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In this study, the live-cell delivery of structurally different synthetic
diubiquitin chains was examined. We found that the combination of
structural variations of the Ub chains (intrinsic factors); nature of
CPP and CPP-protein linkage (extrinsic factors) influence their
delivery.

Ubiquitin (Ub) is a 76 amino acid long globular protein that is
conserved in eukaryotes.' Single Ub or chains of Ub (polyUb)
can be attached covalently to cellular proteins in a process that
is known as ubiquitination which controls a plethora of biolo-
gical processes.' Ub chains introduce an extra layer of complex-
ity into the cellular signaling cascade by self-ubiquitination via
an isopeptide bond or an amide bond between its C-terminus
and the side chain of one of the seven Lys (K6, K11, K27, K29,
K33, K48, or K63) or the N-terminus of the consecutive Ub,
respectively.>?

To understand the molecular basis of Ub signaling, several
groups have recently reported the delivery of Ub, Ub activity-
based probes (ABP), Ub variants (Ubv) for various studies such
as probing the activity of enzymes in the Ub system, and also
the delivery of small Ub like modifiers (e.g., SUMO) have been
reported.” Nevertheless, these studies have been mainly limited
to monoUb analogues.

One interesting feature of polyUb chains is that they have
unique structural topologies along with their distinctive signal-
ing events.> For example, several studies have shown that at
neutral pH, while Lys48-linked Ub chains adopt a closed
conformation, the Lys63-linked chains have an extended
one.” Yet, the effect of structural changes on their cellular
uptake is still unclear. Therefore, we chose the Lys48 and
Lys63-linked diUb chains as a model system for studying their
delivery since they are structurally different yet have the same
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amino acid composition. Such a system offers a unique oppor-
tunity to study various aspects of diUb delivery with varying
intrinsic properties (e.g., conformation, surface charge distri-
bution, hydrophobicity, etc.) and extrinsic properties (e.g.,
choice of CPP, linkages).

Herein, we report on the design and synthesis of eight Lys48
and Lys63-linked diUb-CPP conjugates for studying their live-
cell delivery. We found that the choice of CPP along with the
linkage connecting it with the cargo influences the delivery
outcome apart from the structural properties of the specific Ub
chain. We have successfully demonstrated the need for a
combination of all the necessary elements to modulate the
live-cell delivery of our synthetic Ub dimers.

To examine the effect of the structural differences along with
the nature of CPPs on cell delivery, we aimed to study the
combination of two types of CPPs ie., cyclic deca-arginine
(cR10) and DABCYL modified cR10 (cR10D)* and linkages
(disulfide and maleimide) and the two diUbs (Lys48 and
Lys63). Therefore, eight different diUb-CPP conjugates had to
be chemically prepared. Each diUb was designed to have a
fluorophore attached to its N-terminus of the proximal Ub
along with a Cys for the attachment of the CPP unit. The
attachment of cR10D via a glutathione cleavable disulfide
linkage was found to be superior to cR10 in the delivery of
SUMO, monoUb, and their analoguesf‘d‘e On the other hand,
when attaching cR10 to Ub analogues via a stable thiazolidine
linkage this allowed for acceptable cell delivery, which hints at
the role of the linkage type between the CPP and POI on cell
delivery.” For better stability against enzymatic degradation of
the dimers, the junction for linking both Ub’s to afford the
diUbs was mutated to Gly76Ala.® Importantly this also facil-
itates the synthesis of the diUb by employing routine native
chemical ligation (NCL).”® For this purpose, the distal Ub was
designed with Gly76 deletion and the proximal Ub was designed
with a Cys coupled at either Lys48 or Lys63 position, (ESLT Section S9
and S10). Along with this, the proximal Ub was designed to carry a
Cys(Acm) residue and 5-carboxytetramethylrhodamine (TAMRA) as
a fluorophore. For keeping similarity in both Ub units, extra Ala

This journal is © The Royal Society of Chemistry 2022


https://orcid.org/0000-0001-8478-0689
https://orcid.org/0000-0001-8745-2250
http://crossmark.crossref.org/dialog/?doi=10.1039/d2cc02476d&domain=pdf&date_stamp=2022-06-16
https://doi.org/10.1039/d2cc02476d
https://doi.org/10.1039/d2cc02476d
https://rsc.li/chemcomm
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2cc02476d
https://pubs.rsc.org/en/journals/journal/CC
https://pubs.rsc.org/en/journals/journal/CC?issueid=CC058063

