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Toward a Traceless Tag for the Thiol-Mediated Uptake of

Proteins

John R. J. Maynard,” Saidbakhrom Saidjalolov,” Marie-Claire Velluz,™ Stefania Vossio,"
Charlotte Aumeier,”™ Dimitri Moreau,”” Naomi Sakai,”’ and Stefan Matile*™

The emergence of thiol-mediated uptake (TMU) as a powerful
strategy to penetrate cells calls for the development of practical
small-molecule TMU tools for traceless delivery. Toward this
goal, esters are explored here as bioreversible linkers between
dynamic covalent cascade exchangers accounting for TMU and
the protein of interest (POI). The method relies on a-aryl-a-
diazoamides that react with carboxylic acids of the POI to form
esters that can be enzymatically hydrolyzed inside cells to
release the native POI. A two-step protocol is established for

Introduction

Cell penetration is a persistent challenge of utmost importance
in science and society: It is where most drugs fail and the worst
pathogens excel. Among several known pathways to reach the
cytosol, direct translocation across the plasma membrane is the
most straightforward and desirable to avoid endo-lysosomal
capture and degradation. So far, most studies on direct trans-
location have focused on cell-penetrating peptides (CPPs),"™®
which are effective but have intrinsic limitations including
somewhat unpredictable toxicity, a tendency toward endocy-
tosis with increasing substrate size, resulting in endosomal
capture, and an overall poor ability to penetrate deep tissue.

In recent years, thiol-mediated uptake (TMU) has been
increasingly recognized as an alternative pathway to enter cells
directly.”"™ TMU stands for the emergence of cell-penetrating
capacity in substrates upon the attachment of thiol-reactive
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bioreversible conjugation of TMU tags to the POI. Despite the
small number of tags attached to POIls to prevent isoelectric
precipitation, POls with traceless TMU tags are shown to
efficiently enter cells not only in 2D culture but also in 3D
spheroids mimicking deep tissue, confirming a key advantage
of TMU. Uptake inhibition by various thiol-reactive agents
confirms the participation of cell-surface thiols in cell penetra-
tion, i.e., the occurrence of TMU.

agents, such as reversible cascade exchangers or CAXs. CAXs
are dynamic covalent chemistry motifs that can exchange
multiple times with cellular thiol/ates and disulfides without
losing covalent contact. TMU is revealed by its competitive
inhibition with thiol-reactive agents, including the same CAXs
(Figure 1a).”? The best explored CAXs are disulfides, in partic-
ular, strained cyclic disulfides such as the most popular
asparagusic acid (AspA). Since the introduction of cell-penetrat-
ing polydisulfides,"” followed by AspA for TMU with small
molecules,™ a variety of CAXs has been shown to deliver
diverse substrates into various targets.” This includes the
delivery of genome editing machinery," various forms of
genes,"> " phosphorothioate oligonucleotides,?” antibodies®
and other proteins,?'?¥ and nanoparticles®** to living
animals,™ plant cells,"® bacteria,*” and into deep tissue.*”
Inhibition of TMU has been linked to drug discovery with regard
to antiviral, antithrombotic and antitumor potential.?>*¥ Only
the transferrin receptor®” and the integrin superfamily®” have
been identified so far as exchange partners in the complex
networks that presumably enable TMU. The challenging nature
of the dynamic covalent cascade exchange chemistry operating
these networks is presumably the reason why TMU is not better
known, understood and used.”

The proven power of TMU for cell penetration calls for
general TMU tools to solve practical delivery problems in a
simple and reliable manner. While various TMU methods for
oligonucleotide delivery are rapidly evolving,"*'**® traceless
small-molecule tags accessible for the broader community to
easily and reliably deliver proteins of interest (POIs) do not exist.
Such ideal small-molecule TMU tags could be attached to the
POI in situ under bioorthogonal conditions prior to delivery and
detached after uptake in the cytosol to release the POI in its
native form (Figure 1c). Many elegant bioconjugation strategies
are available to react with protein surface lysines, glutamates,
aspartates, cysteines, methionines, tyrosines and arginines.®*>®

