
with inactivated or activated linear disulfides or with thiols.
Conversion of thiols on the cell surface into sulfides and
disulfides decreased the uptake. Reduction of exofacial disul-
fides into thiols increased the uptake of transporters with
disulfides and inactivated controls with thiols. These results
confirm the occurrence of dynamic covalent disulfide-
exchange chemistry on cell surfaces. Mechanistic and colocal-
ization studies indicate that endocytosis does not fully account
for this cellular uptake with ring tension.

Ring tension is not only useful for explosives;!! in many
inspired variations, it has been beneficial for chemically
influencing biological systems in the broadest sense. High-
lights include (-lactam antibiotics, such as penicillin, and
antitumor natural products such as mitomycin C, neocarci-
nostatin, dynemicin A, and (4)-CC-1065.”! More recent
milestones concern bioorthogonal chemistry in cells®! or the
modulation of the secondary structure of B-peptide antimi-
crobials.”! In this report, we apply ring tension to cellular
uptake.

Cells express thiols on their surface as protection against
oxidation.>* Disulfide exchange with these thiols or their
disulfide counterparts (Figure 1a) has been associated with
the facilitated uptake of disulfides, maleimides,”® and thiols
attached to natural products, fluorescent probes, peptides
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(including cell-penetrating peptides), proteins, and oligonu-
cleotides.**% Thiol-mediated uptake has been proposed
recently™ to account at least in part for the excellent
performance of the multivalent substrate-initiated cell-pene-
trating polydisulfides (siCPDs, for example, 1; Fig-
ure 1¢).*"'2 During our research on disulfide-exchange
polymerizations, we realized that asparagusic acid derivatives
polymerize much more easily than lipoic acid derivatives.'>!*l
This difference was remarkable because the carbon-sulfur-
sulfur-carbon (CSSC) dihedral angles of asparagusic acid at
27° and lipoic acid at 35° are quite similar compared to the 90°
of strain-free disulfides (Figure 1d)."*! Dramatically different
reactivity caused by such small changes in strain suggested
that ring tension could be equally decisive for disulfide
exchange on cell surfaces. We show herein that this is the case.

To explore ring tension for cellular uptake, a fluorescent
probe, here carboxyfluorescein (CF), was equipped with
thiols and disulfides with different tension and leaving groups
(Figure 1b,d). Details of the synthesis and spectroscopic and
analytical data for the focused collection of transporters 2-8
can be found in the Supporting Information.

Cellular uptake was measured in HeLa Kyoto cells. After
incubation, external probes were washed away and the
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Figure 1. a) Exchange between external strained disulfides (bold,
dotted) and thiolates (grey) with thiolates and disulfides on cell
surfaces (E=electrophiles, including protons). b) Flow cytometry data
showing the fluorescence of Hela Kyoto cells after incubation with
fluorophores 2-8 (results are calibrated for the different emission
intensities | of the different fluorophores). c) Structure of cell-penetrat-
ing poly(disulfide) 1. d) CSSC dihedral angles in derivatives of
asparagusic acid (3), lipoic acid (4), DTT (5) and relaxed disulfides

6, 7).
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fluorescence intensity of individual cells was recorded by flow
cytometry. Quite remarkably, cellular uptake increased with
increasing ring tension in the transporter (Figure 1d). The
best results were obtained with the asparagusic acid deriva-
tive 3, which has a CSSC angle of 27°. The 8° decrease in
tension in the lipoic acid derivative 4 resulted in less uptake.
The residual tension in the dithiothreitol (DTT) derivative 5
gave much less uptake. Interestingly, a good leaving group for
disulfide exchange present in the “Ellman” disulfide 6 was
even less effective than the very modest ring tension in 5.
However, tension-free disulfide 7, which does not have
activated leaving groups was still less active (but much
better than CF (2) without any sulfur atom). Control 8, which
has a thiol in place of the disulfides in 3-7, was significantly
less active than disulfides 3 and 4, which have high tension,
but more active than disulfides 5-7, which have low or no
tension. This respectable activity of 8 was in agreement with
the presence of exofacial disulfides at significant concentra-
tions for the uptake of thiols by reversed disulfide exchange
(Figure 1a, grey arrows).

Comparisons of the absolute uptake values from flow
cytometry have to be considered with caution because of the
different quantum yields of the fluorophores, which were
calibrated and corrected but might change again upon
disulfide exchange at the cell surface. The comparison of
changes in uptake upon modification of the cell surface,
however, is straightforward and free of any uncertainty
(Figure 2). Preincubation of the cells with iodoacetamide 9
reduced the uptake of all of the transporters (Figure2g,
empty bars). Inactivation of disulfides 3-7 in response to the
conversion of thiols at the cell surface into thioethers showed
that dynamic covalent disulfide exchange at the cell surface is
decisive for uptake (Figure 2a,d, bold arrows). Additional
inactivation of thiol 8 suggested that the disulfides present at
the cell surface are removed as well, thus hinting at enzymatic
disulfide reduction in response to thiol removal with iodo-
acetamide 9, possibly by protein disulfide isomerases (PDIs,
Figure 2d).>*

