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Outperforming cell-penetrating peptides (CPPs), cell-penetrating poly(disulfide)s (CPDs) are attracting
increasing interest. CPDs are accessible by ring-opening disulfide-exchange polymerization under mild
conditions in neutral water. Initiation of the polymerization with thiols results in quantitative labeling of
one CPD terminus with initiators of free choice. In contrast, labeling of the other terminus with iodoacet-
amides has so far been ineffective because of poor yields and the high excess of reagents needed. In this
report, we introduce hypervalent iodine reagents as operational terminators of the synthesis of CPDs, also
at high dilution. The power of the approach is exemplified with green-fluorescent initiators and ethynyl
benziodoxolone terminators containing additional azides for CuUAAC with red-fluorescent alkynes. The
absorption spectra of the resulting CPDs demonstrate that stoichiometric application of ethynyl benzio-
doxolone terminators results in 46% incorporation. FRET between green-fluorescent initiators and red-
fluorescent terminators demonstrates significant folding of CPDs in solution; it disappears upon reductive
depolymerization. Substrates attached to the new termini are shown to enter into Hela cells. Moreover,
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disappearance of FRET in the cytosol corroborated the reductive cleavage of CPDs upon internalization.
Beyond the introduction of enthynyl benziodoxolones as operational terminators, these findings thus
demonstrate also the compatibility of CUAAC with poly(disulfide)s and the usefulness of doubly-labeled

www.rsc.org/polymers CPDs for structural and mechanistic studies.

protect against an oxidative environment,'" covalently attaches
the CPDs to the cell surface. Presence and significance of this
thiol-mediated uptake mechanism has been demonstrated by

Introduction

Cell-penetrating poly(disulfide)s (CPDs)'™ have been intro-

duced recently to address a central challenge with cell-pene-
trating peptides (CPPs),*’ i.e., cytotoxicity. Like CPPs, CPDs
are guanidinium-rich polymers. However, the peptide back-
bone of CPPs is replaced by a poly(disulfide).*® With
dynamic covalent disulfide bonds in the backbone, a new way
to enter cells opens up (Fig. 1)."? Approaching the cell
surface, ion pairing of CPDs with anionic lipids in the mem-
branes will be strengthened by the powerful proximity effect
known from CPPs and other polycationic oligomers.”
However, at the same time, CPDs engage in dynamic covalent
chemistry”*'"'* on the cell surface. Namely, disulfide
exchange with exofacial thiols, present on the surface to
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uptake inhibition with Ellman’s reagent, which converts all
exofacial thiols into disulfides."” Once attached covalently to
the surface of the cell, CPDs with insufficient activity, either
too short or too hydrophobic, will be taken up by endocytosis
and end up trapped in endosomes." Long enough CPDs,
however, will move across the bilayer membrane through tran-
sient micellar pores.” Arriving in the cytosol, CPDs will be
destroyed by reductive depolymerization with glutathione.
This destruction of the transporter right after work liberates
the substrate and eliminates toxicity. As depolymerization
requires longer time with increasing length,” fragments of
long enough CPDs can escape into the nucleus and bind to
the oligonucleotides in the nucleolus.”* This mechanistically
new way of CPDs to enter cells has been probed in detail"**
and applied to the delivery of small molecules such as fluoro-
phores® but also larger substrates such as proteins,>® anti-
bodies,” nanoparticles,” and so on. Proteomics screens for
targets of CPDs are ongoing and will be reported in due
course.

The synthesis of CPDs is based on substrate-initiated ring-
opening disulfide-exchange polymerization (Fig. 2)."* Related
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Fig. 1 Cellular uptake of cell-penetrating poly(disulfide)s: supported by
ion pairing of CPDs (blue) with anionic lipids (red), CPDs are attached
covalently to the cell surface by disulfide exchange with exofacial thiols
(magenta, top left). Slow translocation with less active CPDs (short,
hydrophobic) results in endocytosis and endosomal trapping (ke > k).
Fast translocation through transient micellar pores (k > ke, top right) fol-
lowed by fast internal depolymerization with glutathione (GS~, kg > k)
results in cytosolic delivery of unmodified substrates (light blue circles,
bottom). Slower internal depolymerization with longer CPDs results in
binding to oligonucleotides (red) in the nucleoli (k,, > kq).

to protein folding, this simple and reliable process has been
developed originally in the context of the construction of multi-
component architectures on solid surfaces, particularly artifi-
cial photosystems."® Transcribed to cellular uptake, the same
process is initiated in solution using thiolated substrates
of free choice as initiator."> In this study, thiolated carboxy-
fluorescein 1 will be used as green-fluorescent initiator. Among
several propagators reported, the conjugate 2 composed of
lipoic acid and arginine has been most effective. Disulfide
formation with the thiolate of initiator 1 opens the cyclic di-
sulfide in propagator 2, releases the ring tension and generates
a new thiolate for continuing polymerization.

