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Peptide conformation can change subject to environment
cues. This concept also applies to many cationic amphipathic
peptides (CAPs) known to have cell membrane lytic or pene-
trative activities. Well-conditioned CAPs can match the prop-
erties of the target membrane to support their intended
biological functions, e.g., intracellular cargo delivery; however,
the intricacy in such conditioning surpasses our current un-
derstanding. Here we focused on hydrophobicity, a key bio-
physical property that dictates the membrane activity of CAPs,
and applied a structure—function strategy to evolve a template
peptide for endosomolytic cargo delivery. The template was
subjected to iterative adjustment to balance hydrophobicity
between its N-terminal linear and C-terminal helical domains.
We demonstrate that the obtained peptide, LP6, could
dramatically promote cargo cell entry and facilitate cytosolic
delivery of biomacromolecules such as FITC-dextran, saporin,
and human IgG. Among the evolved peptide series, LP6 has low
cytotoxicity and moderate hydrophobicity, exhibits maximum
change in helical conformation in response to negatively
charged phospholipids, and also shows an apparent aggrega-
tional behavior in response to sialic acid enrichment. These
attributes of LP6 collectively indicate that its anion-responsive
conformational change is a critical underlining of its endo-
somolytic cargo delivery capability. Our results also suggest
that modulation of hydrophobicity serves as a key to the pre-
cise tuning of CAP’s membrane activity for future biomedical
applications.

Cationic peptides as one of the most well-studied classes
of membrane-active peptides may serve as promising “vehi-
cles” for intracellular delivery of biomacromolecules (1-3).
Traditionally, cationic membrane active peptides are classified
as “penetrative” or “lytic” based on their mechanisms of actions
(4—6). For example, a class of cell-penetrating peptides (CPP)
represented by TAT or oligoarginines can mediate cell entry of
biomacromolecules in a penetrative manner via energy-
independent direct translocation or energy-dependent endo-
cytosis (7-9). This delivery modality however requires
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covalent conjugation of CPP to the cargo and often faces
challenge of low endosomal escape efficiency (10, 11), both of
which hinder its wide application. Another major class of
cationic peptides are characterized by their amphipathic
structures and ability to lyse the lipid bilayer of plasma or
organelle membranes, as represented by numerous host de-
fense peptides (12—16). Generally, when the applied concen-
trations exceed certain thresholds, these peptides would
undergo self-aggregation and cause membrane rupture and
cell death (17-19). Some of the peptides have therefore been
explored as candidates of anticancer agents (20, 21). However,
the cell death caused by such excessive membrane activity is
undesirable for intracellular delivery purposes.

In an ideal scenario, the delivery process should firstly be
initiated by vehicle peptide escorting the cargos into cells
without causing direct damage to the cell membrane and then
be followed by endosomal membrane lysis for cargo release
into the cytosol (22—24). Yet, it remains a challenge to devise
peptides with well-controlled membrane activities to achieve
such selective membrane actions. Recently, studies have un-
covered a more subtle boundary between “penetrative” and
“lytic” modes of membrane action of cationic peptides for
entering cells (25). Delicate control of hydrophobicity
appeared critical for an environment-sensitive switch between
the two modes of action by these peptides (26, 27). The hy-
drophobic domain can manifest in two structural forms, one as
a string of continuous hydrophobic residues in a linear
structure (28, 29), or two as intermittently distributed hydro-
phobic residues forming continuous surface in an amphipathic
secondary structure (30-32). Interestingly, many naturally
occurring amphipathic antimicrobial peptides adopt both
forms of these structures, usually in a scheme of N-terminal
hydrophobic domain followed by a C-terminal helical amphi-
pathic domain (33-35). We speculate that in these peptides,
the N-term hydrophobic segments prime their membrane
association and the C-term helical regions further assemble to
cause membrane lysis.

In a previous effort to explore how the balance of hydro-
phobicity affects cationic amphipathic peptides’ cytotoxicity, a
series of single-site mutants based on model template
KL1 (KLLKLLKKLLKLLK-amide) were designed (27). These
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peptides exhibit nonlytic mode of membrane action. Among
them, L9E (KLLKLLKKELKLLK-amide) showed the most
attenuated cytotoxicity, but lacked cargo (FITC-Dextran of
10 kDa) delivery ability at the highest working concentration
(Figs. S1 and S2A). In the following study, we used L9E as the
starting template and applied a combined strategy for hydro-
phobicity balancing between N-terminal and C-terminal do-
mains to discover an endosomal lytic peptide 6 (LP6) with
exceptional cargo delivery capacity, and we further demon-
strated that conformational sensitivity in anionic environment
underlies the mechanism of action of LP6.

