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Enhanced Live-Cell Delivery of Synthetic Proteins Assisted by Cell-
Penetrating Peptides Fused to DABCYL

Shaswati Mandal®, Guy Mann", Gandhesiri Satish, and Ashraf Brik*

Abstract: Live-cell delivery of a fully synthetic protein having
selectivity towards a particular target is a promising approach
with potential applications for basic research and therapeutics.
Cell-penetrating peptides (CPPs) allow the cellular delivery of
proteins but mostly result in endosomal entrapment, leading to
lack of bioavailability. Herein, we report the design and
synthesis of a CPP fused to 4-((4-(dimethylamino)phenyl)a-
zo)benzoic acid (DABCYL) to enhance cellular uptake of
fluorescently labelled synthetic protein analogues in low
micromolar concentration. The attachment of cyclic deca-
arginine (cRI10) modified with a single lysine linked to
DABCYL to synthetic ubiquitin (Ub) and small ubiquitin-like
modifier-2 (SUMO-2) scaffolds resulted in a threefold higher
uptake efficacy in live cells compared to the unmodified cR10.
We could also achieve cRIODABCY L-assisted delivery of Ub
and a Ub variant (Ubv) based activity-based probes for
functional studies of deubiquitinases in live cells.

Introduction

Cell-permeable synthetic proteins possess the power to
advance our knowledge of intracellular protein-protein
interactions, protein localization and functions. Intracellular
delivery of biologically relevant proteins, particularly those
having crucial cellular functions to disease state could find
useful applications for basic research and as therapeutics.!
However, due to their physical properties, proteins cannot
often cross the plasma membrane without utilizing delivery
methods.” In this regard, cell-penetrating peptides (CPPs)
have gained numerous research interest because of their
potential to deliver cargo into live cells by covalent or affinity
interaction with the cargo.P! Although the early CPPs were
natural protein derived peptides (e.g. TAT, penetratin),
synthetic CPPs with complex modifications are reported to
outperform the conventional CPPs.[**! Interestingly, cycliza-
tion plays an important role in increasing the efficiency of the
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CPPs to penetrate the cell membrane due to structural
rigidity®® and high proteolytic stability.”! Additional improve-
ment of CPP properties can be achieved by increasing the
number of the positive charge of the CPP,”#! the addition of
inverted chiral residues (i.e. p-amino acids),”) and in some
cases the addition of hydrophobic side chains at specific sites
(e.g. palmitoylation).!'")

CPP-protein conjugates mostly enter into cells via endo-
cytosis and reach the cytosol only if successful endosomal
escape takes place.”) The process of endosomal escape is
unpredictable and its efficiency varies for different CPP-cargo
conjugates, resulting in one of the major drawbacks in CPP
mediated protein delivery.”) Endosomally trapped protein
cargos undergo lysosomal degradation by lysosomal proteas-
es,l'"" which eventually prevents the cellular uptake analysis of
protein. Achieving a uniform cytosolic distribution of pro-
teins in low concentration is very challenging in terms of cost-
efficiency.l'” Live cell delivery of proteins with high efficacy is
necessary for the proficient analysis of the protein function.
Moreover, there are only a few examples for the delivery of
fully synthetic™>™®! or semi-synthetic'®'”! proteins, having
different labels and backbone modifications into live cells.

To overcome the current limitations, we attempted to
develop a new class of CPP, which will be added to the
chemical biology toolbox for efficient intracellular delivery of
synthetic proteins. We chose to work with fluorescently
labelled synthetic mono-ubiquitin (Ub) scaffold as our
primary protein of interest since it plays important roles in
maintaining various cellular functions. An important part of
the Ub machinery is the deubiquitinating enzymes (DUBs),
which regulates Ub homeostasis. We and others have
reported several synthetic strategies based on various ligation
approaches to generate different Ub or polyUb chains with
functional labels and also poly-ubiquitinated proteins with
precisely branched native and non-native bonds."®*?” These
strategies offer unprecedented control over the Ub scaffold or
chain, the linkage-types and lengths, which demonstrated
great value in the areas of Ub research.”!! These strategies
have also been adopted to Ub-like (Ubl) modifiers, such as
small Ub-like modifier (SUMO).>

