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Glycosylated Cell Penetrating Peptides, GCPPs

Ivan Gallego,?! Alicia Rioboo, Dr. José J. Reina,® Bernardo Diaz, <! Dr. Angeles Canales, Dr. F.
Javier Cafada, Dr. Jorge Guerra-Varela,!” Prof. Laura Sanchez, Dr. Javier Montenegro*(

Abstract: The cell membrane regulates the exchange of molecules
and information with the external environment. However, this control
barrier hinders the delivery of exogenous bioactive molecules that
can be applied to correct cellular malfunctions. Therefore, the traffic
of macromolecules across the cell membrane represents a great
challenge for the development of the next generation of therapies
and diagnostic methods. Cell penetrating peptides are short peptide
sequences capable of delivering a broad range of
biomacromolecules across the cellular membrane. However,
penetrating peptides still suffer from limitations mainly related with
their lack of specificity and potential toxicity. Glycosylation has
emerged as a potential promising strategy for the biological
improvement of synthetic materials. In this work we have developed
a new convergent strategy for the synthesis of penetrating peptides
functionalized with glycan residues by an oxime bond connection.
We have systematically characterized the uptake efficiency and the
intracellular distribution of these glycopeptides by flow cytometry,
confocal microscopy and in zebrafish animal models. The
incorporation of these glycan residues into the peptide structure
influenced the internalization efficiency and the cellular toxicity of the
resulting glycopeptide hybrids in the different cell lines tested. The
results reported here highlight the potential of the glycosylation of
penetrating peptides to modulate their activity.

Introduction

The plasma membrane of eukaryotic cells is a control barrier
with selective permeability that separates the cell from the
external environment.l"2l However, this barrier and the related
cell associated transport mechanisms such as endocytosis,
prevent the cytosolic delivery of exogenous hydrophilic
molecules with high molecular weight. As a consequence, the
search of new biocompatible molecular transporters® has been
intensified in the last two decades.*-%! More than twenty years
ago it was accidently discovered that certain protein domains,
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enriched in cationic amino acids, were responsible for promoting
the ftranslocation of some proteins through the plasma
membrane of cells.® The findings of Green, Loewehstein,
Frankel and Pabo documented the efficient internalization of the
trans-activator of transcription of the TAT protein of the human
immunodeficiency virus (HIV-1) when added to the cell culture
medium.®71 In 1997 B. Lebleu reported that the peptide function
with penetrating properties belonged to the cationic domain that
was called the TAT peptide (TATso57, RKKRRQRRR).Fl These
membrane translocation properties were also found in the
Antennapedia homeodomain discovered for the first time in
Drosophila by Prochiantz in 1994.°1 These penetrating peptide
sequences were generally short and enriched in basic amino
acids such as lysine and arginine and they were denominated as
cell penetrating peptides (CPPs).“

Naomi Sakai and Stefan Matile in Geneva University studied
and demonstrated that CPPs were able to translocate the
membrane by a counterion exchange mechanism.l'®'"l |n the
arginine amino acids, the guanidinium group with a pKa of
around 12, cannot be deprotonated at physiological pH.
Therefore, counterion scavenging is the only way to minimize
electrostatic repulsion in oligo or polyguanidiniums.['®213 This
exchange of negative counterions allows CPPs to acquire
amphiphilc character with both hydrophilic and hydrophobic
properties, which triggers their membrane translocation.['*1 As
cellular membranes are enriched in anionic counterions (i.e.
glycosaminoglycans, anionic lipids), CPPs use these amphiphilic
anions to anchor to the cells surface and translocate the lipid
bilayer.

The group of Paul Wender in Stanford systematically studied the
TATss7 peptide sequence and artificial analogues,
demonstrating that between eight to ten cationic amino acids
were optimal.l'¥ These studies also showed that oligolysines
were less effective than the oligoarginines analogues!' and
triggered the development of synthetic penetrating
oligoarginines.[*'8 Similar uptake properties were found for the
enantiomeric TATae57 peptide and in penetrating peptoids with
the guanidinium side chains anchored at the nitrogen of the
amide group.['™ All these findings and subsequent studies have
allowed the extension of these properties to a broad range of
natural and artificial scaffolds with new and improved
penetrating capabilies as well as new methods for
internalization characterization.['™2% Interesting penetrating
properties were further discovered in different natural and
artificial  structures such as polyprolines,?®  guanidinyl
glycosides,?"28 B-peptides,?® nucleic acids (PNAs),% non-
peptidic guanidinylated dendritic structures,®'! self-assembled
nanofibres,233  gynthetic  polymers,343"1  supramolecular
structures(38-49 and polydisulfides.'—44
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Figure 1. Peptide structure and membrane transport. A) The peptide segregated domains along an alpha helical scaffold. The
reactive groups (alkoxyamines) point to opposite directions at the interphase of the hydrophilic and hydrophobic domains. The
primary peptide structure is equipped with reactive alkoxyamines to anchor different glycan aldehydes. The final glycopeptide
hybrids contain a fluorescent probe (red dot) anchored to the N-terminal region of the peptide to monitor and quantify their
cellular internalization. B) Linear peptide primary sequence and heptad-based wheel diagram for the helical conformation of
the peptide. C) Membrane translocation and cellular internalization is modulated by the glycan residue.

After these structural and functional discoveries, the potential of
the CPPs has led to the development of myriad of penetrating
peptide sequences for the cellular internalization of different
payloads.59 These strategies have deliver excellent peptides
and related analogues with applications in gene delivery,
liposomes functionalization, nanoparticles decoration and
therapeutic proteins delivery.[*:37:57.58.48.50-561 However, despite all
the advances in the field, cell penetrating peptides still have
some limitations mainly related to their selectivity and toxicity. -
21 For instance, the cationic character of CPPs, which is
required for membrane anchoring and translocation, constitutes
an important drawback, as highly cationic molecules tend to
stick non-specifically in living tissues.’®%2 The potential
modification of these peptides with targeting or biocompatible
functionalities emerges as a promising strategy to improve the
selectivity and minimize toxicity of CPPs.[61.63

Glycan conjugation has been extensively applied for the
targeted delivery of different biomolecular scaffolds, including

polymers, nanoparticles and nucleic acids.“3%"1 This strategy
is aimed to target cellular membrane receptors and accumulate
the glycan-tagged ensembles at a particular tissue."?>7% Natural
N-linked glycan scaffolds can be used as an alternative to
antibodies for targeted delivery to cells expressing the CD22
receptor.’ Certain glycans, which are found exclusively on
pathogenic bacteria, could also be exploited for therapeutic
targeting and diagnosis.[”>7¢1 Nanomaterials and supramolecular
structures bearing glycans can also find applications in
biomedicine, vaccines, bacterial infections, cancer treatments,
nuclear magnetic resonance imaging, etc.’”-"°! Glycan-coated
quantum dots have been delivered in HeLa and SV40 epithelial
cells.® Liposomes decorated with glycan ligands for CD169/Sn
recognition were developed for macrophages targeted
delivery.® Multivalent glycopeptide dendrimers were also
applied in cancer immunotherapy, autoimmunity and infectious
diseases.l®? Additionally, multivalent systems like globular

For internal use, please do not delete. Submitted Manuscript

This article is protected by copyright. All rights reserved.



