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Absolute Quantification of Drug Vector Delivery to the Cytosol

Marco Lucchino®, Anne Billet', Siau-Kun Bai, Estelle Dransart, Justine Hadjerci,
Frédéric Schmidt, Christian Wunder,* and Ludger Johannes*

Abstract: Macromolecular drugs inefficiently cross mem-
branes to reach their cytosolic targets. They require drug
delivery vectors to facilitate their translocation across the
plasma membrane or escape from endosomes. Optimization of
these vectors has however been hindered by the difficulty to
accurately measure cytosolic arrival. We have developed an
exceptionally sensitive and robust assay for the relative or
absolute quantification of this step. The assay is based on
benzylguanine and biotin modifications on a drug delivery
vector of interest, which allow, respectively, for selective
covalent capture in the cytosol with a SNA P-tag fusion protein
and for quantification at picomolar sensitivity. The assay was
validated by determining the absolute numbers of cytosolic
molecules for two drug delivery vectors: the B-subunit of Shiga
toxin and the cell-penetrating peptide TAT. We expect this assay
to favor delivery vector optimization and the understanding of
the enigmatic translocation process.

Biological macromolecules such as peptides, proteins or
oligonucleotides hold great therapeutic potential. They
enable indeed to target “undruggable” proteins which lack
cavities for small molecule binding, or to stimulate the
immune system by antigen cross-presentation. However,
macromolecules do not readily cross membranes. Most
remain trapped at the plasma membrane or in intracellular
compartments and do not reach their targets in the cytosol.
Cytosolic arrival, via direct translocation across the plasma
membrane or endocytosis followed by endosomal escape, is
currently one of the main bottlenecks for the development of
new macromolecular therapeutics.!
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For the optimization of cytosolic delivery, the process
must be quantified.”! Existing assays for this have a number of
limitations, including the failure to distinguish between
cytosolic versus intraluminal localizations and a lack of
sensitivity and robustness (Table S1). Of note, two recently
developed assays, the Chloroalkane Penetration Assay® and
the NanoClick assay® rely on the HaloTag protein,[”! which
covalently reacts to chloroalkanes. The cytosolic localization
of the HaloTag reporter protein ensures the cytosolic
specificity of the assay. Both assays measure the non-reacted
reporter protein fraction, which is inversely proportional to
the extent of translocated molecules. This limits the assay
sensitivity. Furthermore, these assays do not provide absolute
quantification of translocated molecules. Therefore, the
quantification of small amounts of molecules reaching the
cytosol remains challenging.

The example of siRNAs for the downregulation of
disease-related proteins might be chosen to illustrate this
point. For an efficient therapeutical effect, it is estimated that
2000-4000 siRNA molecules need to reach the cytosol per
cell.®” The sensitivity of a cytosolic arrival assay is thus
essential to detect such low numbers of molecules per cell and
to optimize existing or develop new delivery tools.

To address this challenge, we have designed the Cyto-
SNAP assay. This assay is based on a cytosolic capture protein
assembled from SNAP-tag and mNeonGreen. The SNAP-tag
reacts covalently with the small molecule benzylguanine
(BG)."T A vector of interest (e.g., protein- or peptide-based
drug delivery tools) modified with BG will react with the
SNAP-tag only if the vector reaches the cytosol (Figure 1a).

mNeonGreen,'!l the second part of the cytosolic capture
protein, is used for high affinity immunoprecipitation on
beads coated with anti-mNeonGreen nanobodies (low K, of
2nM). In this way, BG-tagged vector that reacts with the
SNAP-tag of the cytosolic capture protein can be isolated.
Finally, a biotin conjugated to the vector serves for quantifi-
cation by ELISA (Figure S1).

We chose to validate the assay using two different vectors:
i) Residues 47-57 from the HIV TAT protein,” which is one
of the best-studied cell-penetrating peptides, and ii) the B-
subunit of Shiga toxin (STxB), a vector for cancer cell
targeting and immunotherapy.”®! After binding to its receptor,
the glycosphingolipid Gb3, STxB is internalized and follows
the retrograde transport route to the endoplasmic reticulum.
STxB was shown to be able to translocate to the cytosol!"* and
to efficiently deliver antigens for antigen cross-presenta-
tion,®! making it an interesting model for a cytosolic arrival
assay.