Open Access Article. Published on 15 July 2022. Downloaded on 7/27/2025 6:33:38 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Communication

View Article Online

ChemComm

A. | H B. H @
H Fmoc- HN y Fmoc™ O R— Ub (1'75)\[(N\.)LNH
Fmoc/N\o NMeDbz Fmoc\N NO J o : . = TAMRA
H
J i O SPPS Q =DABCYL
Alloc.. KA48/K63
SPPS ‘ NH HN\)J\ — Linker Ub (1-76)
e 5a/50  R— Ub (1-75) \H/N\)J\NH
SAcm é
H K48/K63

0] (0]
R— Ub (1-75) —X .\N
HN H
iii i
1. p-Ntirophenyl- HN

Ns Linker Ub (1-76)

HN\)J\ ~ Linker Ub (1-76)

chloroformate, \ ; g((jj(gPCh;s)‘(‘T:)hOSAHS o R— Ub (1-75) g 6al6b
2. DIEA, DMF : -
3. TRATIS/H,0 3. TFA/TIS/H,0 HzN:JJ\NH ;\fo
% N
N NH, s~ K48/K63 O \/\’«O ®
OJ\N SAcm HN\)k ~ Linker Ub (1-76) HN"‘
K48/K63
Py © + .\ s i 7alTb
R— Ub (1-75) " o \Lmker Ub (1-76)
2 1al1lb

— Ub(1 75)YNJJ\NH

MPAA, TCEP
6M Gn-HCI 1. PdCl,, MgCl,
pH 73 SAcm 2:DIT SH
K48/K63 H
Q | @ | K
™ Linker Ub (1-76) H
3al3b 2

Scheme 1

phenylacetic acid, TCEP = tris(2-carboxyethyl) phosphine.

was added to the N-terminus of the distal Ub. The addition of a
Peg linker [2-]2-(Fmoc-amino)ethoxylethoxylacetic acid after the Ub
sequence stands as a spacer between the natural and unnatural
parts in the diUb scaffold.

The distal Ub, Ub(1-75) was synthesized via SPPS employing
the Fmoc-3-amino-4-(methylamino)benzoic acid (Fmoc-MeDbz)
linker coupled to a Rink amide resin.*®® Upon cyclization,
cleavage, and purification, the distal Ub unit was used as the
component for 4-mercaptophenylacetic acid (MPAA) mediated
NCL with the proximal Ub unit bearing the designed elements
(Scheme 1A). One-pot desulfurization'® of the Cys at the liga-
tion junction was achieved in the presence of Cys(Acm) (Fig. S4
and S5, ESIf). After purification, Pd mediated rapid Acm
removal'' from the ligated diUb was commenced to generate
the fluorescently labeled Lys48/Lys63-linked diUb model sys-
tems bearing a free Cys for CPP attachment (Scheme 1A, Fig. S6
and S7, ESIY).

The synthesis of Cys-cR10D and Cys-cR10 was carried out
according to the previously reported procedure.’® We opti-
mized the reaction conditions for the synthesis of Lys48/
Lys63-linked diUb-cR10D conjugates with the asymmetric dis-
ulfide linkage by varying the pH of the reaction buffer along
with the temperature and the same optimized conditions
were employed to conjugate Cys-cR10 with the diUbs. We
synthesized the maleimide-cR10 and maleimide-cR10D CPPs

This journal is © The Royal Society of Chemistry 2022
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(A) The general strategy for the design and synthesis of fluorescently labeled Lys48/Lys63 linked diUb analogues. (R = Ala-Linker). (B) Final
constructs of the eight fluorescently labelled diUb-CPP conjugates (5a—8a/5b—8b). DTT =

dithiothreitol, Gn = guanidine, MPAA = 4-mercapto

(ESL Section S13) and conjugated them with the diUbs via
the Michael-addition reaction. The final constructs of the
eight diUb-CPP conjugates are shown in Scheme 1B (ESL¥
Section S16-519).