Herein, we report on the design and synthesis of a new
CPP, which highly improves the cytosolic delivery of CPP-
protein (Ub and SUMO-2) conjugates in low micromolar
concentration. The uptake efficiency of our synthetic proteins
was confirmed by qualitative live-cell confocal laser scanning
microscopy (CLSM) and statistically analyzed by imaging
flow cytometry. We have successfully demonstrated the live-
cell delivery of Ub based activity-based probe (ABP),
carrying a C-terminal propargylamine (PA) warhead, which
can covalently trap different intracellular enzymes of the

Wiley Online Library

An dte

Chemie

7333


http://orcid.org/0000-0001-8745-2250
https://doi.org/10.1002/anie.202016208
http://dx.doi.org/10.1002/anie.202016208
http://dx.doi.org/10.1002/ange.202016208

GDCh
~—

7334

ubiquitination system.’®?”) Alongside, we successfully deliv-
ered an Ub variant (Ubv), bearing a PA warhead for labelling
intracellular Ub specific proteases 7 (USP7).

Results and Discussion

Design and Synthesis of New CPP Linked to Fluorescently
Labelled Peptides

The rational design for this study includes fluorescently
labelled synthetic Ub scaffold fused with a disulfide-linked
cleavable CPP moiety at the N-terminus. We choose the
cleavable cyclic deca-arginine peptide (¢R10) as a model CPP
as it shows three times more uptake efficiency for the GFP
binding protein antibody compared to cTAT peptide and also
it is recently reported to have efficient cellular uptake of
mCherry.'>*! Although, our previous findings demonstrated
delivery of Ub analogues modified with the reported cyclic
deca-arginine (cR10) through a stable linkage,™ the N-
terminal disulfide-linked ¢R10 (cleavable) seemed to be
inefficient in endosomal escape (results not shown). As of
today, only a few studies have been reported on the live-cell
delivery of synthetic CPP-Ub conjugates. Yet, in all these
studies substantial endosomal entrapment was observed.'?!
Withstanding in this situation, where efficient live-cell
delivery of synthetic Ub/Ub like conjugates is currently
a challenge with no universally accepted regimen, we aimed
to design a new CPP to promote efficient cellular uptake and
benefit from this developed synthetic tools in the Ub/ Ubl
research fields.

We chose to modify ¢R10 with 4-(dimethylaminoazo)
benzene-4-carboxylic acid (DABCYL) because of its struc-
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tural simplicity, availability along with hydrophobicity, which
could assist cell permeability. First, we aimed to compare the
efficiency of the CPPs in a small peptide system containing
a fluorescently labelled short peptide (P1 labelled with
fluorescein isothiocyanate, FITC), which was synthesized
using SPPS, (Figure 1a). The CPP units (cR10 and
cR10DABCYL) were synthesized and activated using modi-
fications of the reported procedure (Figure 1b, Figure S2).>*!
Peptide P1 was conjugated to the activated CPPs via
a cleavable disulfide linkage to afford peptides 1 and 2
respectively, as shown by HPLC-MS analysis (Figure 1c,d).

DABCYL-Modified CPP Promotes the Efficient Cellular Uptake of
Peptides

Endocytic cellular uptake of CPP-linked peptides (or
proteins) mostly lead to punctuate signals indicative of the
cargo entrapment inside the endosomal compartments. Effi-
cient endosomal escape of the cargo is highly necessary for
bioavailability and bioactivity. To verify the improvement in
live-cell delivery of the peptide linked to ¢cRI0DABCYL
(cR10D), we co-incubated U20S cells with 6 pm of 1 and 2
dissolved in phosphate buffer saline (PBS). After 15 min of
co-incubation, we performed heparin sulfate washing to
remove membrane-bound peptides. The delivery was fol-
lowed by the FITC fluorescence signal and analyzed by
CLSM (Figure 2).