© 2023 The Authors. ChemistryEurope published by Chemistry Europe and Wiley-VCH GmbH
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Figure 1. (a) Thiol-mediated uptake (TMU): Schematic representation of CAX-derivatized substrates engaging in dynamic covalent exchange cascades with
cysteine thiolates/disulfides of membrane-associated proteins to penetrate cells, and characteristic inhibition with thiol-reactive compounds. (b) The
bioreversible esterification of Glu (n=2) and Asp (n=1) residues in proteins of interest (POIs) by a-aryl-a-diazoamides under acidic conditions introduced by
Raines and coworkers. c) The concept of traceless TMU tags based on bioreversible esterification, formulated with the intention to ultimately make TMU
accessible to routinely solve delivery problems in practice. With AspA (an asparagusic-acid derivative) as representative CAX (cascade exchanger), which

reversibly exchanges with cellular thiols to give CAX'.

Similarly diverse strategies have been reported as well to
release the attached motifs in the cytosol.F*"!

For the first attempt toward a clickable TMU tool for
traceless delivery in practice, we selected a bioreversible
esterification method that has been introduced by Raines and
coworkers (Figure 1b).2**? |n this method, the carboxylic acids
of glutamate and aspartate residues in POl A react with a-aryl-
a-diazoamides such as 1-3 to generate POl conjugate B. Ester
hydrolysis catalyzed by cytosolic esterases would then recon-
vert POl conjugate B back to the native POl A, releasing the
respective alcohols 4-6 as side products.

Bioreversible esterification reduces the number of negative
charges and increases the hydrophobicity of the POI conjugate
B, both of which are generally understood to be important
factors in tuning affinity for the cell membrane. Early studies
have shown that a-diazoamide 1 enabled the delivery of GFP
and RNase A in cancer cells, where ester cleavage revealed the
native proteins (Figure 1¢).*? Whilst this manuscript was in
preparation, Raines and coworkers have further extended this
strategy by modifying a-diazoamide tags in 2 and 3%%*? to
enable the faster release of POls, and the late-stage labeling of
esterified proteins with a thiolated substrate, including CPPs!"-®
for promoting cellular uptake. In this study, we explore the
potential of combining the Raines esterification approach and
TMU for traceless protein delivery (Figure 1).
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Results and Discussion
Functionalization of POls with traceless TMU tags

The synthesis of traceless TMU tags based on bioreversible
esterification required the combination of two functional motifs
(Figure 1c). After numerous unsuccessful attempts to prepare a
CAX containing a-aryl-a-diazoamides, we opted instead to
apply a two-step functionalization approach as used previously
for the preparation of cell-penetrating streptavidins.”’*® In
these studies, POls were first decorated with the azide
functionalities on lysine amines or tyrosine phenols, and then
reacted with alkynylated CAXs by the copper-catalyzed azide-
alkyne cycloaddition (CuAAC) reaction to achieve the CAX
conjugation.””*® Replacement of the first irreversible bioconju-
gation step in this protocol by bioreversible esterification using
azide-functionalized a-aryl-a-diazoamides should result in the
desired, reversibly modified POIs with cell-penetrating capabil-
ities.

The azide-functionalized a-aryl-a-diazoamide 7 was pre-
pared following an improved synthesis developed by Raines
and coworkers (Figure 2, Scheme S1).%" GFP 8 was selected as
the initial model POL. It soon became apparent that esterifica-
tion under the original conditions gave low vyields®® of
conjugate 9, mainly due to the poor solubility of the product.
This outcome could be attributed to the hydrophobic nature of
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Figure 2. Derivatization of model POlIs, affinity tagged GFP 8 and FITC-BSA 13, with a-diazoamides 1 or 7 followed by CuAAC with alkyne 10. (a) Deconvoluted
ESI MS of esterified GFP 9, and (b) elution profiles for samples of the TMU-tagged GFP 11 (dark orange) and AspA-FITC 12 (peach) passed through a thiol-
affinity column, with 10 minute gradient of DTT from 0 to 50 mM after 40 min. Glu/Asp side chains of GFP and BSA are marked in red.

the ester and the removal of the negative charges resulting in
an increasing isoelectric point toward isoelectric precipitation
under physiological conditions.***?

