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Carriers with linear or dendrimeric structures displaying differ-
ent functional groups were synthesized and their delivery pro-
perties were studied.

Cellular delivery of biopolymers remains an important pro-
blem of cell biology and medicine. Trojan peptides or cell-
penetrating peptides (CPPs) are promising tools for delivering
bioactive cargoes which are poorly internalized by themselves
such as oligonucleotides, peptides and proteins.' One of the
challenges now is to design CPPs with improved efficiencies of
delivery and which can specifically target cargoes to the
different cellular organelles. In this context, we have studied
the impact on cargo delivery of modifications in the CPP
chemical structure. For this, we have designed a small library
of pseudo-peptide carriers displaying different functional
groups which are known to promote CPP cellular uptake
(ammonium or guanidinium® and myristyl®). Carriers were
synthesized by modular assembly from the ‘bis-ornithine’
scaffold* to give linear or dendrimeric structures and allow
different spatial arrangements of the functional groups
(Fig. 1). The classical CPPs Lyso, Argo,” Penetratin (Pen)’
and Kno® were used as references (see ESIT for sequences).

The cargo that was chosen is a hydrophilic peptide corre-
sponding to the protein kinase C-o/f pseudo-substrate (PKCi,
Fig. 1),” which is poorly internalized by itself into cells.> The
PKCi peptide was linked to the carriers via a disulfide bond,
which should be reduced in some compartments of the cell
leading to the release of the cargo.® Our approach has
consisted of tracking the internalized cargo using a method
based on MALDI-TOF mass spectrometry (MS).*° This
directly gives the amount of intact intracellular cargo and also
allows the characterization of the fragments produced by
intracellular proteases. The comparison of the digestion pro-
files of the same cargo delivered by different carriers can give
relevant information for the problem addressed here since
degradation is related to the cargo trafficking and/or final
localization. Concomitantly, the cargo distribution in cells was
examined by confocal microscopy.
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The pseudo-peptide carriers were obtained by modular
construction from the o,a-disubstituted amino acid ‘bis-
ornithine’ (Fig. 1). To overcome the low reactivity of the
‘bis-ornithine’ resulting from the steric hindrance of the o-
nitrogen and ensure efficient solid phase polymer assembly, we
have synthesized in solution dipeptide units containing a
spacer (BAla or Gly) as described before.* The N-terminal
and side chain amines were protected uniformly or orthogon-
ally yielding a great versatility in the design of polymers: (i)
linear polymer by stepwise elongation from the N-terminus
(carriers L1 to LS5), (ii) branched polymer by differential
elongation from the N-terminus and side chains (B1) and (iii)
homo- or hetero-functionalized dendrimers by parallel elonga-
tion from all amines (D1 and D2) (Fig. 1). High coupling yields
were obtained using PyAOP—-HOAt activation. Carriers were
conjugated in solution to the PKCi cargo (see ESIY).

The amount of intact PKCi transported into CHO cells by
the different carriers was measured by MALDI-TOF MS as
described previously (see results in Fig. 2 and in ESIt).® The
cargo is biotinylated to allow an easy recovery (performed in
reducing conditions, see ESIT), concentration and desalting
before MS analysis. Quantification is based on the use of an
internal standard corresponding to the free cargo labeled by
deuterium (Fig. 1). The CPP Argy was found to be more
efficient than Lyse in transporting the PKCi cargo, in agree-
ment with previous data.> However, no difference was ob-
served between carriers L1 and L2 containing four ‘bis-
ornithine’ and ‘bis-arginine’ residues, respectively. It has been
shown before that increasing the backbone flexibility of poly-
guanidine transporters improves their cellular uptake prob-
ably by allowing a better interaction of the cationic groups
with negatively charged membrane components.'® The side
chains of the ‘bis-ornithine’ residues were elongated (L3) to
increase the potential surface of interaction of the guanidi-
niums with the membrane. Alternatively, a dendrimeric back-
bone was used (D1) to obtain a more globular display of the
guanidinium groups. These modifications had no impact on
the efficiency of cargo delivery. In contrast, myristoylation
significantly enhanced the efficiency of delivery in the pseudo-
peptide series (7-fold between L2 and L4). Interestingly, the
efficiency was unaltered when reducing the number of ‘bis-
arginine’ residues from four (in L4) to one to give the
minimalist carrier L5. Increasing the number of myristyl
groups of the carrier (D2) had no significant effect. We then
designed compound Bl by combining the structure of the
efficient myristoylated carrier L4 with a branched domain to
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Fig. 1 Structures of the carrier—cargo conjugates and dipeptide units derived from ‘bis-ornithine’. N-ter and N9 designate the N-terminal and side
chain amines, respectively, PG corresponds to Boc or Alloc protecting group. The PKCi cargo (CRFARKGALRQKNYV) contains on its
N-terminus a biotin-GGGG isotope-labeling/affinity tag for MS quantification (non deuterated G for the internalized conjugates, deuterated G

for the internal standard).