A monoclonal HeLa cell line, termed NG-SNAP, stably
expressing the cytosolic mNeonGreen-SNAP-tag capture
protein was generated for the assay. Diffuse mNeonGreen
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Figure 1. A robust, sensitive, and quantitative cytosolic arrival assay. a) Schematic representation of the Cyto-SNAP assay. Upon membrane
translocation, the BG-modified vector encounters the cytosolic mNeonGreen-SNAP-tag protein with which it reacts covalently. mNeonGreen is
exploited for immunoprecipitation on beads coated with anti-mNeonGreen nanobodies, and the biotin moiety for ELISA. b) Parental, polyclonal

mNeonGreen expressing (NG) or monoclonal mNeonGreen-SNAP-tag expressing (NG-SNAP) Hela cell lines were treated with fluorescent SNAP-

tag ligand BG-647-SiR. SiR fluorescence was only observed on NG-SNAP cells, in which it was homogeneously distributed in the cytosolic space.
c) Demonstration of the high efficiency of the SNAP-tag reaction. Lysate from NG-SNAP cells was incubated with excess benzylguanine-biotin
(BG-biotin) ligand, followed by streptavidin pull-down. Western blotting analysis showed that the cell lysate was depleted of mNeonGreen-SNAP-
tag protein, which was indeed recovered on beads. d) Demonstration that the mNeonGreen immunoprecipitation (IP) is complete. The
mNeonGreen-SNAP-tag protein was totally recovered on mNeonGreen-Trap beads, which confirmed the efficacy of the immunoprecipitation.

e) Sensitivity and linearity of the assay. Known amounts of STxB-BG-biotin conjugate C were added into NG-SNAP cell lysate, followed by
incubation at 37°C, mNeonGreen-SNAP-tag immunoprecipitation and ELISA development. The obtained standard curve was linear over a wide
range of concentrations. Even low picomolar STxB-BG-biotin concentrations were robustly detected. f) Demonstration that non-reacted SNAP-tag
protein is efficiently quenched before cell lysis. Intact NG-SNAP and NG cells were incubated for 30 min at 4°C or 37°C in presence or absence
(@) of SNAP-Cell® Block reagent. The cells were then washed, lysed, and lysates were incubated at 4°C with or without STxB-BG-biotin
conjugate A. Both 37°C and 4°C block conditions gave ELISA signals comparable to background signal without STxB-BG-biotin incubation.

fluorescence and BG-fluorophore labeling were observed,
which documented the expression of properly folded protein
in the cytosol (Figure 1b). To test whether the cytosolically
localized mNeonGreen-SNAP-tag was fully functional,
immunoprecipitation and pull-down experiments were per-
formed against each of its two subunits: i) Lysates from NG-

SNAP cells were incubated with an excess of BG-biotin,
followed by streptavidin pull-down. This led to the complete
depletion of mNeonGreen-SNAP-tag from the lysates,
thereby proving that the SNAP-tag subunit was fully func-
tional (Figure 1c). ii) The same approach using anti-mNeon-
Green nanobody beads also led to the depletion of mNeon-
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Green-SNAP-tag from the lysates, which further validated the
functionality of the fusion protein (Figure 1d). The combina-
tion of highly efficient SNAP-tag reaction and complete
mNeonGreen immunoprecipitation laid the foundation for
a fully quantitative assay.

Linearity and sensitivity are key parameters of a quanti-
tative assay. To this end, low picomolar concentrations of BG-
and biotin-tagged STxB were added to mNeonGreen-SNAP-
tag-containing cell lysate, and incubated at 37°C to allow for
BG-SNAP-tag reaction. Subsequent mNeonGreen immuno-
precipitation and ELISA development resulted in a linear
standard curve, which documented the exquisite sensitivity of
the assay (Figure 1e).

Importantly, on cells, using a membrane-permeable BG-
derivative, it was possible to quench non-reacted SNAP-tag
prior to lysis (Figure 1 f). In the real assay format, this step is
required to avoid post-lysis reaction between non-cytosolic
BG-tagged vector and non-conjugated SNAP-tag in the
lysate. Finally, STxB showed normal intracellular trafficking
in NG-SNAP cells and in cells stably expressing mNeonGreen
in the absence of SNAP-tag (termed NG cells), which were
used as controls (Figure S2). All these findings qualified the
engineered NG-SNAP and NG cell lines for the Cyto-SNAP
assay.