Substrate-initiated ring-opening disulfide-exchange poly-
merization occurs within minutes in neutral water, at ambient
temperature." So far, iodoacetamides have been used to termi-
nate the polymerization. However, these terminators were not
very effective, incorporation yields remained far from quanti-
tative, even at high concentrations. This poor performance of
iodoacetamides is as such irrelevant but becomes problematic
as soon as the termination is considered as an additional
opportunity to covalently attach another substrate to the
CPD. In this study, we introduce novel hypervalent iodine
reagents'™'®  that efficient termination at
stoichiometric concentrations, even at high dilution. These
results are important because they provide a new and practical
method to attach substrates to CPDs for their delivery into
cells.

allow an
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Fig. 2 (a) Synthesis of cell-penetrating poly(disulfide) 4 by ring-
opening disulfide-exchange polymerization, initiated with thiolate 1 and
propagated with the strained cyclic disulfide 2 (pH 7, rt, 30 min). Termin-
ation with the new hypervalent iodine reagent 3 places an azide in
polymer 4 (termination yield 46%, the nature of the termini of CPDs
without azides is unknown). (b) The azide termini in 4 can be coupled
with alkyne 5 (sodium ascorbate, CuSO4-5H,0, TBTA, rt, 17 h). (c) Reduc-
tive depolymerization can be followed by the disappearance of FRET
from CF to TAMRA (using 100 mM DTT, pH 7, rt, 20 min).

Results and discussion

Ethynyl benziodoxolones such as 3 have been introduced
recently for the fast and highly chemoselective alkynylation of
thiols (Fig. 2)."> Among other applications, they have been suc-
cessfully used for the proteome-wide profiling of targets of
cysteine-reactive probes and drugs.'® To terminate the
polymerization of propagators 2 on initiator 1, ethynyl benz-
iodoxolone 3 was selected because the resulting azide at one
terminus of the resulting CPD 4 could be used to attach
alkynylated substrates of free choice.'®'” The red-fluorescent
TAMRA 5 was of interest for this purpose to quantify the
efficiency of terminator 3 and to explore the usefulness of
FRET to follow reductive CPD depolymerization.

Initiator 1, propagator 2 and terminator 3 were synthesized
as described."*'* The alkynylated TAMRA 5 was accessible in
one step from previously reported intermediates. Details can
be found in the ESL.}

Polymers 4 were synthesized by ring-opening disulfide-
exchange polymerization in neutral water at room temperature.
To initiate the polymerization, the thiol in the green-fluo-
rescent initiator 1 should be partially deprotonated. This thio-
late then reacts with the strained disulfide in propagator 2,

This journal is © The Royal Society of Chemistry 2016
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producing a disulfide bond and releasing ring tension together
with a thiolate that reacts with the next propagator. After
30 minutes, the reactions were terminated by adding stoichio-
metric amounts of terminator 3. The obtained products were
purified by gel-permeation chromatography (GPC). The
example shown in Fig. 3a was characterized by M,, = 10.3 kDa,
M, = 9.9 kDa, and a resulting PDI = 1.04. Both length and
polydispersity were very well reproducible and variable on
demand.*

The incorporation of terminator 3 into polymers 4 was
readily demonstrated by CuAAC (copper(i)-catalyzed alkyne-
azide cycloaddition)'” with alkynylated TAMRA 5. The absorp-
tion spectra of polymers 4 showed the maximum of TAMRA
(Amax = 556 NM, £max = 91.0 MM~ em ™) on the bathochromic
side of that of CF (Amax = 494 NM, emay = 83.0 mM ™' ecm™,
Fig. 4b, solid). Assuming quantitative CuAAC,"” the absorbance
of polymer 6 at these two maxima calibrated against the
respective extinction coefficients indicated that terminator 3
was incorporated with an excellent yield of 46%. This yield was
impressive considering that terminator 3 was applied in stoi-
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Fig. 3 (a) GPC of polymer 4. (b) Absorption spectrum of polymer 6