ChemBioChem 10.1002/cbic.201800720
WILEY-VCH
TmP(Man), TmP(Glu),
. .
A g g A PRy, P ;V
NH NH NH - b
- N -~ VA
w0 y " Lo W o "o ® ® g 0 ‘of-\ Va ‘/&\
Rien N‘)lﬂ‘\n'N‘)LN N\)LN/\ITN\:)Lu NJN NJlur\n,NHz e‘g.( kel !
o o o X o e} ., N\ o~ I
1
\LN_H 1"}\” j‘\“ O ® S
Ry »—1!\1'{5w2 HNZ NH, H2N"NH Y / g
© -107
<~ -y
| s
o7y R 0 n o M g
Ry= o M Rp= o ' HH% )
H HO o {o] (e} _
~n O O NHJJ o, 0 M. oH -0 20
1 o s N ..
TAMRA (Tm) Ac TmP(Man), TmP(Glu), HKR TFE HKR TFE
Ho— o : : ; ; ; ; SN i M
Ho o 200 220 240 200 220 240 200 220 240 200 220 240
Ho ) oY, ¢, Wavelenght / nm
OH
o 0, 0, "Ro 0, oC
)eN.o\)‘\ HO&L\ o MOMToR o o @ 10°C 60°C
HO 0\/\‘Nv0\)'|\ ~ o o
HO. el GCPPs TmP(Acetone)z TmP(Man)z TmP(Glu)z TmP(Gal)2 TmP(NAG)2 TmP(Mans)2
Ho™ on inslcty 11,9 26,9 215 19,4 23,7 0.7
TmP(Acetone), TmP(Mang), TmP(Gal), TmP(NAG), (HKR, 20°0) ! ! ’ ’ ! !
Ty 5.0 54,8 56,1 47,7 41,2 10,8

Figure 2. Peptide structure and circular dichroism spectra. A) Linear peptide structure with the amino acid side chains in
different colors: cationic (Arg) in blue, hydrophobic (Leu) in orange and modified lysine residues (Lys-R:) in red. Substituent in
the N-terminal R1: TAMRA fluorophore (Tm), Ac: Acetyl. Substituents in the modified lysines Rz: acetone and the oximes
derivatives of: a-D-Mannose TmP(Man)2, B-D-Glucose TmP(Glu)2, B-D-Galactose TmP(Gal)2, N-acetyl-B-D-glucosamine
TmP(NAG)2, and Mannose tri-saccharide TmP(Manzs)2. B) CD spectra of TmP(Man)2 and TmP(Glu)2 in different conditions

TFE (trifluoroethanol) and HKR buffer (pH 7.4).

glycofullerenes enhance molecular recognition towards specific
lectins. 83841

Carbohydrate ligands can bind different targets and membrane-
bound receptors such as lectins, which can trigger endocytic
processes.[>85 Mono/oligosaccharides like mannose derivatives
exhibit strong binding to the C-type lectin DC-SIGN on the
surface of dendritic cells,®® C-type lectin receptors on
macrophages®! and the plant lectin concanavalin A.[8
Galactose can also selectively bind to C-type lectin receptors on
alveolar macrophages®® and carbohydrate receptors on E. coli
cells.® Carbohydrates, in particular glycoconjugates, play an
essential role in cancer metastasis and communication, through
the interaction with endogenous lectins present on the cancer
cells.[09 Galectins (galactose binding lectins), are found to be
overexpressed on cancer malignant cells.®2%! Galectins have
been reported as indicators for malignancies in stomach,®4
liver,[® and colon cancer.®6-%8 Glucose transporters (GLUTSs) at
the blood-brain barrier maintain the continuous high glucose and
energy demands of the brain and thus glucose can be used to
enhance the translocation of nanoparticles across the blood-
brain barrier.[®® N-Acetylglucosamine (GIcNAc) is a component
of glycoproteins, proteoglycans, GAGs (glycosaminoglycans)
and bacterial and fungal cell walls and it can be applied to
induce immunity responses.['% Furthermore, N-
acetylgalactosamine (GalNAc) a-glycosilation to threonine or
serine is included in the Tn antigen, one of the most specific
human tumor- associated carbohydrate antigen.['0".102]

Efforts to equip penetrating peptides with glycan pendants (e.g.
galactose) have shown a reduction of the penetration efficiency
together with enhanced viability of the targeted cells.l'?

However, these interesting seminal studies with glycosylated
penetrating peptides were restricted to the galactose pendant
and the chinese hamster ovary cell line.’? Recently, penetrating
polydisulfides (GCPDs) have also been prepared with glycan
moieties to enhance solubility of the resulting polymer
conjugates.l'® Nevertheless, to date there is no a systematic
study on the properties of different glycosylated penetrating
peptides. In this work we have developed a suitable synthetic
convergent strategy for the preparation and systematic
evaluation of the uptake efficiency and intracellular distribution of
glycosylated peptides in different cell lines. For this purpose we
have designed an amphiphilic peptide scaffold that incorporates
two reactive alkoxyamine connectors[®195:1%1 to anchor glycan
aldehydes (Fig. 1A). After glycan oxime connection, we studied
the impact over the secondary structure and the internalization
efficiency of the corresponding glycopeptides. The resulting
peptide hybrids showed differences in their secondary structure
and in their membrane translocation efficiency depending on the
glycan moiety and the different cell lines tested. The results
described here highlight the importance and the potential and of
peptide glycosylation for adjusting the penetrating efficiency and
cytoxicity of glycosylated cell penetrating peptides, GCPPs.

Results and Discussion

Design and synthesis. Recent studies established the
influence of guanidinium distribution in the delivery properties of
penetrating peptides.['”l Therefore, we have designed a linear
peptide sequence that would lead to an a-helical amphiphilic
folded peptide.['%81%9 |n this design, we have included the
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Figure 3. A) 2D NOESY spectrum of the peptide (AcP(Man)2) containing mannose acquired in phosphate buffer 20 mM
containing 10% D20 and 30% TFE, at 600 MHz. B) AcP(Man)2 peptide structure derived by NMR applying the CYANA

software. Color code is: Arg (blue), Leu (orange) and Lys (red).

reactive alkoxyamine pendants at the interphase between the
segregated cationic and hydrophobic domains in order to
minimize the impact on the secondary structure of the resulting
folded peptide (Fig. 1B). Orthogonal positioning of the glycan
pendants was selected to study the impact on the peptide
secondary structure and to maximize the masking of the
amphilicity of the peptide scaffold. The corresponding peptide
sequence was synthesized by a solid phase approach using
orthogonal protecting groups (see supporting information, Fig.
S1). As previously described, ' we employed lysines protected
with the methyltrityl group (Mtt) that can be selectively
deprotected using weakly acidic conditions, allowing the
possibility of synthetically modifying the peptide while it is still
anchored to the resin.l'® After Mtt cleavage and “on-resin”
alkoxyamine incorporation, the peptides were labeled with a
fluorophore (TAMRA) to allow the microscopy and cytometry
evaluation of their cellular internalization. Peptides were then
cleaved from the solid support and immediately conjugated with
different glycans aldehydes.['" Importantly, this oxime bio-
orthogonal conjugation proceeded in water at room temperature
and in short times with quantitative yields in most of the cases
(Fig. S2). The synthesis of the glycan aldehydes was
accomplished by our previously developed synthetic route,
which involves a Fischer modified glycosylation strategy with a
final ozonolysis step of the O-Allyl pendant at the glycan
anomeric position.3” This strategy allowed the preparation of
different glycan aldehydes such as a-D-mannose, -D-glucose,
N-acetyl-B-D-glucosamine, B-D-galactose and a branched tri-
saccharide branched aldehyde of a-D-mannose (Fig. 2A).['0
Finally, after peptide/glycan oxime connection, the removal of
the excess of the glycan aldehyde was accomplished by high-
performance liquid chromatography (HPLC). The final
glycopeptides were characterized by mass spectrometry (MS),
"H-NMR and circular dichroism (CD).

