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Cellular uptake of large biomolecules enabled
by cell-surface-reactive cell-penetrating
peptide additives
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3, Martin Lehmann

Enabling the cellular delivery and cytosolic bioavailability of functional proteins constitutes a major challenge for the life sci-
ences. Here we demonstrate that thiol-reactive arginine-rich peptide additives can enhance the cellular uptake of protein-CPP
conjugates in a non-endocytic mode, even at low micromolar concentration. We show that such thiol- or HaloTag-reactive addi-
tives can result in covalently anchored CPPs on the cell surface, which are highly effective at co-delivering protein cargoes.
Taking advantage of the thiol reactivity of our most effective CPP additive, we show that Cys-containing proteins can be readily
delivered into the cytosol by simple co-addition of a slight excess of this CPP. Furthermore, we demonstrate the application of
our 'CPP-additive technique’' in the delivery of functional enzymes, nanobodies and full-length immunoglobulin-G antibodies.
This new cellular uptake protocol greatly simplifies both the accessibility and efficiency of protein and antibody delivery, with

minimal chemical or genetic engineering.

sity, which makes them indispensable tools for biological and

pharmacological applications. However, proteins are large and
hydrophilic, and thus usually not cell-permeable, which severely
limits their potential in both research and therapy. Consequently,
the intracellular delivery of functional proteins remains one of the
biggest challenges in the molecular life sciences, although consid-
erable progress has been made recently’”. Among other methods,
cell-penetrating peptides (CPPs) have established themselves as
potent tools in the delivery of a variety of cargoes’.

The first CPPs or ‘protein transduction domains’ (PTDs), dis-
covered about 30 years ago, originated from the transactivator of
transcription (TAT) protein of the human immunodeficiency virus
(HIV)* and the Drosophila antennapedia homeodomain (pen-
etratin)™®. Since then, many CPPs have been described, with both
natural and synthetic origins. Several studies have investigated their
mechanisms of action and used them in various applications of biol-
ogy”*. However, how, exactly, CPPs enter cells remains the subject of
controversy. Much effort has been devoted to cationic CPPs, which
can bind to cell membranes through ionic interactions before being
endocytosed”'’. Equally, many reports describe CPP-mediated
uptake at cold temperatures, where active uptake processes should
not occur, or in the presence of endocytosis inhibitors''?. The latter
process, commonly referred to as ‘transduction, is reported to be
dependent on concentration'*'* and also on the cargo attached to
the peptide'”. This can be seen when using linear CPPs to transport
small cargoes such as fluorophores and peptides, which typically
leads to localization in the cytosol, whereas larger protein cargoes
are often trapped in endosomes'*"".

To further improve the delivery of CPP-linked cargoes, research-
ers have implemented additional modules into uptake proto-
cols. For example, addition of the enzyme sphingomyelinase was

Proteins offer a tremendous structural and functional diver-

found to result in increased uptake of cationic CPPs by generating
ceramide on the cell surface'®, while the addition of pyrenebutyrate
as a hydrophobic counterion to cells before adding the CPP conju-
gate led to improved uptake'. Finally, the addition of peptides or
small molecules has been pursued to mediate endosomal leakage for
the release of cargoes into the cytosol”-*.

An important element in the design of effective CPPs for the
transport of cargo to the cytosol is cyclization®*. It has been dem-
onstrated that cyclization leads to a remarkable increase in both the
efficiency and speed of membrane transduction”, probably stem-
ming from the presentation of the positive charges on the peptide.
We have previously shown that cyclization and subsequent conjuga-
tion of a single TAT peptide can be used to transport green fluores-
cent protein (GFP) into the cytosol of cells, which was impossible
with the linear variant®. Since then, we have been able to apply this
methodology to the cytosolic transport of nanobodies as well as the
intracellular targeting of fluorescent proteins**. Still, to achieve
transduction of proteins into the cytosol, rather high concentra-
tions of the cargo protein must be applied, ranging from 10uM
of a small antibody fragment (nanobody) to up to over 100puM
of enhanced GFP (EGFP). These concentrations are much higher
than those required for the transduction of small cargoes” and sug-
gest that there is a size dependence of the cargo on transduction.
Consequently, it might not be possible at all to deliver even larger
molecules in an energy-independent manner.

Encouraged by previous findings that report the coopera-
tive interaction of arginine-rich CPPs with physiological mem-
branes in a concentration-dependent manner’'~*, we probed the
impact of CPPs added to cells in addition to protein-CPP cargoes.
Starting with simple cysteine-containing unbound CPPs as addi-
tives, we find that thiol reactivity plays an important role in this
additive approach, which is consistent with previous reports using
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thiol-reactive cargoes™. In particular, we show that electrophilic
thiol-reactive CPP additives are highly effective at creating nucle-
ation zones on the cell surface, which enable efficient transduction
of protein—-CPP conjugates. Our protocol proves to be highly effec-
tive, simple and not harmful to the cell. Importantly, we show that
we can enable the transduction of recombinant CPP-containing
proteins as well as a 150-kDa immunoglobulin-G (IgG) antibody
into living cells via a non-endosomal uptake mechanism.