attach three cargoes. With this construction, the amount of
internalized cargo could be further increased. Indeed, the
B1-(PKCi); conjugate led to an intracellular concentration
of PKCi (46.2 4+ 2.2 uM, see ESIt) three times higher than the
one obtained with L4-PKCi (14.5 &+ 1.4 uM) using the same
extracellular concentration of conjugate (7.5 uM). These data
are interesting also because they show that carrier L4 is
internalized with the same efficiency when linked to one or
three cargo molecules despite the structural changes between

Intact cargo (pmel)

Argd L1 L2 L3 D1 L4 LS D2 B1 No
carrier

Fig. 2 Total amount of intact cargo in 10° CHO cells determined by
MALDI-TOF MS. Cells were incubated with the conjugates (7.5 pM)
for 75 min at 37 °C. Each of the data is the average result of three
independent experiments performed in duplicate £ SEM.

the resulting conjugates. Finally, some classical CPPs were
also myristoylated for comparison (see results in Fig. S1 of the
ESIt). Myristoylation notably improved the efficiency of Arggy
(5-fold) as previously reported for this CPP? and other pep-
tides'' ' but it had little effect in the case of Kno and Pen. The
effect of myristoylation on cellular uptake is thus highly
dependent on the peptide sequence.

The profile of degradation of the PKCi cargo was then
compared depending on the pseudo-peptide carrier used
(Fig. 3 and Figs. S3 and S4 in the ESI¥). For this, the relative
abundances of the ions corresponding to the intact cargo and
the biotinylated digests were calculated from the mass spectra
of the internalization experiments. The intact cargo was in all
cases the most abundantly detected species. Cleavage on the
C-terminus of basic residues of PKCi was observed with all
carriers. Interestingly, cleavage after one or both Ala residues
of PKCi was observed only when it was delivered by myr-
istoylated carriers (all except L5). These data thus reveal
differences in the trafficking or distribution of the internalized
cargo depending on the nature of the transporter.

The intracellular localization of the PKCi cargo was then
examined by confocal microscopy. Because the properties of
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lon abundance (%)

Intact PKCi

Fig. 3 Degradation profile of the PKCi cargo when transported by
L2 (black bars) and L4 (white bars) determined by MALDI-TOF MS.
Relative ion abundance was calculated from the signal areas (average
+ SEM). The C-terminal residue of the digests is indicated. Only
biotinylated species are recovered and may be detected (see ESIY).

Fig. 4 Confocal microscopy images showing the intracellular distri-
bution of the cargo when delivered by different carriers. CHO cells
were incubated with the conjugate (10 uM) for 30 min at 37 °C.
Biotinylated cargo was revealed by Alexa-488-streptavidin. The scale
bar represents 20 pum.

some CPPs are altered upon carboxyfluorescein functionaliza-
tion'* and because organic fixation could induce the artefac-
tual redistribution of CPPs,' the internalized biotinylated
PKCi was revealed as described previously.'* Briefly, the
extracellular peptide was quenched with unlabeled streptavi-
din and following fixation with paraformaldehyde and mem-
brane permeabilization, the intracellular peptide was revealed
with fluorescent streptavidin. The intracellular distribution of
the cargo varied strongly with the carrier used (see Figs. 4 and
S5 in the ESIT). With all the non-myristoylated pseudo-pep-
tide carriers, a faint fluorescence signal was detected mainly in
endosomes. Myristoylated carriers gave different cargo locali-
zations. With L4 and LS5 the staining was mostly found in
perinuclear vesicular structures and was visible throughout the
cytosol. This diffuse cytosolic fluorescence was further
enhanced with B1, together with the detection of some nuclear
staining. Finally with D2, the staining was restricted to the
vicinity of the plasma membrane. The three myristyl groups of
D2 appear to anchor the conjugate to the membrane. The
biotin moiety of the cargo is accessible to streptavidin only
after membrane permeabilization, suggesting that it faces the
cytoplasm or is embedded in the membrane. However, the
disulfide bridge between the carrier and cargo is not accessible
to the cytosolic glutathione since no cargo is visualized in the
cytosol. When assessed with Argg carriers, the predominant

nuclear accumulation obtained with the Argo—PKCi conjugate
was strongly shifted toward the cytosol upon myristoylation
(ESIY).

In conclusion, we have shown here the great versatility of
the ‘bis-ornithine’ scaffold for the solid phase synthesis of
polymers with linear, branched or dendrimeric structures and
bearing different functional groups. Changing the nature or
spatial arrangement of the cationic groups of the carrier had
little effect on the efficiency of cargo delivery. Cellular uptake
was improved by myristoylation. Interestingly, it was found
that the myristoylated carrier L4 was able to transport several
cargoes at the same time, allowing an increase of the cargo
intracellular amount. Our data also provide evidence that
distinctive intracellular localizations and degradation of the
cargo can be obtained by changing the chemical structure of
the carrier. Work is in progress to identify the organelle(s) that
can be accessed with some of these new carriers.
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