(solid) and 9 (dashed) in TEOA buffer (1.0 M, pH 7.0). (c) Emission spec-
trum of polymer 6 in TEOA buffer (1.0 M, pH 7.0) before (solid) and after
(dashed) incubation with 100 mM DTT (20 min, rt).
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Fig. 4 (a) Incorporation of control terminator 7 into CF-initiated
polymer 8 (1, 2, pH 7.0, rt, 30 min, termination yield 11%, the nature of
the termini of CPDs without azides is unknown). (b) CUAAC with TAMRA
5 (sodium ascorbate, CuSO4-5H,0, TBTA, rt, 17 h) to afford doubly-
labeled polymer 9.

chiometric amounts at a comparably low concentration
around 4.0 mM.

The emission spectra of the doubly-labeled polymer 6
revealed the occurrence of FRET (Fig. 4c, solid). Upon exci-
tation of the CF donor at 488 nm, emission from the green-
fluorescent donor and the red-fluorescent acceptor was
roughly equal. Judged from M, = 9.9 kDa and a propagator
weight of 378 Da, polymers 6 contained n ~ 24 monomers, Le.,
a degree of polymerization DP ~ 24. With an estimated length
I ~ 6 A per monomer, this approximated to [ ~ 14.4 nm of poly-
mers 4 at full length. This is far beyond the Forster radius
R = 55 A of the donor-acceptor pair."® This rough estimation
suggested that in water, CPDs are folded down beyond half of
their full length.

In the presence of 100 mM DTT, the FRET emission dis-
appeared within minutes (Fig. 3c, dashed). This rapid
response demonstrated that the observed FRET indeed orig-
inates from doubly-labeled monomers and not from aggre-
gates. Detailed polymerization kinetics as a function of the
length of the CPDs have been reported previously.! In studies
on cellular uptake of 4, the additional presence of CPDs
without terminal TAMRA will not influence results that are
based on TAMRA emission (see below).

To compare results with hypervalent iodine terminators 3
with conventional terminators, iodoacetamide 7 with an
additional azide was prepared (Fig. 4). Polymers 8 were syn-
thesized from initiator 1 and propagators 2 under the con-
ditions used to prepare polymer 4, ie., neutral water, room
temperature, thirty minutes. Also the conditions for the ter-
mination of polymer 4 with iodoacetamide 7 were kept identi-
cal to the stoichiometric termination of polymer 4 with ethynyl
benziodoxolone 3. CuAAC of polymer 8 with TAMRA 5 gave the
doubly-labeled polymer 9. Assuming quantitative CuAAC, the
absorption spectrum of polymer 9 revealed that the termin-
ation with iodoacetamide 7 was as ineffective as expected
(Fig. 3b, dashed). The identified yield of 11% with iodoacet-
amide terminators 7 was 4 times less than the 46% with the

Polym. Chem., 2016, 7, 3465-3470 | 3467
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new ethynyl benziodoxolone terminators 3. This significant
difference identified ethynyl benziodoxolones as terminators
of choice for the efficient labelling of CPDs under stoichio-
metric conditions at high dilution. Moreover, the clearly
different incorporation of TAMRA into polymers 4 and 8 con-
firmed that terminal CPD labelling is not determined by the
yield of CuAAC. This finding demonstrated that CuAAC is com-
patible with poly(disulfide)s, despite the presence of disulfides
at high effective molarity that could conceivably inactivate the
copper catalyst.

Cellular uptake of the doubly-labeled polymer 6 was deter-
mined using confocal laser scanning microscopy (CLSM).
Images were taken after 15 min incubation of polymer 6 at low
concentration (500 nM) with HeLa Kyoto cells. The emission
of CF detected at 517 + 18 nm upon excitation at 488 nm indi-
cates the location of CF fluorophore without attached TAMRA.
It was found mostly in the nucleoli, seen as the characteristic
cluster of larger bright areas, and the cytosol, seen as the
characteristic diffuse overall fluorescence of the cells (Fig. 5a).
Drastically different pictures were obtained by detecting the
TAMRA emission at 610 + 40 nm upon excitation of CF
(Fig. 5b). The observed highly localized punctate spots indi-
cated that FRET active, intact CF-CPD-TAMRA transporters 6
reside mainly in endosomes and, perhaps, lysosomes. Rare
occurrence of faint emission in nucleoli coincided with the
emission in CF channel (Fig. 5a), and thus could be assigned
to the fluorescence of CF itself, which emits weakly within this
detection window (Fig. 3c). The image obtained by detecting
TAMRA emission upon TAMRA excitation appeared similar to