Results

Improved cellular uptake of cargoes mediated by cell-penetrating
peptide additives. To evaluate the concentration, temperature and
cargo size dependency of added arginine-rich peptides in the medi-
ation of cytosolic delivery, we chose three distinct cargoes to trans-
port: the organic fluorophore tetramethylrhodamine (TAMRA,
~450 Da), the camelid-derived anti-GFP nanobody GBP1 (~14kDa)
and the fluorescent protein mCherry with a nuclear localization
signal (NLS-mCherry, ~28kDa). We attached each of the cargoes
to a synthetic cyclic R10 (cR10) peptide, yielding an intracellularly
non-cleavable conjugate, either via an amide bond in the case of
TAMRA or using maleimide chemistry for the proteins (analyti-
cal data for the peptides are provided in Supplementary Fig. 1, and
characterization of GBP1 and mCherry, and their CPP conjugates,
is described in Supplementary Figs. 2 and 3), following our previ-
ous reports®®. In all cases, successful cytosolic delivery would
lead to staining of the cytosol and of the nucleolus, an RNA-rich
membrane-less compartment inside the nucleus (red area in the
nucleus, Fig. 1a) for which cationic CPPs have affinity**"**. The
cR10 peptide, consisting of 10 arginines with alternating L and D
configurations, has previously been shown to be effective in the
delivery of functional proteins, albeit only at relatively high con-
centrations**’. We then applied all of the synthesized cargoes to
HeLa Kyoto cells (expressing nuclear GFP-PCNA**" (PCNA, pro-
liferating cell nuclear antigen) as antigen for the nanobody), at both
37°Cand 4°C (Fig. 1b-d and individual channels in Supplementary
Fig. 4). At 37°C, the CPP-bearing cargoes can reach the cytosol
either via endocytosis and endosomal escape (Fig. 1a) or by directly
transducing the membrane, circumventing energy-dependent
transport. At 4°C, however, active transport should not occur, and
the cellular fluorescence would be the result of transduction*"*.

Following incubation of the cells with TAMRA-cR10 for 1h in
cell culture medium, we found cytosolic (and nucleolar) localiza-
tion of the red fluorophore at only 1uM, with incubation at both
4°C and 37°C (Fig. 1b). These experiments show that successful
cytosolic delivery for this small fluorophore can be achieved under
conditions without endosomal uptake.

For the nanobody-CPP conjugate, a concentration of 1 uM results
in predominantly punctate endosomal fluorescence at 37 °C, whereas
at 4°C the nanobody is excluded from the cell (Fig. 1c). At a con-
centration of 5uM, endosomal uptake is less prominent, and uptake
also works to some extent at the cold temperature (Supplementary
Fig. 4). At 10 uM concentration, all cells show cytosolic (and nucleo-
lar) staining at 37 °C and 4 °C (Fig. 1c). Interestingly, for all proteins
we tested, the nucleolar staining is more evident at 37°C, whereas
cytosolic staining is more pronounced at 4 °C, which may be because
active nuclear import is also an energy-independent process®.

Following our proposal, we thought it might be possible to
rescue the cytosolic delivery of the protein at low concentrations
by adding unbound CPP. Indeed, when we co-incubated 5uM
cysteine-containing cR10 peptide (Cys-cR10, 1), which we previ-
ously used for the semi-synthesis of nanobodies by expressed pro-
tein ligation™, with 1 pM nanobody-cR10 conjugate for 1 h on HeLa
cells, the nanobody showed efficient cytosolic and nucleolar stain-
ing at both temperatures (Fig. 1c and Supplementary Fig. 4).

For the NLS-mCherry-cR10 conjugate (I), the required con-
centration to achieve cytosolic uptake is even more restrictive, with
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anything below 50 uM leading to dominant endosomal uptake with-
out nucleolar localization at 37°C and no uptake at all at 4°C (Fig.
1d). Analogous to the nanobody experiments, the addition of 5pM
peptide 1 allowed energy-independent transduction of mCherry
at a low concentration of 5uM (Fig. 1d). Delivery could even be
achieved at 1 uM protein and 5uM peptide (Supplementary Fig. 4),
although under these conditions the fluorescence of the mCherry
was faint and difficult to detect.

Encouraged by these findings, we subsequently probed the
performance of linear CPP sequences in the cargo conjugates and
additives. Although CPP cyclization is known to improve cell
permeability”*, we now also observed efficient nucleolar deliv-
ery of 5uM NLS-mCherry linked to a linear R10 peptide (conju-
gate II) with 5uM of a linear CPP additive (Cys-R10 2), in which
both sequences consist of 10 L-arginine residues (Fig. le). With
CPP additive 2, nucleolar red fluorescence could be detected in
more than 90% of cells, but in less than 5% without the additive
(Supplementary Fig. 5). As a comparison, we tested the delivery of
mCherry-R10 II in the presence of 10 or 150 uM endosomolytic
peptide ppTG21*+*. Neither concentration led to efficient endo-
somal release, instead leading to the formation of large, fluorescent
aggregates in cells (Supplementary Fig. 5).

Finally, we performed uptake at 37°C with NLS-mCherry-R10
IT and CPP additive 2 in the presence of Alexa647-labelled trans-
ferrin (which undergoes receptor-mediated endocytosis***’) and
endocytosis inhibitors (sodium azide, Dynasore and pitstop 2).
Although we could see inhibition of the endocytosis of transferrin,
we could detect nucleolar mCherry, regardless of the inhibitor used
(Supplementary Fig. 6).