More interesting than inactivation with iodoacetamide 9
was selective activation with either Ellman’s reagent (DTNB)
or DTT (10). Preincubation of cells with DTNB converts
exofacial thiols into activated disulfides (Figure2e). As
a result, disulfides 3-6 were reliably inactivated and thiol 8
was strongly activated (Figure 2 g, filled bars). The reduction
of exofacial disulfides to thiols with DTT (10; Figure 2 f)
activated disulfides 3, 6, and 7 and inactivated thiol 8
(Figure 2 g, hatched bars). However, the uptake efficiency of
disulfide 6, which has activated leaving groups, increased
more than that of the otherwise superior disulfide 3, which has
the highest ring tension. This finding could suggest that the
release of ring tension at the cell surface benefits from
exofacial disulfides as well. The conclusion would be that
ring-opening disulfide exchange initiated by exofacial thio-
lates (Figure 2a,f, bold arrows) continues with a reaction of
the obtained thiolate with an exofacial disulfide (Figure 2a,
solid arrow). The result would be an active structure with two
mixed disulfides between the transporter and the cell (Fig-
ure 2b). However, uptake of the best-performing asparagusic
acid derivative 3 still increased in response to cell-surface
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Figure 2. Thiolate—disulfide exchange reactions on the surface of

a) untreated cells (with likely reaction products (b, c)), d) iodo-
acetamide-treated cells, e) DTNB-treated cells, or f) DTT-treated cells.
g) Flow cytometry results for the uptake of 3-8 into HelLa Kyoto cells
after preincubation with iodoacetamide 9 (empty bars), DTNB (filled
bars) or DTT 10 (hatched bars) compared to untreated cells (back-
ground grey bars).

reduction with DTT (Figure 2g). This suggests that uptake
under the highest ring tension is also operational if the
thiolate resulting from ring-opening disulfide exchange reacts
with another electrophile, most likely a proton (Figure 2a,f,
dashed arrow). As a result, active structures with one
(Figure 2¢) or two disulfides between the transporter and
the cell (Figure 2b) are likely to coexist.

Confocal laser scanning microscopy (CLSM) images of
HeLa Kyoto cells incubated for 1 hour with the asparagusic
acid derivative 3 and the lipoic acid derivative 4 were in
agreement with the results from flow cytometry. Most
remarkably, they provide corroborative evidence that
a small difference in ring tension makes a big difference to
cellular uptake: Uptake with transporter 3, which has the
highest ring tension, was clearly better than with 4 (Figure 3a
vs b). This hypersensitivity to small changes in ring tension
echoes previous findings on the surface-initiated polymeri-
zation of multicomponent photosystems.!!

Colocalization studies were performed with trackers for
the mitochondria (Figure S2 and S3 in the Supporting
Information), lysosomes (Figure 3d), and endosomes (Fig-
ure 3¢). Quantitative colocalization analysis using both
Pearson’s correlation coefficient (PCC, Figure S4) and Man-
ders’ colocalization coefficients (Figure S5) confirmed that
transporters 3 and 4 enter the endosomes only partially
(PCC=0.65, 0.74, respectively) and avoid the lysosomes
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Figure 3. CLSM images of Hela Kyoto cells after T hour incubation
with 3 (a) and 4 (b, 10 um in Leibovitz's medium at 37°C), and
enlarged colocalization CLSM images for 3 with c) Dextran Red to
track endosomes and d) LysoTracker Red DND-99 to track lysosomes.

(PCC=0.44, 0.26) and mitochondria (PCC =0.51, 0.43). The
fluorescence images further indicate that ring tension is
compatible with cytosolic delivery of the transporters,
whereas fluorescence from the nucleus was very weak
(Figure 3). Moreover, transporters 3 and 4 were insensitive
to standard endocytosis inhibitors such as chlorpromazine,
wortmannin, and methyl--cyclodextrin (Figure S7). How-
ever, at 4°C, their activity was clearly reduced (Figure S7).
These mechanistic observations are most intriguing. Access to
the cytosol but neither the nucleus nor the lysosomes, high
temperature dependence, insensitivity to endocytosis inhib-
itors, and incomplete colocalization with endosomes are all
compatible with the possibility that cellular uptake with ring
tension for dynamic covalent chemistry on the cell surface
could provide access to a new, energy-dependent uptake
pathway. The existence of such entry into cells is further
supported by indications that the redox state of exofacial
thiols and cytosolic glutathione are coupled™® and that
simple covalent binding to cell surfaces (by boronic acids, for
example) often seems to rather hinder than help internal-
ization."' Mechanistic studies are ongoing, together with
efforts to explore the scope and limitations of cellular uptake
under tension, particularly with regard to practical biological
applications. It should be emphasized that the uptake
efficiency of fully developed siCPDs such as 1 remains far
superior to that of monomeric disulfides, even at high ring
tension. The recharging of CPDs with ring tension thus
emerges as one of the next big concepts to explore.
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