Results

An N-terminal hydrophobic domain added to L9E restores its
membranolytic activity

Using a previously discovered nontoxic L9E (hereafter
termed as lytic peptide 1 - LP1) as the starting template, LP2
(ILILAAKLLKLLKKELKLLK-amide) was designed by adding a
random hydrophobic sequence composed of six aliphatic
amino acids ILILAA to the N-terminus. To demonstrate the
transition of the secondary structures from KL1 to LP1 then to
LP2, circular dichroic spectrum analysis was performed. The
results showed that while LP1 completely loses helix forming
ability from its parent self-aggregating KL1, LP2 obtains an
obvious a-helical structure under the same conditions
(Fig. 1A). This indicates that the appended hydrophobic
domain ILILAA allowed the C-terminal domain of L9E to
regain helical conformation in an amphipathic environment.
To further assess the effect of this structural change on the
membranolytic ability of peptide, 20 M of large unilamellar
vesicles (LUVs) that contain calcein were treated with peptides
at varying concentrations. The results showed that compared
with LP1, the ability of LP2 to lyse liposomal membranes was
dramatically enhanced (Fig. 1B). However, further experiments
showed that LP2 was too toxic to be an ideal delivery vehicle
since 2 pM LP2 caused more than 50% cell death after 1 h
incubation (Fig. S2B). Nevertheless, LP2 with increased
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Figure 1. An additional N-terminal hydrophobic domain restores the
helix forming ability and membranolytic ability of peptide. A, circular
dichroism spectra of 75 uM peptide KL1, LP1, and LP2 in PBS buffer in the
presence of 10% TFE(v/v). B, leakage analysis of peptides against calcein
encapsulated vesicles. Serially diluted concentrations of peptides were
incubated with calcein encapsulated DOPC/DOPG vesicles (30 pM) in
96-well plates on a gently rocking shaker at room temperature for 1 h. Then,
the fluorescence values were measured using a multilabel plate reader. The
assays were repeated in triplicates, and data was analyzed with GraphPad
Prism 5 as Mean + SD.
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membrane activity could serve as the basis for further
modulations.

Iterative rebalancing strategy for design and selection of
cytosolic delivery peptide

The enhanced ability of LP2 than LP1 to form a-helix in
amphipathic environment likely caused LP2’s potent lytic ac-
tivity to cell membrane. To reduce the cytotoxicity of LP2, we
went on to tune down the hydrophobicity in the C-terminal
helical domain by substituting two Leu to Ala at a time while
keeping the N-terminal hydrophobic domain for membrane
anchoring. Subsequent adjustments of the N-terminal domain
by single amino acid Ile or Leu were taken place to compensate
for the loss of hydrophobicity in the helical domain (See
Table 1 for all peptide sequences). In this continuous iterative
design process, the cytotoxicity and cytosolic delivery ability of
the peptides were simultaneously monitored to inform us
whether further hydrophobicity adjustment was needed
(Figs. S2, C—F and 2A). When testing the cytosolic delivery
ability of the peptides, a concentration close to each peptide’s
respective ICyq value (a safe concentration for delivery pur-
poses) was used. Finally, we obtained a moderately cytotoxic
peptide (LP6). Most interestingly, when examined under
confocal laser scanning microscope (CLSM), LP6 also showed
a significant promotion of cytosolic delivery of FITC-Dextran,
with almost 50% of the cells coincubated with LP6 (20 yuM)
and displayed fluorescence signals homogenously spread in the
cytosol and the nucleus (Fig. 2, A and B-III (compared with I,
II)). This cytosolic delivery is obviously different from the
influx of FITC-dextran caused by the damage of cell mem-
branes as seen in cells coincubated with 8 uM KL1 (positive
control for membrane lysis), in which the nuclei of lysed cells
were stained by propidium iodide (PI), and FITC-dextran
signals showed vacuole excluded rather than homogenous
distribution in the cytosol and concentrated distribution in the
nucleoli (Fig. 2B-1II).