A thiol-reactive deca-arginine is a highly effective additive for
delivering CPP-conjugated proteins. To further evaluate the high
efficiency of the CPP-peptide additives 1 and 2 in our additive pro-
tocol and to probe the impact of the N-terminal thiol functional-
ity, we synthesized additional linear CPPs 3-5 with different thiol
derivatives (Fig. 2a). We then co-delivered 5uM CPP conjugates
of mCherry linked either to a linear (II) or cyclic R10 (I) (as in
Fig. 1d,e) together with the newly synthesized peptides 1-5 into
HeLa Kyoto cells and used microscopy to measure both nuclear and
total fluorescence (representative pictures for all tested conditions
are presented in Supplementary Fig. 7). In this way, we quantified
the desirable delivery to the nucleus and nucleoli (Fig. 2a), and also
the amount of unwanted endosomal entrapment (Supplementary
Fig. 8; for details see Supplementary Methods). Using unconjugated
mCherry as a cargo did not result in any detectable intracellular
fluorescence, while using mCherry-R10 conjugate II in combina-
tion with additive R10 peptide 2 led to nuclear/nucleolar staining,
as before (Fig. 2a, first two bars).

To exclude thiol-based interactions of the peptide, we capped
the N-terminal Cys residue with iodoacetamide in CPP 3.
With 3, we observed a sharp decrease in the efficiency of nuclear
protein delivery in comparison to additive 2 (Fig. 2a, grey and
mint bars). To probe a potential dimerization of the CPP, fol-
lowing the previous observation of using disulfide-linked TAT
dimers”’, we employed the dimer of Cys-R10 (4, red bar).
However, no increase in efficiency over using monomer 2 was vis-
ible in this case.

Based on these observations, we hypothesized that the bet-
ter delivery using peptide additive 2 is due to the formation of
disulfide bridges on the cell surface***. We thus synthesized a
thio-nitro-benzoic-acid-activated R10 peptide (TNB-R10, 5),
which carries an electrophilic disulfide to accelerate disulfide for-
mation. Indeed, we observed more than 50% increase in nuclear
mCherry fluorescence intensity compared to that of the Cys-variant
2 (blue bar, Fig. 2a), as well as a significant increase in the fraction
of nuclear fluorescence (Supplementary Fig. 8).
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a At 37 °, cells undergo active transport
Cargo may be taken up into endosomes and escape,
or enter the cell through passive membrane transduction

At 4 °C, no energy-dependent uptake is possible.
Cargo cannot enter endosomes and should only
enter cells if membrane transduction occurs
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Fig. 1| Concentration-dependent delivery of CPP-bearing red fluorescent cargoes into HelLa Kyoto cells at 37 °C and 4 °C. a, The different modes of
uptake at 37°C and 4 °C. b, Cellular uptake of TAMRA-cR10 at 37°C and 4 °C and a concentration of TuM. ¢, Cellular uptake of fluorescently labelled
GBP1 nanobody (PDB structure 3K1K) with cR10 peptide at 37 °C and 4 °C and concentrations of 1and 10 uM, as well as at TuM concentration with
5uM additional cR10 1. Here, nuclear GFP fluorescence of the GFP-PCNA fusion protein is shown instead of the Hoechst staining. d, Cellular uptake

of cR10-modified NLS-mCherry I (PDB 2H5Q) at 37 °C and 4 °C and concentrations of 10, 30 and 50 uM, as well as at 5uM concentration with 5uM
additional cR10. e, Cellular uptake of linear R10-modified NLS-mCherry Il with added 5uM linear R10 2. Scale bars, 20 um. Uppercase R is L-arginine and
lower case r is p-arginine. Split channel images and additional concentrations are described in Supplementary Fig. 4.

Using the cyclic R10 peptide 1 as co-delivery agent decreased By far the highest nuclear fluorescence was observed with con-
the uptake efficiency (Fig. 2a, brown bar), but using the mCherry jugate (I) in combination with the electrophilic disulfide additive
conjugate with the cyclic R10 (I) made the delivery with additive 2 5 (Fig. 2a, green bar), although endosomal fluorescence was also
even more efficient (Fig. 2a, orange bar). increased under these conditions (Supplementary Fig. 8).
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Fig. 2 | TNB-R10 and its performance in delivering CPP-bearing cargoes into cells. a, Quantitative microscopy data showing the mean fluorescence
intensity in the nucleus of mCherry-R10 conjugates | and Il with R10 peptides 1-5, as well as representative microscopy images (images of at least 150
cells were taken in triplicate for each condition). Data in the bar chart are presented as individual values and mean + standard deviation. Two-sided
Student's t-test; P=0.0003 for mCherry-R10 with Cys-R10 compared to AA (acetamide)-Cys-R10; P=0.0015 for mCherry-R10 with Cys-R10 compared
to mCherry-R10 with TNB-R10; P=0.0011 for mCherry-R10 with Cys-R10 compared to mCherry-cR10 with Cys-R10; P=0.0006 for mCherry-R10 with
Cys-R10 compared to mCherry-R10 with TNB-R10. ***P < 0.0005, **P < 0.005; NS, not significant. b, Time-lapse experiments showing the cellular uptake
of fluorescent R10 peptides with different head groups. Yellow arrowheads indicate nucleation zones where fluorescence is enriched before uptake into the
cell. Scale bars, 20 um.
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Fig. 3 | Protein transduction into cells through CPP-labelled cell membranes. a, Time-lapse experiment of the simultaneous uptake of the TNB-R10-
TAMRA 8 and maleimide-R10-Cy5 13 peptides into cells in cell medium. Yellow arrowheads indicate nucleation zones stained by both peptides.