By observing the live-cell images with the two different
CPPs, we were pleased to observe enhanced delivery for
peptide 2. Peptide 1 was mainly stuck in the membrane and
endolysosomal compartments (as green punctuates), whereas
2 was uniformly distributed into the cytosol (Figure 2a,c).
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Figure 1. Chemical synthesis of model peptides 1 and 2. a) Synthetic scheme for P1. b) Synthetic scheme for cR10D. c) Conjugation of activated
cR10 to P1 and HPLC-MS analysis of purified 1. d) Conjugation of activated cR10D to P1 and HPLC-MS analysis of purified 2.
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Figure 2. Delivery of model peptides 1 and 2 to live U20S cells.
a) FITC signal from 1 (green). b) FITC signal from 2 (green) (scale
bars 10 pm).

From these experiments, we concluded that @
cR10D exhibited efficient cell delivery when
compared to the unmodified ¢R10, where Lys-
linked DABCYL appears to assist in the cellular
uptake or endosomal egress of the model peptide

(P1). ®)
With these results in hand, we turned to T
implement the DABCYL effect in a biologically Aol

relevant protein, such as Ub. Ubiquitination, the
attachment of a Ub or polyUb chain to a protein
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on 2-chlorotrityl chloride resin (2-CTC) and the final
construct TAMRA-Cys-Ub-COOH (3) was purified in 19%
yield (Figure S6). To obtain the final Ub conjugates with the
two different CPPs, both of the activated (DTNP switched)
c¢R10 and cR10D were reacted with 3 in 6 M Gn-HCl at pH
~7.2 for 5 min to generate Ub analogues 4 and 5 in 56 % and
60 % isolated yield, respectively, (Figure 3b,c).

A threefold increase in the efficiency of live cell delivery
of synthetic Ub linked to DABCYL-cR10 in comparison to
unmodified cR10: After synthesizing the Ub analogues 4 and
5, we examined the efficiency of the CPPs in live-cell delivery.
We treated U20S cells with 2 um of 4 and 5, followed by 1 h
incubation and staining with Hoechst (nuclear stain).
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protein trafficking and degradation, signal trans-
duction, DNA repair and cell division.'”?! Ubiq-
uitination is a reversible process, in which DUBs
removes Ub or the polyUb chain from the
substrate protein.*! DUBs are considered key
players in Ub signaling and function at various
stages of the Ub life cycle, starting from the
generation of mature Ub from inactive fusion proteins to the
control of the function and destiny of ubiquitinated proteins
by removing or editing the Ub chain.P'! A large section of the
accumulated knowledge about DUBs has been obtained
using various methods like small molecule inhibitors,*>*! and
activity-based probes,?!! which supported DUB’s important
roles in various diseases.

Synthesis of CPP-Ub Conjugates for Cellular Uptake Experiment

Development of synthetic strategies to Ub conjugates has
contributed to the experimental approaches to study the Ub
system. Despite these impressive synthetic achievements,
homogenously ubiquitinated proteins have been mainly used
for in vitro experiments, a simplified representation of the
cellular environment lacking distinct cellular regulatory
elements and biological context."” In light of this limitation,
the area of Ub research would tremendously benefit from
methods that allow the delivery of synthetic Ub probes into
live cells.

In this study, we synthesized Ub analogues with a PEG
linker bearing a Cys residue in its N-terminal to mediate
disulfide linkage with the CPP, while the N-terminus is
labelled to a fluorophore S-carboxytetramethylrhodamine
(TAMRA). The synthesis was carried out using Fmoc-SPPS
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Figure 3. Synthesis of Ub-conjugates: a) Synthetic scheme of 4 and 5 starting from
3. b) HPLC-MS analysis of purified conjugate 4 (observed mass=11473.2+0.2 Da,
caled mass=11473 Da). c) HPLC-MS analysis of purified conjugate 5 (observed
mass=11852.2+0.2 Da, calcd mass=11852 Da).