To examine the difference between the two diUbs and the
effect of the cleavable linker with cR10D (i.e., 5a & 5b) over the
cellular uptake efficiency, we probed their delivery to live U20S
cells using 4 pM of each construct at 37 °C. After washing with
PBS and Heparin, the nuclear staining was commenced with
Hoechst solution. From the live-cell confocal laser scanning
microscope (CLSM) images, we could observe that the cell
permeability of the Lys48-linked diUb (5a) was higher than
the Lys63-linked diUb (5b) analogue (Fig. 1). Once the protein
of interest (POI) penetrates the cell membrane, the passive
diffusion through the nuclear pore (for small proteins,
<60 kDa) will allow it to reach the nucleus, which reflects its
cytosolic delivery.'”> As a matter of fact, the nuclei are deprived
of any compartments like endosomes/lysosomes, making it a
better organelle to measure the live-cell delivery efficacy of the
internalized POL"*

Therefore, to get a more quantitative output from these
results, we ran a cell marking algorithm based on Hoechst
nuclear staining and nuclear TAMRA intensity was calculated
on all acquired confocal images (~500 cells) using the FiJi
software. The quantification result depicted nearly two-fold

Chem. Commun., 2022, 58, 8782-8785 | 8783


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2cc02476d

Open Access Article. Published on 15 July 2022. Downloaded on 7/27/2025 6:33:38 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

ChemComm

Fig.1 CLSM characterization of fluorescently labelled 5a and 5b diUb
conjugates in live U20S cells. (a and b) TAMRA fluorescence from 5a, 5b
(red), with corresponding nuclear stain (blue), and bright-field image. The
overlay shows both the Hoechst and TAMRA (5a/5b) channel together.
(Scale bar 20 pm).

higher efficiency of Lys48-linked diUb delivery than Lys63-
linked diUb when applying the cleavable disulfide-linked
cR10D (Fig. 1 and Fig. S20, ESIt).

After exploring the disulfide linkage effect on diUb delivery, we
aimed to examine the influence of the stable linker with the same
CPP unit ie., cR10D. We anticipated that the stable linkage in diUb-
CPP analogues would provide subcellular localization of the con-
jugates inside the nucleoli.'* Therefore, we performed live-cell
protein delivery experiments with conjugates 6a and 6b in U20S
cells using 4 LM of each analogue at 37 °C. Subsequent washing and
Hoechst staining were done followed by confocal microscopy.
Surprisingly, we did not see any substantial differences in the
delivery as depicted by the TAMRA intensities (Fig. S21, ESIT). The
quantification based on calculating nuclear TAMRA intensity
showed that these analogues have a similar cellular uptake irre-
spective of their conformational differences. As the DABCYL can
quench the TAMRA fluorescence,™ the cytosolic fluorescence signal
was compromised. However, in our comparison study both the
diUbs were having the same DABCYL and TAMRA units at the same
positions, regardless of diUb conformation, therefore we believe the
recorded data is sufficient for such a comparison.

The observation that the delivery of Lys63-linked diUb in
presence of the disulfide-linked cR10D was nearly half of that of
Lys48-linked diUb and is equal to the maleimide linkage,
prompted us to exclude DABCYL from the system to dissect
its specific effect on each diUb chain. For this, we tested
separately the delivery of analogues 7a and 7b bearing the
stable maleimide-linked to cR10 and analogues 8a and 8b with
the disulfide-linked cR10. First, we performed the cellular
uptake studies using 7 uM of 7a and 7b. The confocal images
showed substantial delivery of the non-cleavable conjugates
based on the TAMRA intensities and were mainly localized in
the nucleoli (Fig. 2). However, the nuclear TAMRA intensity
measurement showed that the Lys63-linked diUb conjugate
(7b) was delivered to a lesser extent compared to Lys48-linked
diUb (7a). Indeed, the ratio of the intensities for 7a and 7b was
1-4:1, (Fig. S22, ESIt) which did not change with varying
concentrations (Fig. S23, ESI{). Moreover, cellular uptake of
7a can also be achieved at 4 °C suggesting direct transduction
of the conjugate (Fig. S24, ESIt)."®
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Fig. 2 CLSM characterization of fluorescently labelled 7a and 7b diUb
conjugates in live U20S cells. (a and b) TAMRA fluorescence from 7a, 7b
(red), with corresponding nuclear stain (blue), and bright-field image. The
overlay shows both the Hoechst and TAMRA (7a/7b) channel together.
(Scale bar 20 pum).