b, Time-lapse of the co-delivery of NLS-mCherry-R10 Il together with the maleimide-R10-Cy5 peptide 13 on Hela Kyoto cells in cell medium. Yellow
arrowheads indicate nucleation zones and blue arrowheads the appearance of nucleolar staining of the mCherry. ¢, Cellular uptake of NLS-mCherry-cR10
lin the presence of chloroalkane-modified ‘Halo-R10' 17 on Hela Kyoto cells transfected with EGFP-transmembrane-HaloTag plasmid (1h at 37 °C in cell
medium). SP, signal peptide; TM, transmembrane sequence. Blue arrowheads indicate mCherry in the nucleoli of EGFP-positive cells. Uptake experiments

with peptides 16 and 18-20 are described in Supplementary Fig. 21. Scale bars, 20 um.

Another clear advantage of using an additive to control the
cytosolic delivery of cargoes is that it may allow more control over
the delivered cargo concentration. To test this proposal, we added
various amounts of NLS-mCherry-R10 to cells, together with a
constant concentration of peptide additive 5. We could see a linear
relationship between the amount of mCherry added to the cells and
the resulting nucleolar fluorescence, indicating that it is possible to
precisely titrate a cargo into cells (Supplementary Fig. 9).

To obtain a better understanding of how the cysteine- and
TNB-containing peptide additives perform better in cargo delivery,
we synthesized fluorescent variants 6-8 of peptides 2, 3 and 5. We

534

performed time-lapse uptake experiments of the peptides alone at
5, 10 and 20 uM concentration (Fig. 2b; the complete dataset is pro-
vided in Supplementary Fig. 10). All peptides showed rapid uptake
into cells at 20 uM concentration, immediately after the appearance
of bright spots on the membrane, which were previously described
as ‘nucleation zones'**. At 10uM concentration, the acetylated
peptide 7 did not show any uptake during the first 3min, whereas
the uptake was already complete for 6 and 8 (Fig. 2b). Notably, the
TNB-modified peptide 8 (Fig. 2b, bottom row) showed very quick
uptake and very frequent formation of nucleation zones (yellow
arrowheads, enlarged insets in Supplementary Fig. 10). Similar
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Fig. 4 | Co-delivery with cysteine-reactive R10 peptides in different cell lines and with different cargoes. a, Confocal microscopy images of four cancer
cell lines treated with mCherry-R10 Il and TNB-R10 5, for 1h at 37 °C. b, Quantification of cells showing nucleolar fluorescence. At least 150 cells were
counted over three biological replicates. Shown are individual values and mean + standard deviation. Two-sided Student's t-test comparing mCherry-R10
Il (grey) and mCherry-R10 Il and TNB-R10 5 (blue); P<0.0001 for A549 cells; P=0.0001 for SJSA-1 cells; P< 0.0001 for MDCK2 cells; P<0.0001 for
SKBR3 cells. ****P < 0.0001, ***P < 0.0005. ¢, Cellular uptake of K10-modified mCherry with or without TNB-R10 5 at 37 °C leads to endosomal staining
and no nucleolar fluorescence. d, Cellular uptake of mCherry with recombinant R10 (exR10) shows endosomal or nucleolar staining in the absence and

presence of TNB-R10 5, respectively.

observations could also be made with 5uM peptide, although
uptake was slower (Supplementary Fig. 10). These findings suggest
that the thiol-reactive head groups assist the peptide in forming
these zones and crossing the membrane.

To ensure that this effect is due to the thiol reactivity of the TNB
group, we pre-treated cells with a thiol-reactive maleimide that
should at least partially block the accessible cell-surface thiols. After
this pre-treatment, uptake of the TNB-R10 8 was indeed slowed
down considerably (Supplementary Fig. 11). The peptide was also
not taken up at all in the presence of the anionic polysaccharide
heparin (Supplementary Fig. 11), showing that the electrostatic
interactions between the polyarginine and cell are also crucial for
uptake. We also investigated the addition of free, reduced cysteine
into the cell medium during uptake’. Addition of cysteine neither
sped up the uptake of the acetylated peptide 7 (Supplementary
Fig. 12) nor slowed down the uptake of the cysteine-containing
peptide 6 (Supplementary Fig. 13).

To verify that these effects are independent of the position of
the cysteine within the peptide, we also synthesized two additional
cysteine-containing, fluorescent R10 peptides in which the cysteine
was in a different position (within the polyarginine sequence or at
the C terminus). These peptides showed comparable rates of uptake
to the previous peptide and they were also much faster than their
acetylated counterparts (peptides 9-12, Supplementary Fig. 14).

Covalent immobilization of CPPs on the cell surface allows
delivery of large cargoes through the membrane. Next, we
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wanted to explore other cysteine-selective reactions in this context.
Maleimides are also thiol-selective and form more stable bonds
(under biological conditions) than disulfides, which makes charac-
terization easier. We first wanted to confirm that there are address-
able, surface-exposed thiols on cells. To that end, we labelled cells
with a cell-impermeable, maleimide-functionalized fluorophore
(Supplementary Fig. 15). The fluorophore showed effective mem-
brane staining, which could be strongly reduced by first blocking
thiols on the cells with Ellman’s reagent (Supplementary Fig. 15).