The CLSM images confirmed that analogue 5 is uniformly
delivered in the cytosol and localized in the nucleus and
nucleoli, with significantly fewer signals in the lysosomes or
endosomes as compared to analogue 4 (Figure 4a,e). The
enhanced live-cell delivery with ¢cR10D was verified by the Z-
stack images as well (Figure S9). Additionally, the cellular
uptake of 4 and § at 4 pm was studied in the presence of
DMEM cell culture medium containing serum (FBS). As Ub
analogues freely diffuse into the nucleus after reaching
cytosol due to their small molecular weight (&8 kDa)?*%
and as the nucleus is deprived of any endosomes or lysosomes,
we used the nuclear masking strategy following nuclear
TAMRA intensity to assess the efficiency of delivery. The
quantification of the total nuclear TAMRA intensity inside
U20S cells (over 150 cells), using FiJi software depicted
a threefold increase in fluorescence intensity for ¢R10D
compared to ¢R10 (Figure 41, Figure S8, S9). After confirm-
ing that DABCYL assisted efficient delivery of synthetic Ub
probes, we wanted to verify that the increased fluorescence
correlates to the amount of TAMRA-UD in the delivered
cells. For this, we analyzed the U20S cell lysates upon cell
delivery by SDS-PAGE. Prior to lysis, cells were washed by
trypsin-EDTA solution and vigorous cold PBS washes were
performed to remove any non-internalized CPP-cargo con-
struct.”*¥ Fluorescent SDS-PAGE following TAMRA emis-
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Figure 4. Representative images of delivery of Ub analogues 4 (a—d) and 5 (d—g) to live U20S cells. a,d) 4 and 5 (TAMRA, red). b,e) Hoechst
(blue). ¢,f) TAMRA and Hoechst channels combined. d,g) Bright field channel. (Scale bars 10 um). The experiment was repeated twice.

i) Quantification of nuclear TAMRA intensity relative to the untreated cells from Figure 4a & e. Results are the average of two independent
experiments (over 150 cells per experiment). Error bars are the standard deviation of the averages. j) Fluorescent gel assay in U20S cells after cell

delivery.

sion demonstrated that the delivery of the conjugated and
free probe was more for cR10D than ¢R10 (Figure 4j).

Linear R1oDABCYL Delivers Ub Scaffold with Similar Efficiency
as Cyclic cR1oDABCYL

Next, we wanted to examine the effect of DABCYL on
the linear CPP and compare its efficiency in cell delivery. It
has been recently discovered that cyclization of CPPs
enhances their cellular entry efficiencies.® Therefore, we
designed the linear deca-arginine peptide modified with Lys
linked DABCYL (R10D). In addition, we wanted to examine
if the observed increase in protein delivery is due to the loss of
the lysosomal signals, as a result of the quenching effect of
DABCYL on TAMRA fluorescence, or because of increase in

www.angewandte.org
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the total amount of proteins delivered in live cells. Therefore,
we introduced Black Hole Quencher 2 (BHQ2), which is
known to quench TAMRA fluorescence efficiently and
modify the CPP, similarly to the ¢R10D. The linear R10
modified with DABCYL (R10D) and ¢R10 modified with
BHQ?2 (¢cR10BHQ2) were incorporated at the Lys side chain,
to maintain the structural similarity with ¢R10D. Cleavage
from the solid support followed by purification gave R10D
and c¢R10-BHQ?2 in isolated yields of ~13% and ~10%,
respectively, (Figure S10, S11). To compare the efficiency of
the four addressed CPPs, we synthesized fluorescently
labelled Ub with amide functionality in the C-terminus. The
synthesis was carried out in a similar manner using Fmoc-
SPPS on Rink amide resin to afford 6 in 10 % isolated yield
(Figure S12). Upon activation of the Cys group for each CPP,
these were subsequently reacted with TAMRA-Cys-Ub-

Angew. Chem. Int. Ed. 2021, 60, 7333—7343
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Figure 5. TAMRA-Cys-Ub-CONH, construct (6) and the four fluorescently labelled Ub-CPP conjugates (7-10) for live-cell delivery.

CONH, through disulfide bond exchange reaction to give 7-
10, Figure 5 (Figure S13).