The appearance of isoelectric precipitation suggested that
the number of esters should be kept low to preserve minimal
solubility. Reaction conditions were therefore modified to
improve yields whilst maintaining complete consumption of
unfunctionalized GFP. Equivalents of a-diazoamide 7 could be
reduced from 200 to 25, organic co-solvent modified from 20%
MeCN to 2.5% DMSO, and NaCl (150 mM) was added to
improve the solubility of the conjugate. Under optimized
conditions, the most abundant species in ESI and MALDI MS
characterization were 9° bearing 3 esters per protein (Figur-
es 2a, S2). CuAAC of the azide decorated GFP 9 with AspA
alkyne 10, a readily accessible CAX repeatedly used in protein
delivery applications, gave the GFP-CAX 11 for traceless TMU.
The same strategy was also applied to generate the GFP
conjugates with other CAXs including benzopolysulfanes, which
were most active in cell-penetrating streptavidins.”” However,
they were not further followed up because of their apparent
toxicity in initial uptake studies.

The reactivity of GFP-CAX 11 towards thiols was demon-
strated by thiol-affinity chromatography (Figure 2b). GFP, lack-
ing in native disulfide bonds, was partially retained by the
thiolated stationary phase through covalent disulfide linkages
to the appended CAXs until the addition of DTT reductant to
the column eluent. The elution profile of the TMU-tagged POI
11 was similar to that of the previously reported" FITC-labeled
AspA 12.

To compare our two-step labeling approach against the
delivery of proteins by esterification with o-diazoamide 1, we
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selected fluorescein isothiocyanate labeled bovine serum albu-
min, FITC-BSA 13, as a more soluble POI (Figure 2). With a larger
number of carboxylic acids available, esterification of BSA-FITC
was performed with 100 equivalents of a-diazoamides 1 or 7
under otherwise identical conditions as for GFP. In keeping with
previous studies by Raines and coworkers,***" the tertiary
amide 1 proved to be a more efficient label than the secondary
amide 7, giving a higher degree of labeling in 14 (m=30)
compared to 15 (n~10). CUAAC of the azide-rich BSA 15 with
alkyne 10 provided desired TMU-tagged BSA 16.

Delivery of GFP with traceless TMU tags

To quantify the separate impacts of esterification and attach-
ment of CAX on protein delivery, the cellular uptake of GFP
conjugates 9 and 11 was compared in Hela-MZ cells by
automated high-content high-throughput (AHCHT) microscopy
at multiple concentrations following a 4 h incubation.?"?*%¥ |n
initial experiments, cells were imaged both live and after
fixation with 3% PFA, without notable differences in intensity
or localization of fluorescent signals. However, as fixation
reduced the background signal and removed some fluorescent
aggregates which interfered with automated image analysis,
subsequent analyses were conducted following PFA fixation
(Figure S4).

The thiol-reactive GFP 11 showed uniform staining indica-
tive of cytosolic delivery, with a higher intensity across all
concentrations tested than esterified GFP control 9 (Figures 3a-
). The lack of staining with propidium iodide indicated that cell
viability was maintained even at high concentrations of the
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Figure 3. (a) Quantified cellular fluorescence for HeLa-MZ cells treated with the TMU-tagged GFP 11 (orange) and TMU-free GFP 9 (purple), following fixation.
(b,c) Representative widefield images of HeLa-MZ cells after incubation with 10 uM of (b) TMU-tagged GFP 11, or (c) TMU-free 9. Scale bars =50 um. The
imaging parameters were identical for b) and c), the brightness of the inset in c) was increased for better visibility. (d-f) Representative images of d) A431, e)
MCF7, and f) h-RPE-1 cells after incubation with TMU-tagged GFP 11 (10 uM, green; blue, Hoechst 33342). Scale bars =10 um. (g) Representative fluorescence
images of thousands of HelLa Kyoto cells incubated with a fixed concentration of TMU-tagged GFP 11 (4.5 uM) and a variable concentration of TMU inhibitor
18 to determine the ICq,. (h) ICs, of TMU probes 17-22 to inhibit cell penetration by the TMU-tagged GFP 11.