The Cyto-SNAP assay (Figure S3) was first used to
provide relative quantifications of cytosolic arrival between
different conditions (incubation times, vector concentrations
or inhibitor treatments). STxB (Figure 2a,b) and TAT (Fig-
ure 2g,h) translocation to the cytosol increased in a time- and
concentration-dependent manner. For STxB, the transloca-
tion signal started to plateau at
concentrations above 100nM a 0 HoN
(Figure 2b and S4a), while
TAT translocation continued to
increase exponentially beyond
at least 20 um (Figure 2h and +
S4b), suggesting that the process
was receptor-independent for
TAT, and receptor-dependent
for STxB. Depletion of the
STxB receptor, glycosphingoli-
pid Gb3, by incubation of NG-
SNAP cells with a glucosylcera-
mide synthase inhibitor indeed
reduced the cytosolic arrival of
STxB to background level (Fig- d
ure 2c¢).  Background  was
defined throughout all experi- Y
ments as ELISA  signal \Ner o b
observed from NG cells. STxB
translocation to the cytosol was
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which membranes are more permeable.!'>'®! In ATP depleted
cells, STxB arrival in the cytosol was also strongly decreased
(Figure 2¢). As for the 4°C condition, endocytosis of STxB is
inhibited in ATP-depleted cells.'”’ Thus, it can be concluded
that cellular entry is required for efficient translocation to the
cytosol. The arrival of STxB in the cytosol was also found to
be partially reduced when endosomal acidification was
inhibited (Figure 2f). Finally, TAT was compared to TAT-
PEG4-GFWEFG, previously reported to have an enhanced
capacity to translocate to the cytosol!'® We found no
difference in cytosolic arrival at concentrations below 10 um
(Figure 2i). In contrast, TAT-PEG,GFWFG translocated
much more efficiently than TAT at concentrations above
15 pMm (Figure 21i). TAT undergoes endocytosis at low concen-
trations, whereas at concentrations above 10 um direct
translocation across the plasma membrane becomes the
dominant mechanism (ref. [19]; for a review, see ref. [20]). It
therefore appears likely that the strongly enhanced cytosolic
arrival of TAT-PEG4,-GFWFG at concentrations above 15 um
resulted from direct translocation across the plasma mem-
brane. These results qualified the Cyto-SNAP assay for
membrane translocation measurements with different types
of vectors.

For absolute quantification of cytosolic arrival, the con-
jugation of BG and biotin reporter moieties was optimized in
order to achieve 1:1 molar ratios of both BG and biotin per
vector (or per monomer in the case of homopentameric
STxB). We synthesized several scaffolds, comprising each BG,
biotin, and maleimide for conjugation to the vectors
(Scheme 1 and Figure S5-7). All STxB-based conjugates
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also greatly impacted when
incubations were performed at
low temperatures, i.e., 4°C or
19.5°C (Figure 2d). This obser-
vation was likely caused by
changes in membrane organiza-
tion leading to the disappear-
ance of domain boundaries at
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Scheme 1. Different strategies used for biotin and BG conjugation to vectors; a) Biconjugation method:
Use of commercial NHS ester—BG for conjugation to amines of the vector, and maleimide-biotin for
conjugation to thiol. b—d) Monoconjugation method: Synthesized maleimide-benzylguanine-biotin mole-
cules for conjugation to thiol of the vector. Different PEG linker sizes were tested in order to avoid steric
hindrance between vector, the BG reaction with the SNAP-tag, and streptavidin binding to the biotin
moiety.
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Figure 2. Relative quantifications of STxB and TAT translocation to the cytosol, using the Cyto-SNAP assay on NG-SNAP cells. In all experiments,
NG cells served as background controls. The cytosolic signal is expressed as percentage of the maximum signal obtained in each individual

replicate experiment. a) Time dependency. Cells were incubated with 40 nm STxB-BG-biotin conjugate A for 0, 4, or 24 h (continuous incubation).