The circular dichroism of the resulting glycopeptides was
measured in buffer HKR (pH = 7.4) and trifluoroethanol (TFE)
and it showed the typical bands of the a-helix at 208 and 222 nm
(Fig. 2B and supporting information Fig. S4). By following the
band at 222 nm we estimated a percentage of helicity in the
range of 30 to 20% in buffered conditions for the different
peptides (Fig. 2B). The CD cotton effects of the glycopeptide
hybrids  slightly varied depending on the particular glycan
attached to the peptide scaffolds and the intensity of the bands
indicated a modest helical behavior in aqueous conditions.
However, this helicity was maintained even at high temperatures
(60°C), an interesting observation especially considering the
short length of these glycopeptide conjugates (Fig. 2B).
Additionally, in the presence of the non-hydrogen bonding
competing and helical promoter trifluoroethanol solvent, the
helicity of the peptides was strongly increased up to 60% in the
best cases (Fig. 2B and S4). Surprisingly, the more hydrophobic
acetone capped control peptide, TmP(Acetone),, showed the
lowest helicity of all the peptides reported in this study in
aqueous buffer and HKR (see Sl Figure S4). These results
suggested that for this particular peptide scaffold, the increased
hydrophobicity was detrimental for the helical character and that
glycan residues might contribute to peptide helicity stabilization.
Interestingly, the peptide bearing the tri-saccharide branched
aldehyde lost the helicity, an observation that could indicate that
high levels of glycosylation on small scaffolds could have a
strong impact on their secondary structure. To further investigate
the helical propensity and the secondary structure in these
peptides, we employed NMR for a model peptide in aqueous
conditions after the addition of aliquots of TFE solvent. The band
at 209 nm of the circular dichroism spectra studied showed
differences in intensity and even disappeared and/or coalesced
with the band at 222 nm (Fig. 2B). This observation has been
reported before for other helical peptides and it has been related
with the path length of the quartz cuvette and the relative
orientation of helical peptides.l''"
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Figure 4. Flow cytometry assay. Internalization efficiency measured by flow cytometry in the different cell lines with
TmP(Man)2 (green), TmP(Gal)2 (red), TmP(NAG)2 (blue), TmP(Glu)2 (purple), and TmP(Mans)2 (orange) at different
concentrations (0, 0.1, 0.5, 0.75, 1, 2, 3, 5, 7 yM). RFU in HelLa cells at 3uM of TmP(Acetone)2: 1731.8 + 432.8.

NMR measurements. These studies were carried out to study
in detail the secondary structure of the peptides and support the
circular dichroism data of these highly entropic short peptides
(Fig. 3). The NMR spectra of the peptide derivative containing
two mannoses and acetylated at its N-terminus (AcP(Man),)
were acquired in phosphate buffer in the presence of 30%
trifluoroethanol. In these conditions, the spectra showed good
signal dispersion and the characteristic Nuclear Overhauser
Effects, NOEs, NHi-NHi-1 of helical structures (Fig. 3). Thirty-five
inter-residue  NOEs could be assigned and converted into
distance restraints to calculate the peptide structure with CYANA
(see supporting information for details). Figure 3B shows the
resulting helical structure displaying segregated domains with
the arginine and the leucine residues in the opposite sides of
helical longitudinal axis (Fig. 3). The structure of the same
peptide containing the fluorescence tag, TAMRA, at Ry
(TmP(Man);) was also obtained for comparison (Fig. 2A, Fig.
S6). In both cases a similar helical structures could be derived
from the NMR spectra.

Cellular Internalization Studies. After the synthesis and
characterization of the glycosylated cell penetrating peptides
(GCPPs), we carried out their cellular uptake quantification at
different concentrations and in different cell lines. For this
evaluation we selected six different cell lines: HeLa (Human
cervix adenocarcinoma), A549 (Human lung carcinoma), HepG2

(Human hepatocellular carcinoma), RAW 264.7 (murine
macrophage), Vero (Monkey kidney) and HCT116 (Human
colorectal carcinoma) (Figs. 4-5). Although we did not intend to
perform a detailed glycan/receptor study of glycosylated
penetrating peptides, several specific glycan cell receptors are
over-expressed in the selected cell lines. For instance,
asialoglycoprotein receptor in HepG2 cells, which recognizes
galactosyl moieties.''>"'Y1 RAW 264.7 macrophages have
shown to bind glycoconjugates that have mannose, N-
acetylglucosamine, glucosel'"®'6l and L-fucose.''” 18 We
initially employed flow cytometry to quantify the cellular
uptake.['' In these experiments, peptides were incubated with
the cells at different concentrations for 30 minutes, thoroughly
washed with medium, trypsinized to remove all membrane
bound peptides and the total fluorescence was quantified by
cytometry (see supporting information). The results of this
internalization experiments are shown in Fig. 4. As expected,
due to the different metabolic activity, membrane rigidity and
cellular volume, the different cell lines showed very different
levels of total internal fluorescence (i.e. compare A549 cells with
HepG2 cells, Fig. 4). For instance, all the glycopeptides were
very efficiently internalized in Vero and A549 cells, while in RAW
264.7 and HCT116 cells the internalization was intermediate and
in the difficult to transfect HepG2 cells the level of uptake was
the lowest of the series. In contrast, the pattern of the total
internalization in a particular cell line followed a similar trend
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Figure 5. Internalization behavior of each glycopeptides. Series confocal microscopy images of the internalization efficiency of
the glycopeptide hybrids reported here. Horizontal lines correspond to the glycopeptides and vertical columns show the different cell
lines. Glycopeptides were incubated at 3 uM in HKR buffer during 30 min and 37°C (see supporting info for details). Scale bar: 25 ym
in all cases.
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24 hpt

depending of the glycan moiety (Fig. 4). In general, the peptides
with galactose (TmP(Gal);) and mannose (TmP(Man);) showed
the highest level of internalization in the different cell lines (Fig.
4). These were followed by glucose and N-acetyl glucosamine
that were at a comparable same level in most cases. Finally, the
mannose tri-saccharide peptide showed the lowest level of
transfection in all the series. The TmP(Acetone), control peptide
showed the highest penetrating efficiency and we could notice
membrane perturbations and higher levels of toxicity for this
highly hydrophobic amphiphilic peptide (Fig. S3). We could also
confirm by the MTT cytotoxicity assay that the attachment of the
glycans to the CPPs scaffold reduced both the cellular toxicity
and uptake efficiency of the different glycopeptide hybrids (Fig.
S5). Additionally, the confocal dose-response images of
TmP(Acetone), confirmed the MTT toxicity results, as already at
3 MM concentration of TmP(Acetone),, the bright field images
showed profiled cell nuclei indicating severe toxicity (Fig. S3).