conjugate (Figure S5). At higher concentrations of the TMU-
tagged GFP 11, strong staining of the cell was also noted at
shorter incubation times (Figure S6). Moreover, uptake of the
TMU-tagged GFP 11 was also demonstrated in A431, MCF-7,
and h-RPE-1 cells, with dominant uniform staining seen in all
cases (Figure 3d-f).

Inhibitors of TMU have been applied to prove the partic-
ipation of cell-surface thiols in the delivery of substrates
functionalized with thiol-reactive transporters. Whilst initial
studies relied on a limited and less convincing pool of thiol-
reactive reagents as inhibitors (iodoacetamide, DTNB), recent
years have seen the development and application of chemically
diverse libraries of thiol-reactive inhibitors as more sophisti-
cated tools to explore protein networks participating in TMU
pathways.[20,31736,63]

With this in mind, we screened a small but chemically
diverse selection of TMU inhibitors, i.e., 17-22, against the
TMU-tagged GFP 11. The reduced GFP uptake was quantified
by AHCHT microscopy in Hela Kyoto cells to assure identical
conditions with previous inhibitor screens, while the better
quality images accessible with the otherwise very similar HelLa-
MZ cells were not needed for AHCHT inhibitor screening
(Figure 3g,h). Of these, the bismuth-centered exchanger 17
proved the most efficient,®® followed by the strained cyclic
disulfide 18, an epidithiodiketopiperazine (ETP).*” The submi-
cromolar ICs, values were among the best ever observed for
TMU, although the absolute values depend on the conditions
used. The ebselen analog 19, the hypervalent iodine reagent 20
and the arsenic-centered exchanger 21%% proved to be of
middling efficiency. Finally, weak but significant inhibition was
observed with cyclic thiosulfonate 225 (for comparison, DTNB:
MIC=0.5mM, IC;, not detectable®). These meaningful
trends®? from TMU inhibitors demonstrated that bioreversible
esterification provides access to clickable TMU tools for the
traceless delivery of POlIs, here GFP.
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Delivery of BSA with traceless TMU tags

The uptake of the three BSA conjugates 14-16 into HelLa-MZ
cells was similarly examined. With the more hydrophobic and
less negatively charged BSA 14, fluorescence intensity within
the cells was very weak and mostly contained within punctate
structures (Figure 4a). This result was consistent with the known
uptake pathway of albumins by receptor-mediated
endocytosis.***® Thus, fluorescence within cells but outside of
puncta was quantified by applying masks to reveal negligible
cytosolic delivery of 14 (Figure 4d). For TMU-free BSA 15, a
similar distribution of fluorescent signals was observed,
although with greater intensity outside of puncta (Figure 4b,d).
The TMU-tagged BSA 16 showed more intense and uniform

Figure 4. (a-c) Representative widefield images of HeLa-MZ cells incubated
with (a) TMU-free 14 (m~30), (b) TMU-free 15 (n~10) and (c) the TMU-
tagged BSA 16 (n~10) under identical conditions. Scale bars =50 um. (d)
Fluorescence intensity of HeLa-MZ cells after incubation with 2.5 uM 14-16
for 2 h. Fluorescence intensity is recorded only outside automatically masked
puncta, usually indicative for endosomal capture, and normalized to blank
fluorescence (I=1).
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Figure 5. (a,b) Overlayed maximum projections of the green channel for GFP and the blue channel for cell nuclei (Hoechst 33342, left) and representative
fluorescence images at three z-planes (10 um separation per plane) of HeLa-MZ spheroids treated with (a) TMU-tagged GFP 11, or (b) TMU-free GFP 9. Scale
bars =50 um. (c) Fluorescence intensities at different z-planes in HeLa-MZ spheroids (schematic drawing below) treated with TMU-free GFP 9 (purple), the
TMU-tagged GFP 11 (orange), and none (grey). (d) Fluorescence enhancements relative to blank (/=1) at different layers of spheroids treated with TMU-free 9
(purple) and the TMU-tagged GFP 11 (orange). (e) Representative layer (z = 6) mask for the spheroid in a).

staining of the cells with additional minor signals from punctate
structures (Figure 4c¢,d). These results highlighted the power of
TMU to deliver proteins to the cytosol against kinetic competi-
tion from endocytic processes.