The cytosolic signal increased with time. b) Concentration dependency. Cells were incubated for 4 h with STxB-BG-biotin conjugate A at the
indicated concentrations. The cytosolic signal increased with concentration. c) Glycosphingolipid dependency. Cells were pre-treated or not for
5 days with the glycosylceramide synthase inhibitor Genz-123346, and then incubated for 4 h with 40 nm STxB-BG-biotin conjugate A. The

translocation process to the cytosol was glycosphingolipid dependent. d) Temperature dependency. Cells were incubated for 4 h with 40 nm STxB-

BG-biotin conjugate A at the indicated temperatures. Translocation to the cytosol was blocked at 4°C and 19.5°C. e) ATP dependency. Cells were
incubated for 90 min with 40 nm STxB-BG-biotin conjugate A under ATP depletion conditions. Translocation to the cytosol was ATP dependent.
f) Acidification dependency. Cells were incubated for 4 h with 40 nm STxB-BG-biotin conjugate A in the presence or absence of 100 nm of the V-
ATPase inhibitor bafilomycin Al. Translocation to the cytosol was partly inhibited by bafilomycin A1 treatment. g) Time dependency of TAT
translocation to the cytosol. Cells were incubated with 200 nm BG-biotin-TAT conjugate C for 0, 4, or 24 h (continuous incubation). The cytosolic
signal increased with time. h) Concentration dependency of TAT translocation to the cytosol. Cells were incubated for 4 h with BG-biotin-TAT
conjugate C at the indicated concentrations. The cytosolic signal increased with concentration. i) Comparison of TAT versus TAT-PEG¢-GFWFG.
NG-SNAP cells were incubated for 4 h at 37°C with different concentrations of TAT or TAT-PEG,-GFWFG. Cytosolic signal is normalized to signal
from 25 um TAT. TAT-PEG¢-GFWFG has an increased cytosolic translocation capacity compared to TAT at concentrations above 15 pum. Statistical
analysis: two-tailed paired t-test; * p<0.05; ** p <0.01 and *** p <0.001.

showed intracellular retrograde trafficking to the Golgi, as for
non-modified STxB (Figure S8). With increasing PEG linker
sizes, STxB conjugates C and D showed higher ELISA signal
intensity when added directly in cell lysate (Figure 3a). This
was likely due to reduced steric hindrance for streptavidin
binding to biotin on STxB pentamer whose BG had already

Angew. Chem. Int. Ed. 2021, 6o, 14824-14830

reacted with the SNAP-tag. The same effect was not observed
on the monomeric TAT (Figure 3b). In contrast, cytosolic
arrival was reduced for both STxB and TAT with the
increased PEG linker size of scaffold D (Figure 3c,d). An
effect of long PEG linkers on cytosolic arrival was previously
reported for the cell-penetrating peptide TAT-PEG-GWWG:
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Figure 3. Evaluation of the different STxB and TAT conjugates for the Cyto-SNAP assay. a,b) Comparison of the ELISA signal obtained with the
different STxB and TAT conjugates directly added into cell lysate. 40 pm of each STxB conjugate or 100 pm of each TAT conjugate were added to
NG-SNAP cell lysate and incubated for 1 h at 37°C for the SNAP reaction to occur before mNeonGreen immunoprecipitation and ELISA
development on beads. ¢,d) Comparison of cytosolic arrival signal from the different STxB conjugates (40 nm) or TAT conjugates (200 nm) after

4 h incubation at 37°C with NG or NG-SNAP Hela cells.

PEG,, or PEG g diminished the translocation efficiency when
compared to PEGI" In order to balance sensitivity and
translocation efficiency, we chose to work with the malei-
mide-BG-biotin scaffold C. The resulting STxB conjugate C
had a membrane translocation capacity similar to conjuga-
te A, for which BG and biotin were separately coupled to
STxB.

The choice of lysis conditions was also critical for
quantification to ensure that vectors are extracted from
membranes with which they may remain associated even after
translocation to the cytosolic compartment (see ref. [14] for
STxB). We used high salt concentrations and sonication as
recommended for TAT extraction,”!! and optimized the
choice of detergent to achieve complete STxB extraction
(Figure S9a). These conditions remained fully compatible
with the requirement for SNAP-tag reaction and immuno-
precipitation (Figure S9b,c).