The CLSM images (Figure 6) confirmed an increase in
TAMRA (red) fluorescence when Hela cells were treated
with ¢R10D-containing Ub analogue (8) compared to those
treated with TAMRA-Cys(cR10)-Ub (7), Figure 6a,f. A
similar fluorescence increase was observed for the linear
R10D (9) suggesting that attachment of DABCYL to linear
R10 enhanced the cellular uptake of fluorescently labelled Ub
constructs with significantly less endosomal or lysosomal
entrapment (Figure 6k). Surprisingly, BHQ2 modification did
not increase the efficiency of delivery as confirmed by the
TAMRA intensity in the respective CLSM images (Fig-
ure 6p). The efficient intracellular delivery of both the cyclic
and linear DABCYL CPPs suggests that DABCYL could
compensate to large extent on the absence of structural
rigidity and that cyclization is not mandatory for enhanced
cellular uptake efficiency of fluorescently labelled Ub con-
structs. This indeed indicated that the DABCYL effect on the
cellular uptake efficiency for synthetic Ub probes could be
not only due to its hydrophobic contribution but also due to
unique structural features that are yet to be determined.

After confirming the delivery of 7-10, the TAMRA
intensity measured by CLSM was analyzed by FiJi software
under CT-DR mask and nuclear mask (Figure 7a, S14). Our
results suggest that the cells treated with 8 and 9 containing
cR10D and R10D respectively, appear to have a similar
abundance of fluorescence intensity. Notably, the cell mask
did not represent the actual cytosolic TAMRA intensity
measurements for different Ub probes. This is probably due
to the high fluorescence from the endosomally trapped
proteins for 7 or 10, where the cytosolic availability of protein
was not improved.
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To strengthen our results, along with the confocal
microscopy study we used a robust flow imaging cytometry
method, which enabled the detection of delivery efficiency at
a single-cell level providing a large data set. The experiment
was done by co-incubating U20S cells with 2 um of analogues
7 and 8 dissolved in PBS. The cell delivery was followed by
LT-G staining, harvesting the cells by trypsin and lastly,
adding Hoechst stain. Again, nuclear localization of the
fluorescently labelled Ub analogues (7 and 8) was used as
a metric to determine efficient cell delivery applied to the
gained data set as a series of gates.*! Interpreting the
statistical image analysis data, it can be comprehended that
the ¢R10D is three times better in the delivery of the Ub
analogue to U20S cells than ¢R10 (Figure 7b).

CPPs are known to strongly bind to the cell membranes
and were reported to compromise the membrane integrity at
high concentrations.” Although we used concentration that
is safe and below the reported toxic range of cR10, we
verified that the addition of DABCYL does not compromise
membrane integrity by using SYTOX blue™ as previously
reported.!™ In our delivery conditions we could not detect
any cells with compromised plasma membrane as evident by
a complete uniform population of SYTOX blue negative cells
in all the ¢cR10D concentrations that were measured (Fig-
ure S17).

Live-cell Delivery of Ub- and Ubv-Based ABP

Among ~ 100 DUBs in a human genome, most of them
are cysteine proteases.'*! Previous reports established that
C-terminally attached alkynes to a substrate protein can react
with the active-site Cys of target proteases, which will be
denaturation resistant.?! C-terminally propargylated Ub was
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Figure 6. Representative images of delivery of 7, 8, 9, 10 to live Hela cells. a,f,k,p) TAMRA signal (red) from 7, 8, 9, and 10, respectively.

b,g,1,q) Hoechst (blue) from 7, 8, 9, and 10, respectively. c,h,m,r) CT-DR (pink) from 7, 8, 9, and 10, respectively. d) 7 (TAMRA) and Hoechst
channel from (a) and (b) combined. i) 8 (TAMRA) and Hoechst channel from (f) and (g) combined. n) 9 (TAMRA) and Hoechst channel from (k)
and (I) combined. s) 10 (TAMRA) and Hoechst channel from (p) and (q) combined. e,j,0,t) Bright field images from 7, 8, 9, and 10, respectively.
(Scale bars 10 pm). The experiment was repeated three times.
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Figure 7. Quantification of cellular and nuclear TAMRA intensity in a) HeLa cells after treatment with 7-10, relative to untreated cells (based on

the average of 450 cells from three repetitions).