We then synthesized a fluorescent, maleimide-functionalized
linear R10 (maleimide-R10-Cy5) 13, which can be traced
separately by fluorescent microscopy. First, we wanted to confirm
that this peptide shows uptake behaviour similar to that of the fluo-
rescent TAMRA-labelled TNB-activated R10 peptide 8. Indeed,
when the two fluorescent peptides are incubated with cells simul-
taneously, they stain the same nucleation zones and are taken up
at similar rates (Fig. 3a and Supplementary Fig. 16), and peptide
13 also shows staining of nucleation zones alone (Supplementary
Fig. 16).

We then co-delivered R10-modified mCherry II together with
the newly synthesized maleimide-R10-Cy5 peptide 13 (Fig. 3b and
Supplementary Fig. 16c). We observed that the protein was local-
ized at the same nucleation zones and is subsequently taken up into
cells, although the protein requires more time to reach the nucleolus
(note the longer steps in the time-lapse experiment). This obser-
vation supports the assumption that the protein crosses nucleation
zones, which are ‘pre-labelled’ by the reactive peptide additives.
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Fig. 5 | Delivery of cysteine-containing mCherry and recombinant R8-containing Cre recombinase. a, Disulfide CPP modification of mCherry and in situ
cellular uptake. Scale bars, 20 um. b, Scheme showing the Cre stoplight reporter plasmid and flow cytometry data of HeLa CCL-2 cells transfected with it
and subsequently treated with Cre-exR8 with or without Cys-R10 (2). ZsGreen, green fluorescence protein.

As additional evidence for the covalent modification of a mem-
brane component with 13, we treated cells with the peptide and
subsequently washed the cells with either medium or 50 uM Triton
X-100 to remove unbound peptide. The peptide stained membranes,
even after washing with the detergent (Supplementary Fig. 17). We
also treated cells with 13 and delivered NLS-mCherry-R10 II into
these cells after washing with 25pgml™ heparin (Supplementary
Fig. 18). Washing with heparin should remove cell-penetrating
peptides that are non-covalently bound to the cell membrane®.
The successful delivery of mCherry II suggests that the covalently
bound peptide can be sufficient for protein delivery.

To explore this concept further, we treated cells with peptides
2, 3 or 5 or with a non-fluorescent maleimide-R10 peptide 14 in a
first step. After certain time points, we removed the peptide solu-
tion and added the R10-conjugated mCherry II (Supplementary
Fig. 19). For the maleimide- and TNB-R10 peptides 5 and 12, we
could still observe nuclear delivery after 5min of ‘pre-labelling’ with
the peptide, and successful, albeit reduced, delivery of mCherry II
after 30 min.

To identify potential reaction partners of the cysteine-reactive
peptides, we synthesized a biotinylated version of the maleimide-R10
peptide (15) and applied it to cells followed by a streptavidin pull-
down, tryptic digestion and protein identification by mass spec-
trometry. Label-free quantification of identified proteins revealed
several membrane proteins enriched by the R10 peptide over
untreated cells and a biotin-maleimide control (Supplementary
Fig. 20). This suggests that there is no single target but rather several
proteins with which the peptides can react.

To investigate changes in the membrane at nucleation
zones, we performed uptake of CPPs in the presence of the
phosphatidylserine-binding protein annexin V. It had previously
been suggested that the accumulation of CPPs at nucleation zones
leads to a local membrane inversion, facilitating cargo uptake®.
We could not detect any enrichment of phosphatidylserine
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(Supplementary Fig. 21); however, we employed Flipper-TR, a fluo-
rescent membrane tension probe™, and could observe a reduction
of membrane tension at nucleation zones, which points to a local
deformation of the membrane (Supplementary Fig. 22).

Taken together, our results support that thiol-reactive CPPs
increase cellular delivery of cargoes through the covalent linking
of peptides to the cell membrane. To elaborate this further, we
generated a plasmid that would lead to expression of an EGFP
reporter inside transfected cells along with a HaloTag™ on
the cell surface (a simplified plasmid map is shown in Fig. 3¢;
validation of the plasmid and additional controls are presented
in Supplementary Fig. 23). We then synthesized a series of
chloroalkane-modified R10 peptides 16-20 with varying polyeth-
ylene glycol linker lengths for covalent labelling of the expressed
HaloTag. We added ‘Halo-R10’ peptides 16-20 to the cells together
with NLS-mCherry-cR10 I. We observed no nucleolar staining
for the peptide with no ethylene glycol between the chloroalkane
and the R10 peptide (Supplementary Fig. 23). For all peptides
containing a linker, we saw nucleolar mCherry staining in trans-
fected cells (Fig. 3c, blue arrowheads, cells showing EGFP signal;
see Supplementary Fig. 23 for peptides 18-20), but not in untrans-
fected cells. However, all cells showed endosomal uptake and 20 uM
Halo-R10 was needed to achieve nucleolar staining. This lower
efficiency may be due to the limited amount and reactivity of the
HaloTag protein on the cell surface.