For absolute quantification, a standard curve is essential.
For this, we have devised a simple approach (Figure S10):
Known amounts of BG and biotin-tagged vector were mixed
into NG-SNAP cell lysate, leading to complete reaction with
the SNAP-tag protein of the lysate. As shown in Figure 1e,
low picomolar sensitivity was reached with this approach.
Using the standard curve, the amount of vector translocated
to the cytosol and the total amount of vector associated with
NG-SNAP cells were then determined (Figure S10). For the
total cell-associated amount, the SNAP-tag quenching step
was omitted, such that BG and biotin-tagged vector molecules
fully reacted with unquenched SNAP-tag in the cell lysate. Of
note, immunoprecipitation and subsequent ELISA steps were

performed for all samples in parallel under identical con-
ditions such that absorbance readings could be compared
directly.

Using this approach, we have for the first time determined
the absolute amount of STxB molecules that reach the cytosol
of a mammalian cell line—here, NG-SNAP HeLa cells that
were continuously incubated for 4 h at 37 °C with 40 nm STxB.
We found that 23000 STxB molecules were translocated to
the cytosol, which corresponded to 0.5% of total cell-
associated STxB (Table 1). For TAT, 0.1% of total cell-
associated molecules reached the cytosol upon 4 h incubation
at 200 nm (Table 1). The translocation efficiency is concen-
tration-dependent: an increase in translocation efficiency at
higher concentrations was observed for TAT (Table 1). The
percentages however remain low, thereby confirming the
notion that endosomal escape is in general very inefficient.
First-generation cell-penetrating peptides such as TAT have
indeed been described to mostly remain entrapped in
endolysosomal compartments.’l The second generation
TAT-PEG4-GFWFG has a translocation efficiency similar to
TAT at concentrations up to 10 um (Table 1). In contrast, its
translocation efficiency increased 9-fold compared to TAT at
20 um (Table 1). This effect is in line with the previously
reported numbers!'®! (i.e., 2.3-fold change at 15 um and 10.3-
fold change at 30 pum), further validating the Cyto-SNAP
assay.

The Cyto-SNAP assay is optimized to allow for the
absolute quantification of minute amounts of vector mole-
cules that have translocated to the cytosol. The reporter
moieties, BG and biotin, are small, which limits their impact

14828 www.angewandte.org © 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH  Angew. Chem. Int. Ed. 2021, 60, 1482414830
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Table 1: Absolute quantification of cytosolic arrival after 4 h incubation of STxB-BG-biotin conjugate C, BG-biotin-TAT conjugate C, or BG-Biotin-TAT-

PEG,-GFWFG conjugate C on NG-SNAP cells.”!

Vector Incubation Total number of Number of cytosolic % of cytosolic
concentration [um] molecules/cell molecules/cell molecules
STxB 0.04 4.9x10° (0=1.4x10% 2.3x10" (0=9.2x10°) 0.47
TAT 0.2 3.2x107 (0=9.6x10°) 2.7x10* (0=7.1x10% 0.08
10 1.1x10% (6=1.1x10") 42x10° (0=1.7x10% 0.38
20 1.1%x10% (0=2.4x10") 7.3%x10° (0=9.1x10% 0.66
TAT-PEG¢-GFWFG 0.2 3.2x107 (0="5.6x10°) 1.8x10* (0=3.1x10% 0.06
10 7.4x107 (0=2.9x10°) 4.0x10° (0=1.1x10°) 0.54
20 1.2x10% (0=1.6x10") 7.4x10° (0=4.3x10°) 6.2

[a] As STxB is a homopentamer, it carries up to 5 substitutions per STxB molecule. A 5-times higher TAT concentration (0.2 um) compared to STxB
(0.04 pm) was chosen to compare their drug delivery potential from the same drug concentration. Three independent experiments were performed at

each concentration.

on the membrane translocation process. The assay is robust
and performed with standard laboratory equipment. The
current proof-of-concept study was performed with 2 vectors,
TAT and STxB, that have very different ways to interact with
membranes of target cells. We expect that the Cyto-SNAP
assay will be of use to study the cytosolic delivery of
therapeutic macromolecules in general, such as peptides,”
proteins®! or oligonucleotides,?" either free or encapsulated
into liposomes,™ synthetic nanocarriers®®?! or even the
cellular entry of viruses.” When transposed to a high-
throughput format, the assay may also be used to screen for
modifiers of the membrane translocation process, which
would not only hold the promise for groundbreaking discov-
eries in fundamental research on the enigmatic membrane
translocation process, but would also open new avenues for
therapeutic macromolecule delivery.
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