Confirmation of cytosolic delivery ability of LP6

To further confirm the cytosolic delivery ability of LP6 with
other biomacromolecules, we used a membrane-impermeable
ribosome-inactivation protein, saporin (SAP), as a 28.6 kDa
cargo and investigated its delivery efficiency by monitoring the
cell death it caused (36). As Figure 3A shows, when HeLa cells

Table 1

The sequences of the amphipathic peptides involved in the iterative
design

Peptide Sequences
KL1 KLLKLLKKLLKLLK-amide
LP1 (L9E) KLLKLLKKELKLLK-amide
LP2 ILILAA-KLLKLLKKELKLLK-amide
LP3 ILILAA-KLLKALKKEAKLLK-amide
LP4 ILILAA-KLAKALKKEAKALK-amide
LP5 ILILILAA-KLAKALKKEAKALK-amide
LP6 LILILAA-KLAKALKKEAKALK-amide

Peptide sequences are shown in one-letter codes for amino acid residues; amide,
C-terminal amidation; the italic underlined letters denote the substituting amino acids.
The regions set in bold indicate membrane association domains, in contrast to the
nonbold amphipathic regions for membrane lysis.
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Figure 2. Selection of cytosolic delivery peptide in the iterative design. A, images show cytosolic appearance of FITC-dextran (green) after treatment
with peptides for 1 h. The concentration of the peptide is 8 uM for KL1 or close to the respective ICyq value (0.25 uM LP2, 3 uM LP3, 32 uM LP4, 2 uM LP5,
20 pM LP6). All cells were coincubated with propidium iodide (PI, red) to indicate cell membrane integrity. Scale bar, 100 um. B, three types of cytosolic
appearance of FITC-dextran (green) after treatment with peptides and Pl (red) for 1 h: endosomal entrapment (I); cell membrane leakage (ll); cytosolic

delivery (lll). Scale bar, 100 um.

were incubated with SAP (10, 20, 50 pg/ml) alone for 60 min,
their survival was barely affected. However, in the presence of
LP6 (20 uM), apparent cell death was observed with lethality
rates of 0.51, 0.63, 0.71, respectively (p < 0.001 for all). This
indicates a promotive role of LP6 on cytosolic delivery of SAP.
Moreover, we evaluated the cytosolic delivery of LP6 on
immunoglobulin IgG (150 kDa). HeLa cells were incubated
with 200 pg/ml FITC labeled IgG in the presence or absence of
LP6 for 60 min. CLSM analysis showed that LP6 can
dramatically promote the internalization of IgG (Fig. 3B). The
cytosolic FITC-IgG signals can be observed in certain cells and
indicated that to some extent they were released from the
endosomes. Flow cytometry analysis further confirmed that in
the presence of LP6, the cellular uptake of FITC-IgG (200 ug/
ml) increased by 3.8 folds in 30 min (p < 0.001) (Fig. 3C).
Furthermore, the cytosolic delivery ability of LP6 was also
confirmed by CLSM in A549, MCEF-7, and HUVEC cells with
FITC-dextran as cargo (Fig. 3D).

The cytosolic delivery ability of LP6 is related to its moderate
hydrophobicity

In order to understand the mechanism behind LP6’s de-
livery ability, we used the grand average of hydropathy
(GRAVY) score to quantitate the hydrophobicity of each

SASBMB

peptide and arranged the peptides in the order of decreasing
hydrophobicity in Table 2. Through this sorting, we found that
the cytotoxicity of peptides (characterized by ICs, values
against HeLa cells) reduces with descending hydrophobicity.
We next analyzed the circular dichroism (CD) spectrum of
these peptides (Fig. S3A). The percentage a-helix of the pep-
tides indicated that the helix forming ability of peptides also
decreases as the hydrophobicity decreases (Table 2). The
membranolytic ability of peptides assessed by calcein release
from liposomes presented the same trend again (Fig. S3B and
Table 2). Among this set of peptides, LP6 possesses moderate
hydrophobicity, along with moderate helix formation ability,
membranolytic ability, which leads to a mild cytotoxicity and
maximized cytosolic delivery capacity.