Cargo delivery using TNB-R10 is robust in various cell lines and
accepts recombinant protein cargoes. To test if membrane trans-
duction of proteins can be achieved in different cell lines, we tested
our protocol in four additional cancer cell lines with different tis-
sue origin (A549, MDCK?2, SJSA-1 and SKBR3). We recorded the
uptake and nucleolar staining of 5uM mCherry-R10 II in the pres-
ence of 10uM TNB-R10 5 in all tested cell lines at 37°C (Fig. 4a,b
and Supplementary Fig. 24) and 4 °C (Supplementary Fig. 25).
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Fig. 6 | The application of TNB-R10 in IgG antibody delivery. a, Method of delivering antibodies into cells using TNB-R10. b, Cellular uptake of 500 nM
Atto488-labelled brentuximab into HelLa CCL-2 cells in the presence and absence of TNB-R10 5 and at 37 °C and 4 °C. Cells are counterstained with
Hoechst 33342 to demonstrate exclusion of the antibody from the nucleus. ¢, Cellular uptake of 500 nM Alexa 594-labelled anti-GFP antibody into
Hela CCL-2 cells transfected with LifeAct-mVenus. d, Cellular uptake of 500 nM Atto488-labelled anti-TOMM20 antibody into HeLa CCL-2 cells,

simultaneously treated with MitoTracker Red CMXRos. Scale bars, 20 um.

Most of our findings point to an energy-independent mode of
uptake, but to probe whether TNB-R10 5 can also lead to endo-
somal leakage of an entrapped cargo, we used peptide 5 on cells in
combination with an mCherry variant (NLS-mCherry-K10 III)
that had been modified with a K10 peptide (via maleimide chemis-
try, Supplementary Fig. 3). The K10 peptide should be sufficient to
bring the protein into contact with the cell membrane and deliver
it into endosomes through active transport, but should not trans-
duce, as lysine-rich peptides do not share the crucial characteristics
of arginine-rich peptides for the membrane interaction’. Indeed,
incubation of 5uM mCherry-K10 alone or in combination with
20uM peptide 5 did not lead to nuclear localization, but only the
punctate fluorescence indicative of endosomal entrapment (Fig. 4c
and Supplementary Fig. 26).

Additionally, peptide 5 showed no signs of cytotoxicity or
decreased cell viability up to 50uM peptide (Supplementary
Fig. 27). Cells that took up mCherry with or without 5 showed
staining with calcein AM (acetoxymethylester), a cell-permeable
caged fluorophore that shows intracellular fluorescence in cells with
active metabolism (Supplementary Fig. 27). Performing uptake
in the presence of the dead cell stain Sytox Blue also did not lead
to nuclear staining with the dye (Supplementary Fig. 27). Taken
together, these experiments suggest that TNB-R10 peptide 5 does
not lead to disruption of the endosomal or cellular membrane.

Methods of cargo delivery that rely on endosomal escape are
often susceptible to the presence of serum, as they require effective
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endocytosis of both the cargo and the endosomolytic agent®’. We
hypothesized that peptide 5 would probably react with thiols in the
serum, but the co-delivery with 2 (Cys-R10) should still function.
Although the presence of serum did lead to reduced efficiency at
10% serum, with 5% serum or lower there was a negligible effect on
uptake (Supplementary Fig. 28). Interestingly, even in the presence
of serum, the thiol-containing peptide 2 performed significantly
better than the alkylated variant 3 (Supplementary Fig. 28). The
reduction in efficiency in the presence of large amounts of serum
may be due to the thiols in serum or the unspecific binding of CPPs
to serum proteins”.

We also tested if recombinantly expressed CPP fusion proteins
can be delivered, as these require much less equipment and effort
to produce. To test this, we expressed and purified mCherry with
a C-terminal R10 peptide (NLS-mCherry-exR10 IV; characteriza-
tion is provided in Supplementary Fig. 29). The mCherry-exR10
showed similar behaviour to the semi-synthetic variant, showing
predominantly endosomal uptake alone at a low, 5uM concen-
tration, which can be efficiently rescued by addition of peptide 5
(Fig. 4d and Supplementary Fig. 30). This mCherry variant does
not contain any cysteines, meaning it cannot form a disulfide with
5, thus demonstrating that the recombinant polyarginine is enough
for co-transport.

In the same vein, we also made mCherry variants modified
with R5 and R8 peptides and co-delivered them into cells with
TNB-R10 5 (Supplementary Figs. 31 and 32). The R8 peptide
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showed comparable results to the R10 peptide, while we saw a clear
drop in efficiency with the R5 peptide.

Given that peptide 5 can readily react with thiols, we tested
if applying a labelling mixture of a protein containing a free
thiol and CPP additive 5 without intermediate work-up would
facilitate the uptake protocol. On mixing 5uM mCherry with
a free cysteine with 15uM peptide 5, the cell permeability of
the mCherry was already visible after 10min, which further
improved after a 30-min incubation (Fig. 5a). This same protocol
also worked well for a cysteine-containing fluorescent nanobody
(Supplementary Fig. 33). It should be noted, here, that the CPP is
linked to both protein cargoes via an intracellularly cleavable disul-
fide, which results in broad nuclear staining (because of a nuclear
antigen for the nanobody) rather than the nucleolar localization
observed before”*.