Delivery into spheroids with traceless TMU tags

Efficient cytosolic delivery in deep tissue has been identified as
a unique advantage of TMU, particularly when compared to
standard CPPs.*¥ The power of TMU to penetrate deep tissue
has been explained with the transferrin receptors as one of the
rare confirmed exchange partners in TMU.** Transferrin
receptors are known for efficient transcytosis, important also to
cross the blood-brain barrier and deliver iron to the brain. An
expected dual function of transferrin receptor combining trans-
cytosis with cell penetration by TMU provided thus a convinc-
ing explanation of the unique capacity of TMU to deliver into
deep tissue.

To assess the capacity of the TMU-tagged GFP 11 for
traceless delivery into deep tissue, HeLa-MZ cell spheroids with
a diameter of around 350 um were prepared as 3D tissue
models (see Supporting Information for detailed experimental
protocol).?” After incubation with the TMU-tagged GFP 11,
spheroids were imaged both live and fixed to ensure
fluorescent signal localization did not change. As in 2D culture,
background signals were reduced following fixation. In 3D
culture, the differences between the TMU-free GFP 9 and the
TMU-tagged GFP 11 were even more marked than in 2D
culture. Not only did the TMU-tagged GFP 11 yield a much
greater net fluorescence intensity than TMU-free GFP 9 across a
z-series of images through the spherical structure, but
fluorescence intensity also peaked deeper into the spheroids
(Figure 5a—c). With the TMU-tagged GFP 11, fluorescence
intensity at a depth of 60 um (z=6) from the spheroid surface
is evenly distributed, whereas with the TMU-free GFP 9, what

ChemistryEurope 2023, €202300029 (5 of 7)

little fluorescence intensity is present is localized to the outer
layers of cells (Figure 5d,e). Decreasing laser penetration could
contribute to weakened emission from the center of the
spheroids, although more constant emission from Hoechst
33342 did not support this possibility. In any case, what really
mattered were the much larger differences between TMU-
tagged GFP 11 (Figure 5a) and TMU-free GFP 9 (Figure 5b),
which also excluded spheroid penetration mechanisms other
than thiol-mediated uptake. These results demonstrated that
the unique power of TMU to deliver into deep tissue is
preserved in clickable TMU tools for the traceless cytosolic
delivery of POIs based on bioreversible esterification.

Conclusions

Toward a generally applicable TMU tool for the traceless
cytosolic delivery of any protein of interest (POI), we explored
the potential of bioreversible esterification in this study.
Sequential bioorthogonal esterification and CuAAC reactions
were established to provide model POls, GFP and BSA, with
TMU-enabling CAXs attached through bioreversible ester link-
ages. TMU-tagged POls were efficiently uptaken into the cytosol
of multiple cell lines, most notably into 3D cultured cells,
confirming a key advantage of TMU. Despite these successes,
we caution that the current approach is not as practically useful
as it might appear because the esterification of POls reduces
negative surface charges. With overall anionic proteins, carbox-
ylate removal increases the isoelectric point toward isoelectric
precipitation at pH=7. This conclusion implies that future
efforts toward traceless TMU tags for general use should focus
on the removal of positive rather than negative charges from
protein surfaces to drive anionic proteins away from isoelectric
precipitation. Thus, while our results demonstrate that access to
traceless TMU tags as such is unproblematic, the construction
of generally useful small-molecule TMU tools for the cytosolic
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delivery of native proteins will be challenging, but also most
impactful.

Experimental Section

Please see Supporting Information.
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