b) Quantification of nuclear TAMRA intensity after treatment of U20S cells with 7 and 8, as

determined by flow imaging cytometry. Unpaired t-test, p <0.0001. Results are the average of two independent sets of experiments. Error bars are

the standard deviation of averages.

also reported as a potential candidate as an activity-based
probe (ABP) for labelling various DUB.?”) With our efficient
delivery vehicle, we then attempted the cell delivery of Ub
based ABP. Hence, we designed an Ub probe having
a solvent-exposed S20C mutation for incorporating the
c¢R10D unit. Also, G76 of Ub was replaced with propargyl-
amine (PA) warhead and a fluorescent label (TAMRA) at N-
terminus to monitor the live-cell delivery followed by
fluorescent gel analysis.

Among the various members of DUBs, Ub specific
protease 7 (USP7 or HAUSP) is a human DUB known for
regulating the cellular level of tumour suppressor p53.! Due
to the deviant expression of USP7 in many human cancers
and other diseases, this particular DUB became a potent
target for cancer therapy.*’’ We chose to target USP7 by
utilizing Ubv based ABP. Binding of Ub with proteins
generally occurs via Ub binding domain (UBD) with low
affinity and in an unspecific manner.[**! The Ub affinity can be
tuned to be enhanced towards a particular enzyme by
mutating different positions of the Ub sequence to generate
Ub variants (Ubv).¥] One of these variants is the M6
containing PA warhead in the C-terminus, which was found
to be very selective for USP7 in HAP1 cell lysate.*! This M6
was reported to have mutations at several positions in
comparison to Ub (T7D, L8Y, I13R, E34L, Q40N, D58K-
biotin, L69A, and L71A). The presence of a bulky group at
Kss position (lysine-biotin) was introduced to hinder the
interaction of M6 with USP5,*! which substantially contrib-
uted to its selectivity towards USP7. To enable live-cell
delivery of the Ubv based USP7 ABP ie., M6, we also
mutated the solvent-exposed Ser20 residue into Cys to allow
incorporation of ¢R10D through disulfide linkage.

Both Ub and M6 were synthesized on SPPS using
reported linker o-amino(methyl)aniline (MeDbz) followed
by on resin ammonolysis to get TAMRA-Ub(S20C)-PA and
TAMRA M6(S20C)- PA in 10% and 7% isolated yields,
respectively. Next, both of the analogues were conjugated to
the activated ¢cR10D peptide affording construct 11 and 12
(Figure 8a,b).

Next, we proceeded to perform live-cell delivery of both
Ub and Ubv based DUB ABP (12). Both analogues 11 and 12
were successfully delivered in U20S cells by co-incubating
4 um of each conjugate dissolved in PBS for 1 h. In the case of

Angew. Chem. Int. Ed. 2021, 6o, 7333 —7343
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Ub-PA analogue (11), the delivery was significantly good in
2 uM concentration, (Figure S23). However, with the M6
construct (12) we had to increase the concentration to 4 um to
get similar efficiency of delivery to 11 probably due to the
different mutations and modifications performed compared
to the other Ub analogues. CLSM images verified that the Ub
based ABP can also be efficiently delivered into the U20S
cells by changing the CPP position from N-terminal to
a solvent-exposed area (Figure 9a). The M6 delivery (Fig-
ure 9¢) possibly could be improved by removing the biotin
tag.

To confirm the M6 selectivity towards USP7 following
delivery in live cells, we carried out SDS-PAGE and western
blot (WB) analysis with U20S cell lysate (Figure S24). The
selectivity of M6 towards USP7 was at first confirmed by the
reactions of the probes with cell lysates as a positive control.
Analysis of lysates from U20S cells upon delivery of 11 and
12 by gel-based fluorescence and WB against USP7 demon-
strated that USP7 was selectively labelled by M6 in live cells,
(Figure S24). While comparing the lysate and live-cell results,
we observed that treating cell lysates with the Ub probe
resulted in a similar number of fluorescent bands (Fig-
ure S24a,b) when compared to live U20S cells treated with
the Ub probe, (the difference was more prominent in the high
molecular weight region). Our lysis condition was designed to
prevent the post lysis reactions between the residual undeliv-
ered probes and the enzymes released during lysis. Therefore,
these results support the applicability of our approach in live-
cell delivery of synthetic Ub probes and labelling of different
cellular components. Also, the M6-ABP demonstrated iden-
tical USP7 labelling both in lysate and live cells. These results
suggest that the activity profile of USP7 is unaltered upon cell
lysis and could be studied using cell lysates for development
of new USP7 inhibitors.