To challenge our delivery protocol, we expressed and purified
Cre recombinase fused to a C-terminal R8 peptide (Cre-exR8; for
characterization see Supplementary Fig. 34). Fusions of Cre recom-
binase with the arginine-rich HIV TAT peptide have been reported
previously to aid in cell uptake™. We transfected HeLa cells with a
Cre activity reporter plasmid (Cre Stoplight 2.4°") that leads to a
change in fluorescence from green to red when the enzyme is pres-
ent within cells (Fig. 5b). We then treated cells with 1 uM Cre-exR8
alone or with added 10 uM Cys-R10 2 in the presence of 5% serum,
then monitored expression of the reporter gene by flow cytom-
etry and microscopy. As expected, the addition of peptide led to a
strong increase in expression of the Cre reporter, indicating success-
ful delivery of active Cre into the nucleus (Fig. 4f; for microscopy
results see Supplementary Fig. 35).

The TNB-R10 CPP additive allows cytosolic delivery of func-
tional IgG antibodies. Antibodies are exceptionally useful pro-
teins in molecular biology and pharmacology, targeting most of the
human proteome. Nevertheless, the cellular delivery of full-length
antibodies is particularly challenging due to the complex and quite
large architecture with a molecular weight of 150kDa and length of
15nm (approximately). Some methods to deliver full-length anti-
bodies into cells already exist, although they mostly rely on endo-
somal escape’"”. To test whether we can deliver a full-length IgG
antibody into cells at 4°C, we first used the fluorescently labelled
therapeutic antibody brentuximab. Thiolation was performed with
2-iminothiolane™. As before, by adding peptide 5, the antibody can
be modified with the cell-penetrating peptide via a disulfide bond,
while the excess cell-penetrating peptide should simultaneously aid
in cellular uptake (Fig. 6a). Indeed, treatment of cells with the anti-
body led to cellular delivery at 37°C, but not in the absence of CPP
additive 5 (Fig. 6b). A fluorescent signal could not be observed in
the nucleus (counterstained with Hoechst), probably because of the
size of the antibody excluding it from permeating through nuclear
pores. Even at 4 °C, antibody uptake could also be observed in most
cells, demonstrating energy-independent membrane transduction
of an antibody (Fig. 6b).

To validate that the delivered antibodies are still intact and func-
tional after cellular uptake, we subsequently tested two additional
commercial antibodies in our protocols. We first transfected a plas-
mid encoding a GFP mutant (LifeAct-mVenus) into HeLa cells and
functionalized a fluorescently labelled (Alexa 594) anti-GFP anti-
body as before. Incubation of cells with the antibody showed uptake
of the antibody into cells and co-localization of the antibody and
mVenus signals within the cell (Fig. 6¢, Pearson correlation coef-
ficient (PCC) for the shown inset, 0.80).

Finally, we also tested an antibody against the endogenous mito-
chondrial receptor TOMM?20. As with brentuximab, we first fluo-
rescently labelled the antibody, followed by thiolation and mixing
with CPP additive 5. Incubation of HeLa cells with the mixture
and a mitochondrial marker (MitoTracker Red CMXRos) led to
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noticeable endosomal entrapment, but also visible co-localization
of the two components (Fig. 6d, PCC for the shown inset, 0.58).

Discussion

Over recent years, a diverse array of methods for the delivery of
biomolecules into cells have been developed’, but we believe that
cell-penetrating, peptide-mediated delivery is among the top meth-
odologies, particularly in terms of synthetic flexibility. Nevertheless,
advancing the delivery of CPP-protein and CPP-antibody conju-
gates with even better uptake properties remains challenging and
requires often laborious chemical protein engineering.

Through our work, we have shown the delivery of various car-
goes with both synthetic and recombinant CPPs using thiol-reactive
R10 peptides. This uptake seems to be independent of active trans-
port and is not harmful to the cell. Cysteine and thiol-reactive spe-
cies have been described in the context of cellular uptake before’*.
The thiol reactivity of the CPPs we describe seems to be a crucial fac-
tor in our additive protocol and, in investigating it further, we find
that we can covalently label cell surfaces, through which we can then
deliver cargoes. We believe that this may develop into a valuable tool
for achieving cell-specific delivery of cargoes, if one can only modify
cells of a certain type. This could have great therapeutic potential,
for example in gene editing, and should be pursued further.

As the TNB-R10 5 also reacts quickly with thiol residues on bio-
molecules to form bioreversible disulfide bonds, it allows a ‘covalent
transfection’ that is immediately applicable to many protein sub-
strates. Importantly, no purification is required after addition of the
peptide, because the excess directly acts as the CPP additive, thereby
strongly enhancing uptake of the protein cargo. Furthermore, we
show that even IgG antibodies without any free cysteines can be
thiolated to allow use of peptide 5, and the thiolation could, in prin-
ciple, also be done in a reversible manner.

An essential benefit of our protocol is the possibility to per-
form uptake at 4°C. Under these conditions, no active endosomal
uptake occurs, which allows the delivery of compounds that are
sensitive to endosomal degradation or are toxic for the cell upon
prolonged exposure. Another key advantage of our findings is the
ability to employ proteins from standard recombinant expression,
in which the protein cargo is genetically fused to an oligo-Arg tag,
and use them in non-endocytic uptake. Using these, our protocol
allows a straightforward evaluation of CPP additives to enhance
uptake. Using this co-delivery strategy, we could deliver active Cre
recombinase into cells without any necessary conjugation chemis-
try. We achieve efficient gene editing, which could easily be applied
to the delivery of other functional enzymes. We have demonstrated
cytosolic delivery of three different antibodies using CPP additives,
resulting in the expected intracellular localization. Because of their
high efficiency and lack of measurable cellular toxicity, we envision
that our CPP additives will become important tools in cell biology.