In order to further investigate the internalization and the peptide
final intracellular distribution, we next performed a microscopy
characterization of the different glycopeptides reported in this
study. In these experiments, the glycopeptides were incubated
for 30 min at 37°C with the cells and, before observation, the
cells were washed with anionic polymer Heparin in order to
reduce the amount of glycopeptide bound to the cell membrane.
Cells were then observed by both epifluorescence and confocal
microscopy (see supporting info for details). The fluorescent
micrographs matched well with the data obtained in the
internalization studies performed by cytometry (compare Fig.4

10.1002/cbic.201800720
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Figure 6. Zebrafish. A) TmP(Mans), and TmP(Gal), incubated at 1 uM in vivo zebrafish. Horizontal lines show the two glycopeptides
and the vertical columns correspond to the hours post-treatment (hpt). After 96 hours no fluorescence can be detected for
TmP(Mans), while red dots of the more efficient TmP(Gal), can be detected. Scale bar: 500 um B) Zoom in of the fluorescence
images in A after 24 hours, which show specific TmP(Gal), localization in the zebrafish head and olfactory placode and the lower
signal observed for the TmP(Mans); tri-saccharide. Scale bar: 250 um in all cases.

and Fig. 5). The glycopeptides were internalized with distinctive
efficiency in the different cell lines and different internalization
patterns could be observed for each of the glycopeptides in the
micrographs (Fig. 5). We could observe different fluorescence
distribution within the same cell line for different glycopeptides.
For example, the glycopeptide incorporating the N-acetyl
glucosamine (TmP(NAG).) showed a diffuse internalization
pattern in the cell cytosol of HelLa cells, while a punctate
fluorescence pattern was observed in the A549 cells at the same
glycopeptide concentration (Fig. 5). In addition, the comparison
in HelLa cells between the fluorescence pattern of the
incorporating N-acetyl glucosamine and galactose respectively
(TmP(NAG), and TmP(Gal);) showed a clearly different
internalization behavior. While TmP(NAG). showed a diffuse
cytosolic distribution, the TmP(Gal), peptide depicted small
aggregates inside the cells suggesting a potential endocytic
pathway (Fig. 5). Therefore, the glycans conjugated to the
helical peptide scaffold were capable of modulating the
penetrating behavior and efficiency of the peptide scaffold. The
MTT cytotoxicity studies showed an increased cell viability of
certain glycopeptides and a much stronger toxic behaviour of the
control peptide TmP(Acetone), (Fig. S5). The peptides
TmP(Gal), and TmP(NAG), showed the lowest toxicity of the
series, followed by TmP(Glu),. Intriguingly, the mannose residue
showed a slightly higher toxicity than the other glycosylated
analogues and the three mannose branched glycan pendant
(TmP(Mans),) was the more toxic glycopeptide reported here
(Fig. S5). This is interesting as it points out that although
glycosylation could be considered a biocompatibilization strategy,
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even with the simplest carbohydrate models the toxicity of a
glycosylated scaffold with low penetrating efficiency can be
strongly increased. Additionally, we have compared
internalization experiments by flow cytometry of all
glycopeptides in DMEM and in DMEM supplemented with 10%
FBS. These experiments showed that the presence of serum
reduced the uptake efficacy of the peptide hybrids (Fig. S7).
However, dose-response confocal microscopy confirmed that a
slight increase of the concentration was sufficient to recover
efficient cellular uptake and analogous intracellular distribution of
the TmP(Glu), and the control peptide TmP(Acetone), (Fig. S7).

Zebrafish studies. Finally, in order to investigate the potential in
vivo behavior and distribution of these glycopeptides, we
implemented a zebrafish animal model (Fig. 6). We selected the
two different peptide examples in terms of uptake efficiency in
cells: the galactose bearing peptide TmP(Gal), (high uptake)
and the mannose tri-saccharide glycopeptide TmP(Mans). (low
uptake) to study their distribution in vivo in a zebrafish animal
model. We thus performed an incubation of post fertilization
(hpf) zebrafish larvae in TmP(Gal), or TmP(Mans), for 96 hours
at 28.5 °C in static conditions (see supporting info for details).
Peptide solutions were evaluated for visualizations at 1 yM and
photographing after 24 and 96 hours and the zebrafish was
washed prior to observations. Internalization of the
glycopeptides was observed at 1 M without important effects
on larval survival (Fig. 6). The strongest signalling appeared at
24 hours post treatment (hpt), mainly in the yolk, whereas a
weak fluorescence was detected along the body. In addition, in
the tail region, fluorescent dots can be view in the surroundings
of caudal artery and vein and in the caudal hematopoietic tissue
(CHT) (Fig. 6). At 24 hpt, fluorescence was mainly located at the
digestive tract. The pure TAMRA fluorophore did not show any
internalization in the zebrafish embryo (24 hours post treatment,
Fig. S8). The hydrophobic control peptide TmP(Acetone);
showed strong internalization in the embryo yolk at short
incubations times (24 hours). However, at this concentration (1
uM) TmP(Acetone), was not able to leave the yolk even at 96
hours post treatment (Fig. S8). Higher concentrations of this
peptide (> 3 uM) showed very strong zebrafish morbidity even at
short times (i.e. 24 hours). On the other hand, some differences
in fluorescence patterns were distinguished between the two
peptides TmP(Mans); (low uptake in cells) and TmP(Gal),
(higher uptake in cells). At 24 hpt, the mannose tri-saccharide
peptide was detected in the larval surface in a regular
distribution, which is  coincidental ~with  neuromasts
(mechanoreceptive organ belonging to the lateral line of the fish
(Fig. 6A)."2 However, the galactose peptide generally
translocate into the larval body and, specifically, into the
zebrafish olfactory placode (Fig. 6B). In addition to the lack of
translocation, the fluorescence signal of the mannose tri-
saccharide peptide (TmP(Mans)2) was rapidly cleared from the
animal (Fig. 6A 96 hpt). However, the fluorescent dots
corresponding to the galactose peptide TmP(Gal), were visible
even after 96 hpt and distributed in the nasal cavity and
musculature of the zebra fish. Therefore, we can conclude that
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the peptide bearing the galactose pendants with higher
internalization efficiency in cell models was also more efficiently
translocated and retained into different places of the zebra fish
body (Fig. 6).

Conclusions

The objective of this work was not to investigate in detail the
potential interactions of glycopeptides with cell membrane
receptors or to carry out a detailed internalization mechanistic
analysis of these peptide hybrids. Instead, the main target of this
work was to demonstrate the potential of the oxime bond
connection for the convergent preparation of peptide conjugates
with different glycan moieties and to give a broad overview on
the effects of their internalization efficiency and distribution in
cells. In this regard, the results reported here constitute the first
systematic analysis and comparison of the cellular
internalization properties of glycopeptide hybrids with different
biological relevant glycans attached to a common penetrating
peptide template. The most important conclusion of this study is
that different glycans have a strong impact on the internalization
of the similar peptide scaffold in a particular cell line. However,
this study has showed that the trend for the internalization of the
glycopeptide hybrids did not change depending on the different
cell lines tested. In other words, we did not identify a particular
glycopeptide hybrid that was selectively internalized in a
particular cell line. In this regard, it seems that penetrating
capacity of the peptide scaffold overcomes the glycan potential
membrane mediated receptor internalization. However, we can
also conclude that the glycan residues modulate the uptake
efficiency and the cytotoxicity of a particular peptide sequence in
a particular cell line. These results demonstrate that
glycosylation of a particular peptide can be used to improve the
balance of uptake efficiency and toxicity of glycosylated cell
penetrating peptides GCPPs.
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Figure S1. General synthetic scheme for the Solid Phase Peptide Synthesis (SPPS).
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Figure S2. General synthetic scheme for ligands coupling.
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Figure S3. These pictures show a dose-response microscopy images of TmP(Acetone),
internalization capacity in HeLa cells. (0,5, 1, 3, 5) uM of this control peptide in HKR buffer was
incubated for 30 min and 37°C. Scale bar: 25 um.
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Figure S4. CD spectra of TmP(Gal),, TmP(NAG),, TmP(Mans), and TmP(Acetone), in different
conditions, TFE (trifluoroethanol) and HKR buffer (pH 7.4).
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% viability