Synthesis of CPP-SUMO-2 Conjugates for Cellular Uptake
Experiments

The post-translational modification of proteins with
SUMO, known as SUMOylation regulates a plethora of
cellular processes. Chemical and semi-synthesis of different
SUMO analogues or SUMOylated proteins intrigued us to
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Figure 8. Synthesis of cell-permeable DUB ABP. a) Ub sequence with S20C mutation and synthetic scheme for Ub-based DUB ABP (11) for live-
cell delivery. b) Ubv M6 sequence with S20C mutation and synthetic scheme for Ubv-based DUB ABP (12) for live-cell delivery. c) HPLC-MS
analysis of purified conjugate 11 (observed mass=11600.4 42.4 Da, calcd mass=11602 Da). d) HPLC-MS analysis of purified conjugate 12
(observed mass=11833.1+2.1 Da, calcd mass=11835 Da).

(a) Ub-PA (11)

(e) M6-PA (12)

Figure 9. Representative images of delivery of 11 and 12 to live U20S cells. a,e) TAMRA signal (red) from 11 and 12, respectively. b,f) Hoechst

(blue) from 11 and 12, respectively. c) 11 (TAMRA) and Hoechst channel from (a) and (b) combined. g) 12 (TAMRA) and Hoechst channels from
(e) and (f) combined. d,h) Bright field from 11 and 12, respectively. (Scale bars 20 um). The experiment was repeated thrice (imaging of at least
150 cells per experiment for each construct).

explore CPP mediated live-cell delivery of SUMO for further
functional analysis.’>**! SUMO plays important roles in many
biological processes such as cell cycle progression, mitochon-
drial dynamics, and, genome stability by DNA repairing

7340 www.angewandte.org

etc.’2#-4 Although the name suggests ubiquitin-like, SUMO
has only around 20 % sequence identity with Ub and it is
significantly larger (& 11 kDa) than Ub (~8 kDa). SUMO
exists in four different isoforms, SUMO-1, -2, -3, -4 and like
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other post-translational modifications, SUMOylation can also
be reversible by specific SUMO proteases, having potential as
pharmacological targets.*”)

We designed fluorescently labelled SUMO2-cR10 (14)
and SUMO2-cR10D (15) analogues to verify the live-cell
delivery efficiency upon DABCYL modification by visualiz-
ing their distribution in cell delivery by confocal microscopy
and quantifying by a nuclear masking algorithm as stated
earlier. The synthesis of the 93 amino acid long SUMO2 was
carried out directly on solid support employing Fmoc-SPPS,
having a solvent-exposed Cys48 to incorporate CPP moieties
through disulfide linkage on the 2-CTC resin.”” Upon
coupling TAMRA to the N-terminus of SUMO?2, the protein
was cleaved from the solid support to give TAMRA-SUMO2
(13) in ~ 6% isolated yield (Figure S25). Next, analogue 13
was conjugated to the activated ¢R10 and c¢R10D peptides
affording constructs 14 and 15, respectively (Figure 10b,c).

After synthesizing analogues 14 and 15, we examined the
efficiency of the CPPs in live-cell delivery. We treated U20S
cells with 4 um of 14 and 15, dissolved in PBS and co-
incubated at 37°C for 45 min. Cells were then washed with
heparin sulfate, followed by staining with Hoechst (nuclear
stain). The CLSM images confirmed that analogue 15 was
efficiently delivered and uniformly distributed in the cyto-
plasm and nucleus with significantly fewer signals in the
lysosomes or endosomes (punctuates) as compared to ana-
logue 14, where there was considerably less fluorescence
signal (Figure 11a,e; i,k).