Next, we tested the difference between 8a and 8b to probe
the effect of the disulfide bond on the delivery. Cells were
incubated with each analogue at 4 pM at 37 °C and prepared for
CLSM, as described before. The confocal images indicated that
the cellular uptake was not efficient and showed predominantly
endo lysosomal signals (Fig. S25, ESIT). However, upon quanti-
fication, we observed that the ratio was equal for both the diUbs
based on the nuclear TAMRA intensity calculation.

In this study, we aimed to investigate the effect of two
conformationally different (compact vs. extended) proteins that
have the same amino acids (Lys48 & Lys63-linked diUb), the
nature of the CPP (cR10 & cR10D), and the linkage between
these proteins and CPP (disulfide & maleimide) on the cell
delivery. Notably, the delivery of Lys48 or Lys63-linked diUbs
was not possible without CPP. The combination of all these
parameters and their corresponding results are summarized in
Table 1.

Our results show that cR10D linked to the dimers via a
cleavable disulfide bond has more influence on the delivery of
Lys48-linked diUb than the Lys63 linkage. On the other hand,

Table1l Boolean representation of the diUb live-cell delivery. 1" stands for
presence and ‘O’ stands for the absence of the corresponding unit. The
green up-head arrow represents an increase, and the red down-head
arrow represents a decrease in the nuclear TAMRA fluorescence. For
entries 101" (2nd) and ‘010" (4th), endosomal entrapment has been
observed

K48-diUb O O N K48-diUb
§ i
geSeCt KAHIUH\SI):Q KMUB\SI)=O 50O

diUb-CPP Con- b o)

jugates (5a-8a, PR s G e el g

.]5 bg_ Sb) ( K 5.9 K63-diUb \Sj:)ao i ‘SI):O - -O
DABCYL Disulfide Maleimide Live cell

CPPs e = DABCYL unit linkage linkage delivery

s 1 K48 : K63]
hCar'e) 1 1 0 @)
b
o 1 0 1 K48 ~ K63
s
o K48 : K63
o 0 0 1 ! (144»1)l
- :
o) 0 1 0 K48 ~ K63

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2cc02476d

Open Access Article. Published on 15 July 2022. Downloaded on 7/27/2025 6:33:38 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Communication

attaching the same CPP unit through maleimide linkage led to
a similar delivery of the two diUb. Our results also show that
when we employed the disulfide linkers with the unmodified
cR10 the delivery of the two diUb became equal. However, when
we employed the same CPP yet with the maleimide linker the
ratio was 1-4:1 towards Lys48-linked diUb. Gratifyingly, we
observed an enhanced efficiency of Cys-cR10D compared to the
unmodified Cys-cR10, which is in line with our previous
reports.*?

The structural differences of the Lys48 and Lys63-linked
diUbs and the resulting surface charge distribution, based on
the adaptive Poisson-Boltzmann solver (APBS) of the diUb
analogues (Fig. S26, ESIt) show that the Lys48-linked diUb
have more intense positive charges yet buried between the two
Ub units. On the other hand, the Lys63-linked diUb has a more
hydrophobic surface and positive charges that are distributed
over the dimer, despite being less intense compared to that of
the Lys48 analogue.

In our system, the Lys63-linked diUb has more propensity
for cell delivery when considering the hydrophobicity and
positive charge distribution over the surface as reported for
GFP.'® On the other hand, the compact structure of Lys48-
linked diUb might favor its delivery, as conformational rigidity
is an important factor in the delivery of cyclic peptides."” Our
results suggest that the conformational difference in the cell
delivery of the two diUbs appears to be less dominant as in each
diUb there are unique contributing factors to the delivery
process. As the Lys48-linked diUb has been reported to change
its conformational dynamics during DUB activity,'® it is reason-
able to speculate that both the chains might adopt similar
conformation during membrane internalization. Therefore, in
such a system the CPP and the linker types have more influen-
tial roles as evident by the fluctuation of the delivery depending
on the combination of these two parameters.

In nature, Ub’s intricacy arises from chain elongation with
different linkages,>* which makes this system ideal for further
drawing more principles for cytosolic delivery of proteins. For
example, how chain elongation does affect the delivery of the
same type of chains (homo), or different ones (hetero/
branched) can be similarly investigated. In terms of chain’s
degrees of freedom, one could also compare the same chain in
its native and more rigid form that can be prepared via
cyclization as has been demonstrated by Lys48-linked Ub
chains." These studies are currently being performed in our
laboratory.
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