This work is an important step in advancing the field of bio-
molecule delivery, with applications ranging from the intracellular
immunostaining demonstrated here to the design of next-generation
biopharmaceuticals. Our future work will be directed at making use
of this technique in going beyond cell culture to tissue culture and
even simple model organisms.
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
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A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.
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For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection Gel images: Image Lab version 5.1 (Bio-Rad)
Flow Cytometry: LSR Fortessa cell analyzer (BD Biosciences)
Microscopy: NIS Elements (Nikon)
Aquisition of UV-traces: Empower 3 (Waters)
Aquisition of high-resolution mass spectra: MassLynx V4.1 (Waters)

Data analysis Graphpad Prism 8 was used for statistical analysis. ImageJ version 1.52p and its extension FlJI were used in the automated quantification of
microscopy images and in the quantification of pearson's correlation coefficient (using the Coloc2 plugin for FIJI). The MaxEnt 1 tool (Waters)
was used to process high-resolution mass spectra. MaxQuant v1.6 was used to identify proteins from the Uniprot Homo Sapiens database.
Perseus was used to process the data and generate volcano plots. FlowJo (10.6, FlowJo LLC) was used to process flow cytometry data.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

>
QO
—
C
=
(D
=
D
wn
(D
Q
=
@)
>
=
(D
©O
]
=
>
(e}
%)
c
3
QO
=
<

020Z fudy




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

The Uniprot Homo Sapiens database used is available under "https://www.uniprot.org/proteomes/UP000005640". All other relevant data are included in the
manuscript, supplementary information or source data files. The plasmids generated for this study are available from the authors upon request.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were used to predetermine sample size. Where statistical analyses were performed, the sample sizes are listed in the
corresponding figure legends. In the quantitative microscopy experiments, variations between biological replicates were small and three
replicates were estimated to be sufficient.

Data exclusions  No data was excluded.

Replication All experiments were repeated at least once with similar results. Where statistical analyses were performed, experiments were performed in
at least three biological replicates. The uptake of NLS-mCherry-R10 Il with and without additional cell-penetrating peptide (as in Figure le)
was additionally performed in two different laboratories and cell cultures, giving the same results.

Randomization  Randomization was not applicable to this study as no clinical or animal experiments were done.

Blinding Blinding was not relevant to this study. In a given experiment all samples were treated equally. For the quantitative microscopy experiments,
data was automatically processed using a quantification script.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChIP-seq
Eukaryotic cell lines |:| |Z| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
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Clinical data
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Antibodies

Antibodies used Brentuximab was provided by the laboratory of Prof. Heinrich Leonhardt (Ludwig-Maximilians-Universitat (LMU) Minchen, Germany)
The Alexa Fluor 594 anti-GFP Antibody, Clone 1GFP63 was purchased from BioLegend (USA)
The Anti-Tom20/Tomm?20, clone 2F8.1 antibody was purchased from Merck kGAA.

Validation The anti-GFP and anti-Tom20/Tomm20 antibodies are validated for use in immunofluorescence by the manufacturers:
https://www.biolegend.com/en-us/products/alexa-fluor-594-anti-gfp-antibody-15599
https://www.merckmillipore.com/DE/de/product/Anti-Tom20-Tomm?20-Antibody-clone-2F8.1, MM_NF-MABT166#documentation
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The obtained Brentuximab antibody was not used in any application that would require antigen binding and therefore does not need
to be validated, but binding was shown in several articles e.g. DOI: 10.1002/anie.201904193

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) Hela CCL-2: ATCC
Hela Kyoto (CVCL_1922): Narumiya S.; Kyoto University; Kyoto; Japan.
Hela Kyoto GFP-PCNA: Tu Darmstadt, J Cell Biol 149, 271-280.
SK-BR-3: ATCC
A549: ATCC
MDCK-2: ATCC
SISA-1: ATCC

Authentication The cell lines were not authenticated.

Mycoplasma contamination The cell lines were not tested for mycoplasma contamination.
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Commonly misidentified lines  No commonly misidentified cell lines were used.
(See ICLAC register)

Flow Cytometry

Plots
Confirm that:
|Z The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|Z| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|Z| All plots are contour plots with outliers or pseudocolor plots.

g A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Hela Kyoto cells were seeded onto a 12-well plate on day 1 of the experiment. On day 2, the Cre-Stoplight 2.4 reporter
plasmid was transfected using lipofectamine 2000 according to the manufacturer's protocol. On day 3, the cells were treated
with Cre recombinase in medium with 5% serum (or only medium for the control). The cells were incubated for another 24
hours at 37°C. The cells were then detached using accutase, spun down and resuspended in PBS before analysis on the flow
cytometer.

Instrument BD LSRFortessa

Software LSR Fortessa cell analyzer (BD Biosciences) was used in data aquisition. FlowJo v10.6 (FlowJo LLC) was used in the analysis of
the flow cytometry data.

Cell population abundance Samples were not sorted. At least 1074 cells were analyzed per condition.

Gating strategy Dead cells showing high DAPI signal and multiplets with large forward scattering were removed through gating.

Untransfected cells that showed neither green nor red fluorescence were then removed in a second step. Quantification of
Cre positive cells was done on the remaining cell population.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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