Figure S5. MTT assay. Cytotoxicity of each GCPP and control peptide TmP(Acetone), were
checked using MTT assay. Hela cells were incubated at 5 yM during 30 min and 37°C.
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Figure S6. A) 2D NOESY spectrum of TmP(Man),, acquired in phosphate buffer 20 mM
containing 10% D20 and 30% TFE, at 600 MHz. B) Peptide structure by NMR applying the
CYANA software.
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Figure S7. Dose-response microscopy images of TmP(GIu), internalization capacity in HelLa
cells. (3, 5, 7, 10) yM of this peptide in DMEM and DMEM/FBS (10%) was incubated for 30 min
and 37°C. Scale bar: 25 um. A) Dose-response confocal experiments. B) Flow cytometry.
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Figure S8. Images of zebra fish showing no fluorescence of the TAMRA control and strong yolk
internalization of TmP(Acetone), 24 hours post treatment. 96 hours post treatment the
TmP(Acetone), did not cross the yolk and higher concentrations of this peptide (> 3 yM) showed
strong toxicity and complete morbidity to the zebrafish. In vivo experiments were performed at 1
uM with Tm (TAMRA) and control peptide TmP(Acetone),. Scale bar 500 um (24 hpt) and 250
um (96 hpt).

Materials and methods

Commercially available Fmoc-Rink Amide AM resin, N-HBTU and Fmoc-L-Lys(Mtt)-OH were
used as obtained from Iris. [Tert-butoxycarbonyl)aminooxylacetic acid were purchased from TCI
Chemicals. Fmoc-L-Leu-OH, Fmoc-L-Arg(Pbf)-OH, Fmoc-6Ahx-OH, Heparin sodium salt were
purchased from Sigma—AIdrich®. 5(6)-Carboxytetramethlyrhodamine succinimidyl ester were
purchased from Carbosynth. Hoechst 33342 Trihydrochloride Trihydrate were purchased in
ThermoFisher. Deuterated solvents (D,O) were from EMD Millipore Corporation. N,N-
Dimethylformamide, for peptide synthesis, was purchased from Scharlau. All the other solvents
were HPLC grade, purchased from Sigma-Aldrich® or Fisher Scientific® and used without
further purification.

High-performance liquid chromatography coupled with mass spectrometry (HPLC-MS) analyses
were carried out on Agilent Technologies 1260 Infinity Il associated with a 6120 Quadrupole LC-
MS using an Agilent SB-C18 column or an DIONEX Ultimate 3000 U-HPLC" (Thermo Scientific)
with an Acclaim RSLC 120-C18 column with Solvent A: Solvent B gradients between 5:95
(Solvent A: H,O with 0.1% TFA; Solvent B: CH3CN with 0.1% TFA). High-performance liquid
chromatography (HPLC) preparative purification was carried out on Waters 1525 composed by
a binary pump with a dual Waters 2489 detector with a Phenomenex Luna C18(2) 100A
column. A JASCO with an Agilent Eclipse XDB-C18 column was used for semi-preparative
purification using gradient 5:95 (Solvent A: H,O with 0.1% TFA; Solvent B: CH3;CN with 0.1%
TFA). Nuclear Magnetic Resonance (NMR) spectra were recorded on either a Varian Mercury
300 MHz or a Varian Inova 500 MHz spectrometer. Chemical shifts are reported in ppm (&
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units) referenced to the following solvent signals: D,O &H 4.79. Spin multiplicities are reported
as a singlet (s), doublet (d), triplet (t) with coupling constants (J) given in Hz, or multiplet (m).
Accurate mass determinations (HR-MS) using ESI-MS were performed on a Sciex QSTAR
Pulsar mass spectrometer and are reported as mass-per-charge ratio (m/z). Recalculation of
the labelled peptides concentrations was performed by measuring the absorbance on a
Biochrom Libra S60 UV-VIS Spectrophotometer. Circular Dichroism (CD) measurements were
performed with a Jasco J-1100 CD Spectrometer equipped with a Jasco MCB-100 Mini
Circulation Bath. Cell microscopy images were acquired with an Andor Zyla 4.2 digital camera
mounted on a Nikon Eclipse Ti-E epifluorescence microscope and with a Leica SP5 confocal
microscope. A Guava EasyCyteTM cytometer (EMD Millipore) was used for all flow cytometry
experiments.

Abbreviations

Peptide Abbreviations: TmP(X), (Tm = TAMRA and X = Man, Glu, Acetone, Man;, Gal and
NAG); Aa: Amino acid; Arg: Arginine; Boc: tert-Butoxycarbonyl; CPP: Cell-Penetrating Peptide;
DCM: Dichloromethane; DIEA: N,N-Diisopropylethylamine; DMF: N,N-Dimethylformamide; FBS:
Fetal Bovine Serum; Fmoc: 9-fluorenylmethoxycarbonyl; HFIP: 1,1,1,3,3,3-Hexafluoro-2-
propanol; HKR: HEPES-Krebs-Ringer buffer; HRMS (ESI): High resolution mass spectrometry
(electrospray ionization); Lys: Lysine; Mtt: 4-Methyltrityl; MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide; N-HATU: N-[(Dimethylamino)-1H-1,2,3-triazolo[4,5-b]pyridin-1-
ylmethylene]-N-methyl ~ methanaminiun  hexafluorophosphate  N-oxide; N-HBTU: N-
[(1HBenzotriazol-1-yl)4-(dimethylamino)methylene]-N-methyl methanaminiumhexafluoro
phosphate N-oxide; Pbf: 2,2.4,6,7-Pentamethyldihydrobenzofuran-5-sulfonyl; RP: Reverse
Phase; SPPS: Solid Phase Peptide Synthesis; TAMRA: 5(6)-Carboxytetramethlyrhodamine
succinimidyl ester; TFE: Trifluoroethanol; TIS: Triisopropylsilane; TNBS: 2.4,6-
Trinitrobenzenesulfonic acid; 6Ahx: 6-aminohexanoic acid. DMEM: Dulbecco's Modified Eagle
Medium. FBS: Fetal Bovine Serum.

General protocols

General protocols for the SPPS

All peptides were synthesized by manual Fmoc solid-phase peptide synthesis!"? using Rink
Amide resin (loading 0.71 mmol/g). The resin (0.1 mmol) was swelled in DMF (peptide synthesis
grade, 2 mL) for 20 min in a peptide synthesis vessel prior synthesis. Coupling cycle consisted
of the removal of Fmoc protecting group with a solution of piperidine in DMF (20%, 2mL) for 10
min and then the mixture was filtered and the resin was washed with DMF (3x2 mL, 1 min). The
amino acid coupling was carried out by treatment with a solution of a-amino acids (4 equiv), N-
HBTU (3.95 equiv) in DMF (2 mL), which was mixed with DIEA (0.195 M solution in DMF, 1.2
equiv) 1 min before the addition and the resulting mixture was shaken by bubbling Ar for 15 min.
Finally, the resin was washed with DMF (3x2 mL, 1 min). The efficiency of each amino acid
coupling and deprotection was monitored employing the TNBS test™™. Once the linear peptide
was finished, the ending protocol used was “linker coupling”, after Fmoc cleavage with
piperidine/DMF (20%, 2mL), the linear peptide was treated with a solution of N-Fmoc-6-
aminohexanoic acid (4 equiv), N-HBTU (3.95 equiv) and DIEA (0.195 M solution in DMF, 1.2
equiv) in DMF.