To quantify the uptake efficiencies of SUMO?2, we used
a nuclear masking strategy following nuclear TAMRA
intensity. The quantification of the total nuclear TAMRA
intensity of the treated U20S cells demonstrated a threefold
increase in fluorescence intensity for ¢cR10D compared to
cR10 (Figure 11m).

Conclusion

In this study, we have demonstrated that different
fluorescently labelled synthetic proteins including Ub, Ub/

SPPS

=2,

(a) HaN
Cleavage

cR10( TNP)

Research Articles

% SUMOZ 1-93)

Internati

Ubv based ABP and SUMO-2 analogues can be engineered
to become cell-permeant by incorporating a new DABCYL-
CPP. The DABCYL-CPP was incorporated either at N-
terminus or on the solvent-exposed region of the protein
scaffold bound through a cleavable disulfide linkage. With
this developed CPP, our synthetic proteins in low micromolar
concentrations can be efficiently delivered into live cells with
the uniform cytosolic distribution. This CPP allowed us to
substantially improve the concentration profile required for
successful delivery, which is often a limitation for CPP
mediated protein uptake. By comparing the DABCYL
modified ¢cR10 (¢R10D) with unmodified ¢R10, we were able
to demonstrate the significance of single DABCYL modifi-
cation resulting in a threefold increase in the cellular uptake
of our synthetic Ub constructs, as confirmed by both
qualitative and statistical analysis. Alongside, we investigated
the importance of this modification on linear CPP, which
showed comparable uptake efficiency of Ub analogue to the
cyclic CPP. We used ¢R10D as a tool to assist the delivery of
fluorescently labelled Ub-PA, an ABP for profiling different
enzymes involved in the ubiquitination pathway and the
USP7 selective Ubv based ABP. Our delivered ABPs allowed
us to visualize ubiquitination machinery enzymes including
USP7 through covalent labelling in live cells, which similarly
can be used to advance our understanding of various DUBs
by using the specific Ubvs.®! We confirmed the applicability
of ¢R10D, by delivering also fluorescently labelled SUMO-2-
CPP analogues which opens up new opportunities to use cell-
permeable SUMO ABPs for various applications and encour-
ages the possibility of delivering a wide range of synthetic
proteins for functional studies in live cells. We hypothesize
that the DABCYL effect is due to its hydrophobic nature,
although other effects might be important and yet to be
determined."”) We aim to further optimize the chemical space
of the DABCYL structure for additional improvements of
synthetic proteins delivery for functional studies in physio-
logical environments. Intracellular delivery of functional
synthetic proteins is a promising tool for understanding
protein functions in general and therapeutic applications.
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Figure 10. Synthesis of SUMO2-CPP conjugates: a) Synthetic scheme of 14 and 15 starting from 13. b) HPLC-MS analysis of purified conjugate 14

(observed mass=13214.6+0.6 Da, calcd mass=13214 Da).
calcd mass=13594 Da).
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c) HPLC-MS analysis of purified conjugate 15 (observed mass=13594.2+0.2 Da,
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Nuclear TAMRA intensity

SUMO-2-SScR10  mSUMO-2-SScR10D

Figure 11. Representative images of delivery of 14 and 15 to live U20S cells. a,e) TAMRA signal (red) from 14 and 15, respectively. b,f) Hoechst
(blue) from 14 and 15, respectively. c) 14 (TAMRA) and Hoechst channel from (a) and (b) combined. g) 15 (TAMRA) and Hoechst channels from
(e) and (f) combined. d,h) Bright field from 14 and 15, respectively. (Scale bars 20 um). The experiment was repeated thrice (imaging of at least
150 cells per experiment for each construct). i) Representative zoomed image of 14 from TAMRA channel and j) TAMRA and Hoechst channels
combined. k) Representative zoomed image of 15 from TAMRA channel and |) TAMRA and Hoechst channels combined. (Scale bars 5 um).

m) Quantification of nuclear TAMRA intensity of 14 and 15 relative to the untreated cells. The result is the average of the three independent sets
of experiments. Error bars are the standard deviation of averages.
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