Fig. 5 CLSM images of HelLa Kyoto cells after 15 min incubation with
500 nM of polymer 6 at 37 °C in Leibovitz's medium. The emission of CF
was detected at 517 + 18 nm (a) and TAMRA at 610 + 40 nm (b, c) upon
excitation of CF at 488 nm (a, b) and TAMRA at 561 nm (c). The images
(b) and (c) are merged with the bright-field image in (d).
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the sum of the two earlier pictures (Fig. 5¢c and d). This was as
expected because all TAMRA fluorophores can be visualized
here.

Compared to TAMRA emission from FRET (green, Fig. 5b),
TAMRA emission from TAMRA excitation was overall much
stronger, also in the endosomes (red, Fig. 5¢). This difference
supported that most CPDs are cleaved at least once already in
the endosomes. This observation was consistent with the
thiol-mediated uptake mechanism (Fig. 1), in which disulfide
exchange between cell-surface thiolates and disulfides in the
backbone of the CPDs cleaves them in two. Evidence for thiol-
mediated uptake of CPDs from inhibition experiments has
been reported previously." The rare occurrence of intact CF-
CPD-TAMRA conjugates in endosomes (Fig. 5b) should then
originate from a different mechanism. The most likely mech-
anism is the classical ion-pairing based one, as similar punc-
tate spots are often found with conventional CPPs.”

Alternatively, the overall dominance of emission from
acceptor excitation (TAMRA, red, Fig. 5c) over emission from
FRET (green, Fig. 5b) in endosomes/lysosomes could also orig-
inate from decreasing FRET from the pH-sensitive CF with
decreasing pH from early endosomes to late endosomes and
lysosomes. The occurrence of CF emission from endosomes
has been supported previously with co-localization experi-
ments.?> Processed at different intensities, the weak red emis-
sion from TAMRA excitation that necessarily corresponds to
the weak green (FRET) emission in Fig. 5b was below threshold
in the more intense image in Fig. 5c and thus mostly absent in
the green emission from endosomes in the merged images in
Fig. 5d.

Taken together, these preliminary results demonstrate that
cargos attached on both ends of CPDs can reach the cytosol
and nucleoli, but only after at least partial cleavage of the CPD
(Fig. 5a and c). Intact full length CPDs occur rarely and only in
endosomes (Fig. 5b). These findings were consistent with the
mechanism of thiol-mediated uptake (Fig. 1). Moreover, they
provided experimental evidence as direct as possible in
support of the occurrence of intracellular reductive depolymer-
isation of CPDs.

Conclusion

Cell-penetrating poly(disulfide)s (CPDs) offer a conceptually
innovative way to enter into cells, driving the idea of covalent
delivery to completion. Strategies have been developed pre-
viously to introduce substrates of free choice (probes, drugs,
proteins, etc.) on the side of the initiator, either by substrate-
initiated ring-opening disulfide-exchange polymerization, or
by biotin/streptavidin biotechnology. So far, substrates could
not be effectively introduced at the side of the terminators
because iodoacetamides did not react well. In this report,
hypervalent ethynyl benziodoxolones are introduced as termin-
ators of disulfide-exchange polymerization that operate
efficiently. Covalent attachment of functional terminators is
shown to occur with 46% yield even under stoichiometric

This journal is © The Royal Society of Chemistry 2016
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conditions at relatively high dilution. More favourable con-
ditions will easily afford higher yields, if desired. The func-
tional terminators are then compatible with diverse
conjugation methods for quantitative substrate loading,
including the already confirmed streptavidin/biotin technology
or the here introduced CuAAC. Iodoacetamide controls give
only 11% terminator incorporation under identical conditions.

Synthetic access to doubly-labeled CPDs is demonstrated
with the attachment of a FRET pair. In preliminary results,
both ends of doubly-labeled CPDs are shown to enter into cells
although they are cut in two at the outer surface during thiol-
mediated uptake. Synthetic access to doubly-labeled CPDs
further demonstrates that CuAAC is compatible with poly(di-
sulfide)s. This finding is not trivial considering possible
copper binding to disulfides and most attractive considering
possible applications to side-chain modifications or substrate
conjugation. Studies along these lines are ongoing and will be
reported in due course.
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