The resin was washed with DCM (2x2 mL, 5 min), and the Mtt protecting group was selectively
removed by mechanical shaking of the resin with a mixture of DCM/HFIP/TFE/TIS (6.5:2:1:0.5,
2x2 mL, 2 h). Finally, the mixture was filtered and the resin was washed with DCM (2x2 mL, 2
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min) and DMF (2 mL, 20 min). A solution of [(tert-butoxycarbonyl) aminooxy] acetic acid (2.5
equiv per free amine) and N-HATU (2.5 equiv) in DMF (1 mL) was added to the resin followed
by the dropwise addition of a solution of DIEA (4 equiv) in DMF (0.5 mL). The resin was shaken
by bubbling Ar for 30 min and finally washed with DMF (3x2 mL, 2 min) and DCM (3x2 mL, 2
min).

General protocol for N-terminal functionalization

Fluorescently labelled peptides: the Fmoc-protecting group of the previously attached linker was
removed by using a solution of piperidine in DMF (20%, 4 mL) for 15 min and the resin was
washed with DMF (3x3 mL). The coupling was carried out by the addition of a solution of 5(6)-
Carboxytetramethylrhodamine succinimidyl ester (1 equiv) and DIEA (0.195 M, 1 equiv) in DMF
(2 mL) and the mixture was stirred by bubbling Ar for 30 min. Finally, the resin was washed with
DMF (3x3 mL) and DCM (3x3 mL).

General protocol for peptide cleavage

Finally, peptides were deprotected and cleaved from the resin by standard TFA cleavage
procedure at rt by using TFA/DCM/H,O/TIS (90:5:2.5:2.5, 1 mL per 70 mg of resin) for 2 h.
Then, the mixture was filtered, washed with TFA (1 mL) and the peptide was precipitated with
ice-cold Et,O (25 mL). The precipitate was centrifuged and dissolved in H,O (5 mL). Peptides
were obtained following the previously described procedure, and were treated with the different
ligands without purification.

General protocol for ligand coupling

A solution of peptide in H,O (5 mM) was reacted with a solution of corresponding aldehyde
Iigands[‘” (2 equiv. per alkoxyamine) in H,O (120 mM) for 5 min. Then, peptides were purified by
RP-HPLC for removing the ligand excess. The purification was carried by Agilent Eclipse XDB-
C18 column H20 (0.1% TFA)/CH3CN (0.1% TFA), 95:5—-5:95 (5—35 min)] with a binary
gradient of Solvent A and Solvent B, the collected fractions were lyophilized and stored at -20
°C. Purity and identity were confirmed by HPLC, 'H-NMR and low and high resolution mass
spectrometry.

Synthesis of peptides

Synthesis of TmP(Man),

Following the general protocol of the SPPS for synthesizing a TAMRA labelled peptide with two
a-D-mannoses, TmP(Man), was obtained after RP-HPLC purification [Agilent Eclipse XDB-C18,
9.4x250 mm, H,0 (0.1% TFA)/ CH3CN (0.1% TFA) 95:5—5:95 (0—35 min)] with an overall yield
of 6% (17 mgs) and 99% purity. R; 7.62 min (Fig. S6) [RP-HPLC Agilent SB-C18 column, H,O
(0.1% TFA)/ CH3CN (0.1% TFA) 95:5-5:95 (0—12 min)]. The spectroscopic data matched
those previously reported.”’ "TH-NMR (500 MHz, D,0, &): 8.21 (s, 1H), 7.92 (d, J = 8.1 Hz, 1H),
7.58 (m, 1H), 7.36 (d, J = 8.1 Hz, 1H), 7.11 (t, J = 9.9 Hz, 2H), 6.97 (m, 1H), 6.83 (d, J = 9.6 Hz,
2H), 6.75 (s, 2H), 4.80-4.73 (m, 2H), 4.68 (s, 4H), 4.40 (d, J = 24.1 Hz, 4H), 4.28-3.96 (m, 13H),
3.87-3.24 (m, 12H), 3.13 (s, 12H), 3.10-2.95 (m, 16H), 2.91-2.80 (m, 2H), 2.25 (t, J = 7.1 Hz,
2H), 1.79-1.11 (m, 57H), 0.87-0.67 (m, 30H). MS (ESI, H,0): 1657 (7, [M+2H+4TFA]"%), 1599
(17, [M+2H+3TFA]*?), 1542 (15, [M+2H+2TFA]"?), 1027 (100, [M+3H+2TFA]"), 989 (99,
[M+3H+TFA]™®), 953 (28, [M+3H+]"), 743 (62, [M+4H+TFA]""), 716 (53, [M+4H]"). HRMS
(ES') Calculated for C129H217N39034: 14283220, found: 1428.3209 ([M+2H]+2)

Synthesis of TmP(Gal),
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Following the general protocol of the SPPS for synthesizing a TAMRA labelled peptide with two
B-D-galactoses, TmP(Gal), was obtained after RP-HPLC purification [Agilent Eclipse XDB-C18,
9.4x250 mm, H,0 (0.1% TFA)/ CH3CN (0.1% TFA) 95:5—5:95 (0—35 min)] with an overall yield
of 9% (26 mgs) and 97% purity. R; 7.81 min (Fig. S7) [RP-HPLC Agilent SB-C18 column, H,O
(0.1% TFA)/ CH5CN (0.1% TFA) 95:5—5:95 (0—12 min)]. "H-NMR (500 MHz, D,0, &): & 8.47
(s, 1H), 8.08-7.96 (m, 1H), 7.63-7.53 (m, 1H), 7.25 (s, 1H), 7.06-6.91 (m, 2H), 6.89-6.83 (m,
1H), 6.79-6.62 (m, 2H), 6.57 (s, 2H), 4.81-4.68 (m, 4H), 4.66-4.58 (m, 4H), 4.38 (s, 2H), 4.28-
3.90 (m, 13H), 3.89-3.31 (m, 12H), 3.19-3.05 (m,16H), 3.04 (s, 12H), 2.91-2.71 (m, 2H), 2.37-
211 (m, 2H), 1.98-1.04 (m, 57H), 0.90-0.53 (m, 30H). MS (ESI, H;O): 1599 (7,
[M+2H+3TFA]"%), 1543 (8, [M+2H+2TFAJ%), 1029 (75, [M+3H+2TFAJ®), 991 (100,
[M+3H+TFA]™®), 953 (20, [M+3H]™®), 744 (35, [M+4H+TFA]"*), HRMS (ESI): Calculated for
C120H215N39034: 952.5504; found: 952.5499 ([M+3H]*).

Synthesis of TmP(NAG),

Following the general protocol of the SPPS for synthesizing a TAMRA labelled peptide with two
N-acetyl-p-D-glucosamine, TmP(NAG), was obtained after RP-HPLC purification [Agilent
Eclipse XDB-C18, 9.4x250 mm, H,O (0.1% TFA)/ CH3CN (0.1% TFA) 95:5—5:95 (0—35 min)]
with an overall yield of 9% (26 mgs) and 98% purity. R; 7.63 min (Fig. S8) [RP-HPLC Agilent
SB-C18 column, H,O (0.1% TFA)/ CHsCN (0.1% TFA) 95:5-5:95 (0—12 min)]. '"H-NMR (500
MHz, D,O, 0): 8.37 (s, 1H), 8.08 (s, 1H), 7.97-7.86 (m, 1H), 7.77 (s, 1H), 7.49 (t, J = 5.4 Hz,
2H), 6.97-6.91 (m, 1H), 6.91-6.81 (m, 2H), 6.67-6.52 (m, 2H), 4.54-4.46 (m, 2H), 4.47-4.32 (m,
19.7 Hz, 4H), 4.29-3.89 (m, 13H), 3.77-3.29 (m, 12H), 3.09 (s, 12H), 3.08-2.95 (m, 16H), 2.85-
2.71 (m, 2H), 2.34-2.22 (m, 2H), 1.94-1.85 (m, 6H), 1.81-1.29 (m, 57H), 0.86-0.57 (m, 30H). MS
(ESI, H,0): 1638 (10, [M+2H+3TFA]*?), 1581 (5, [M+2H+2TFA]"?), 1055 (100, [M+3H+2TFAJ*®),
1016 (80, [M+3H+TFA]"), 979 (15, [M+3H]"),762 (30, [M+4H+TFA]"), 734 (25, [M+4H]™),
HRMS (ESI): Calculated for Cy33H224N41034: 979.9014; found: 979.9011 ([M+3H]").

Synthesis of TmP(Glu),

Following the general protocol of the SPPS for synthesizing a TAMRA labelled peptide with two
B-D-glucose, TmP(Glu), was obtained after RP-HPLC purification [Agilent Eclipse XDB-C18,
9.4x250 mm, H,0 (0.1% TFA)/ CH3CN (0.1% TFA) 95:5—5:95 (0—35 min)] with an overall yield
of 15% (42 mgs) and 99% purity. R; 7.59 min (Fig. S9) [RP-HPLC Agilent SB-C18 column, H,O
(0.1% TFA)/ CH3CN (0.1% TFA) 95:5—5:95 (0—12 min)]. "H-NMR (300 MHz, D,0, &): 8.21 (s,
1H), 7.96-7.91 (m, 1H), 7.83 (s, 1H), 7.69-7.57 (m, 1H), 7.19-7.12 (m, 2H), 7.09-7.00 (m, 1H),
6.75 (s, 2H), 6.65-6.57 (m, 2H), 4.46 (s, 2H), 4.41-4.33 (m, 4H), 4.27-4.00 (m, 13H), 3.86-3.27
(m, 12H), 3.13 (s, 12H), 3.10-3.02 (m, 16H), 2.76 (d, J = 7.4 Hz, 2H), 2.31-2.18 (m, 2H), 1.96-
1.09 (m, 57H), 0.95-0.60 (m, 30H). MS (ESI, H,O): 1598 (10, [M+2H+3TFA]"?), 1544 (8,
[M+2H+2TFA]*%), 1029 (50, [M+3H+2TFAJ™®), 991 (100, [M+3H+TFA]"), 953 (23, [M+3H]™),
744 (47, [M+4H+TFAJ™), 715 (43, [M+4H]™*), HRMS (ESI): Calculated for CizgH21gN3gOss:
952.5504; found: 952.5505 ([M+3H]"™).

Synthesis of TmP(Mans),

Following the general protocol of the SPPS for synthesizing a TAMRA labelled peptide with two
a-D-mannose trisaccharide, TmP(Man3), was obtained after RP-HPLC purification [Agilent
Eclipse XDB-C18, 9.4x250 mm, H,O (0.1% TFA)/ CH3CN (0.1% TFA) 95:5—-5:95 (0—35 min)]
with an overall yield of 11% (38 mgs) and 99% purity. R; 7.73 min (Fig. S10) [RP-HPLC Agilent
SB-C18 column, H,0O (0.1% TFA)/ CHsCN (0.1% TFA) 95:5-5:95 (0—12 min)]. '"H-NMR (500
MHz, D,0, &): 8.21 (s, 1H), 8.03-7.87 (m, 1H), 7.72-7.58 (m, 1H), 7.44-7.35 (m, 1H), 7.23-7.12
(m, 2H), 7.04-6.95 (m, 2H), 6.95-6.86 (m, 2H), 6.83 (s, 2H), 5.07-4.93 (m, 2H), 4.86-4.70 (m,
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4H), 4.51-4.40 (m, 4H), 4.33-4.09 (m, 13H), 4.07-3.34 (m, 62.5 Hz, 36H), 3.18 (s, 12H), 3.14-
3.03 (m, 16H), 2.94-2.78 (m, 2H), 2.36-2.11 (m, 2H), 1.95-1.03 (m, 57H), 0.95-0.58 (m, 30H).
MS (ESI, H,0): 1244 (100, [M+3H+2TFA]"®), 1207 (78, [M+3H+TFAJ*®), 1169 (10, [M+3H]™®),
905 (55, [M+4H+TFA]™), 604 (47, [M+6H+TFA]"), HRMS (ESI): Calculated for C1s3H255N360s4:
1168.6208; found: 1168.6204 ([M+3H]*).

Synthesis of TmP(Acetone),

Following the general protocol of the SPPS for synthesizing a TAMRA labelled peptide capped
with acetone, TmP(Acetone), was obtained after RP-HPLC purification [Agilent Eclipse XDB-
C18, 9.4x250 mm, H,0O (0.1% TFA)/ CH3CN (0.1% TFA) 95:5—5:95 (0—35 min)] with an overall
yield of 12% (30 mgs) and 99.9% purity. R; 8.21 min (Fig. S11) [RP-HPLC Agilent SB-C18
column, H,O (0.1% TFA)/ CHsCN (0.1% TFA) 95:5—5:95 (0—12 min)]. "H-NMR (500 MHz,
D0, 6): 8.07-7.89 (m, 2H), 7.55 (s, 1H), 7.03 (d, J = 9.2 Hz, 2H), 6.89-6.69 (m, 4H), 4.34 (d, J =
7.9 Hz, 4H), 4.27-3.93 (m, 13H), 3.40-3.22 (m, 2H), 3.10 (s, 12H), 3.07-2.98 (m, 16H), 2.31-2.11
(m, 2H), 1.89-1.63 (m, 12H), 1.60-1.10 (m, 57H), 0.88-0.64 (m, 30H). MS (ESI, H,0): 1492 (8,
[M+2H+4TFAJ®"), 1434 (10, [M+2H+3TFA]®), 1376 (8, [M+2H+2TFA]*), 918 (100,
[M+3H+2TFAJ®"), 881 (100, [M+3H+TFA]*"), 690 (18, [M+4H+2TFA]*), 662 (40,
[M+4H+TFA]"™"), 632 (18, [M+4H]""). HRMS (ESI): Calculated for Ci1gH201N39O22: 1264.2899;
found: 1264.2902 (IM+2H]*").

General procedure for circular dichroism

Circular dichroism measurements were carried out using the following settings: acquisition
range: 300-190 nm; band width: 1.0 nm; accumulation: 3 scans; data pitch: 1 nm; CD scale: 200
mdeg/1.0 dOD; D.I.T. (Data Integration Time): 1s; scanning mode: continuous; scanning speed:
200 nm/min. Measurements were done from 10°C to 60°C (data interval: 10°C; temp. gradient:
5°C /min) in a quartz cell of 0.2 cm path length at a final volume of 0.5 mL (HKR buffer or TFE)
with a final peptide concentration of 200 uM.

The results are expressed as the mean residue molar ellipticity [B]yr: with units of
degrees-cm*dmol” and calculated using the equation S1:

100- 6
C-l-N°f residues

[Q]MRt = (51)

where 0 is the ellipticity (deg), C is the peptide concentration (M) and | is the cell path length
(cm).>8

NMR measurements

NMR experiments were acquired with 1.5 mM peptide samples prepared in phosphate buffer 20
mM containing 30% of deuterated trifluoroethanol (TFE-d;) and 10 % of D,O. 2D-TOCSY and
2D-NOESY spectra were acquired on a Bruker 500 MHz spectrometer at 298 K, with mixing
times of 75 ms and 500 ms, respectively. Both experiments were recorded with 4096 data
points in F2 and 256 data points in F1.

Peptide assignment were carried out by using CARA software!”? and structure calculations were
performed by using CYANA 3.0 with distance restraints derived from the experimental NOEs.®!

Cells lines and culture

Cell lines were incubated at 37°C, 5% CO,, 95% humidity in an INCO 108 incubator (Memmert)
with Dulbecco’s Modified Eagle’s Medium (4500 mg/L glucose, L-glutamine, sodium pyruvate
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and sodium bicarbonate; Sigma-Aldrich), supplemented with 10% fetal bovine serum (Sigma-
Aldrich) and 1% of Penicillin-Streptomycin-Glutamine Mix (Fisher). Each cell line was grown on
four chamber glass bottom dishes and washed with HEPES—Krebs—Ringer (HKR) buffer (5mM
HEPES, 137 mM NaCl, 2.68 mM KCl, 2.05 mM MgCl,, 1.8 mM CacCl,, pH 7.4) and nuclei were
stained by incubation with 1uM Hoechst 33342 in HKR for 30 min. The peptide was diluted in
HKR, DMEM or DMEM/FBS (10%) to obtain the different concentrations that were recalibrated
by UV. Cells were incubated with the peptide for 30 min and then washed to remove excess
peptide using an heparin solution (2x500 pL, 0.1 mg/ml) and HKR buffer (2x500 pL) before
performing epifluorescence microscopy using a Nikon Eclipse Ti-E inverted microscope or
confocal microscopy with a Leica SP5 microscope. Images were analyzed with Imaged.

Cell viability: MTT assay

Cell viability was established by a standard MTT assay (Fig. S5). One day before the assay, a
suspension of HelLa cells was plated in 96-well tissue culture plates (Costar 96 Flat Bottom
Transparent Polystyrol) by adding 100 yL (150.000 cells/mL) per well. The next day, the
medium was aspirated and cells were incubated with different concentrations of peptide diluted
in HKR (50 pL/well). After 1 hour of incubation at 37°C, the medium was aspirated and cells
were washed with HKR buffer (2x100 pL/well). Then fresh medium (DMEM) containing 10%
FBS (100 pL) was added to the cells during 3h. Control cells 100% were permorfed with only
cell culture medium (100 pL final medium) and control cell 0% with TRITON solution. The
viability was measured by quantifying the cellular ability to reduce the water-soluble tetrazolium
dye 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl tetrazolium bromide (MTT) to its insoluble
formazan salt as follows. MTT (5 mg/mL in PBS, 10 pL/well) was added to the wells and the
cells were further incubated for 4 h. The supernatant was carefully removed and the water-
insoluble formazan salt was dissolved in DMSO (100 uyL/well). The absorbance was measured
at 570 nm using a microplate reader (Infinite F200pro, Tecan). Data points were collected in
triplicate and expressed as normalized values for untreated control cells (100% and 0%).

General protocol for flow cytometry

One day before the assay, different cell lines were plated in 96-well tissue culture plates (Costar
96 Flat Bottom Transparent Polystyrol) by adding 100 pL (150.000 cells/mL) per well. The next
day, the medium was aspirated and cells were incubated with different concentrations of
peptide (50 pL/well) in HKR buffer. After 30 min of incubation at 37°C, the buffer was aspirated;
cells were washed with heparin solution (1x100 pL, 0.1 mg/mL) and HKR buffer (2x100 pL).
Finally trypsin 50 yL was added in each well and cells were incubated for 15 min at 37°C. After
this, 150 yL of a solution of 2% FBS and 5 mM EDTA in PBS were added to the cells. Cells
were analyzed in a Guava EasyCyte (Millipore) cytometer and the results were processed in an
InCyte software (GuavaSoft 3.2 Millipore).

Zebrafish experiments

One-year-old adult zebrafish (Danio rerio) were maintained in 30 L aquaria at a rate of 1 fish per
liter of water on a recirculating system, in a controlled environment of 14-h light/10-h dark cycle
at 28 °C. Zebrafish embryos were obtained by massive spawning from breeding stocks of adult
zebrafish.

48 hours post-fertilization (hpf) zebrafish embryos were exposed to 1 yM concentration of
glycopeptides (namely TmP(Gal), and TmP(Mans),) in order to evaluate their uptake capacity
into the embryo and, if possible, their biodistribution. This was possible because of fluorescence
characteristics of glycopeptides analysed and transparency of fish embryos. Exposition took
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place for 96 h, being fishes checked every 24 h. Pictures were taken with a Nikon AZ100 Zoom
fluorescence microscope and analyzed with NIS Elements software (Nikon).

The protocols used in this study were performed in compliance with the EU animal
experimentation regulation (EU, 2010) and were approved by the Bioethics Committee for
Animal Experimentation CEEA-LU (Universidade de Santiago de Compostela, Spain). When
needed, embryos were euthanized by tricaine (MS-222) overdose
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Supporting figures for characterization
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Figure S9. A) 'H-NMR spectra in D,O of TmP(Man),. B) RP-HPLC-C18 column, H,O (0.1%
TFA)/ CH3CN (0.1% TFA) 95:5—5:95 (0—12 min)]. (R; 7.62 min) and ESI-MS of TmP(Man),.
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Figure $10. A) 'H-NMR spectra in D,O of TmP(Gal),. B) RP-HPLC-C18 column, H,O (0.1%
TFA)/ CH3CN (0.1% TFA) 95:5—5:95 (0—12 min)]. (R; 7.81 min) and ESI-MS of TmP(Gal),.
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Figure S11. A) 'H-NMR spectra in DO of TmP(NAG),. B) RP-HPLC-C18 column, H,O (0.1%
TFA)/ CH3CN (0.1% TFA) 95:5—5:95 (0—12 min)]. (R; 9.90 min) and ESI-MS of TmP(NAG),.
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Figure S$12. A) 'H-NMR spectra in D,O of TmP(Glu),. B) RP-HPLC-C18 column, H,O (0.1%
TFA)/ CH3CN (0.1% TFA) 95:5—5:95 (0—12 min)]. (R; 7.59 min) and ESI-MS of TmP(Glu),.
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Figure S13. A) 'H-NMR spectra in D,O of TmP(Mans),. B) RP-HPLC-C18 column, H,O (0.1%
TFA)/ CH3CN (0.1% TFA) 95:5—5:95 (0—12 min)]. (R; 7.73 min) and ESI-MS of TmP(Manj;),.
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Figure S14. A) 'H-NMR spectra in DO of TmP(Acetone),. B) RP-HPLC-C18 column, H,O
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