LP6-mediated cytosolic delivery involves clathrin-dependent
endocytosis

To evaluate the process of LP6-mediated cytosolic delivery
of dextran, HeLa cells were incubated with FITC-dextran
(250 pg/ml) in the presence of LP6 (20 uM) for 5, 15, 30,
and 60 min, respectively. After incubation at each time point,
the cell nuclei were stained, and CLSM analysis was performed
immediately. The results showed that FITC-dextran is already
in a state of diffused distribution in a fraction of cells after
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Figure 3. Confirmation of cytosolic delivery ability of LP6. A, the promotion effect of LP6 on the cytosolic delivery of saporin. Hela cells were treated
with saporin (10, 20, 50 pg/ml) in the absence (-) or presence (+) of LP6 (20 uM) for 1 h. After incubation, the cells were washed twice with PBS and
incubated in DMEM at 37 °C for 6 h. Cytotoxicity was then analyzed by MTT assay. Data presented as mean + SD of four independent experiments. One-way
ANOVA followed by Dunnett’s post hoc test. ***p < 0.001. B, microscopic examination of intracellular appearance of FITC-gG after treatment without (-) or
with (+) LP6 (20 pM) for 1 h. FITC-IgG only was set as a control. Blue, Hoechst 33324; green, FITC-IgG. Scale bar, 5 um. C, flow cytometry results of cellular
uptake of FITC-IgG (200 pg/ml) after treatment without (-)/with (+) LP6 (20 uM) for 30 min. Data presented as mean * SD of three independent experiments.
Student’s t test. ***p < 0.001. D, microscopic examination of cytosolic appearance of FITC-dextran in A549, MCF-7, and HUVEC cells after treatment without
(<) or with (+) LP6 (20 uM) for 1 h. Blue, Hoechst 33324; green, FITC-IgG. Scale bar, 50 um.

Table 2
Hydrophobicity, helix formation ability, membranolytic ability, and
cytotoxicity of peptides

Peptide GRAVY, a-helix % LCso (UM) IC50 (M)
LP2 0.995 ~100 3.8 1.3
LP5 0918 52 7.7 13.0
LP3 0.795 59 7.5 12.5
LP6 0.748 47 11.9 31.1
LP4 0.595 30 >32 >128
LP1 0.529 21 >32 >128

The hydrophobicity of each peptide is characterized by the grand average of hydropathy
(GRAVY) score. The helix formation ability is characterized by a-helix % calculated
from the mean residue molar ellipticity at 222 nm in PBS buffer in the presence of 10%
TFE(v/v). The membranolytic ability is characterized by the half leakage concentration
(LCso) value against calcein encapsulated vesicles (30 pM); results are the mean of three
independent experiments. The cytotoxicity is characterized by the half inhibitory
concentration (ICs) value against HeLa cells; results are the mean of three independent
experiments. All peptides are arranged in descending order of hydrophobicity.
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5 min of coincubation (Fig. S4). This means that the intra-
cellular release of FITC-dextran is rapid and independent of
endosome maturation. To further confirm the involvement of
endocytosis in the cytosolic release mediated by LP6, HeLa
cells were precultured at 4 °C to suppress energy consump-
tion. Few cytosolic FITC-dextran signals were observed under
this treatment, supporting the involvement of endocytosis in
this process (Fig. 4A). This was further confirmed using flow
cytometry analysis. In the presence of LP6, the cellular uptake
of FITC-dextran increased by about 2.8 times (p < 0.001), yet
this effect was significantly weakened (p < 0.001) after pre-
incubation at 4 °C for 30 min (Fig. 4B).

To further verify the endocytic mechanism, HeLa cells were
pretreated with 100 puM amiloride (EIPA, macropinocytosis

SASBMB
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Figure 4. LP6-mediated cytosolic delivery involves clathrin-dependent endocytosis. A, cytosolic appearance of FITC-dextran (green) after treatment
without (-)/with (+) LP6 (20 uM) for 5 min. The cells are precultured at 4 °C or 37 °C for 30 min. Scale bar, 100 um. B, flow cytometry results of cellular uptake
of FITC-dextran after treatment without (-)/with (+) LP6 (20 uM) for 5 min. The cells are precultured at 4 °C or 37 °C for 30 min. Data presented as mean + SD
of three independent experiments. One-way ANOVA followed by Dunnett’s post hoc test. ***p < 0.001. C, cytosolic appearance of FITC-dextran (green) after
treatment with LP6 (20 pM) for 5 min. The cells are pretreated with EIPA, NY, CPZ, or none for 30 min. Scale bar, 100 pm. D, flow cytometry results of cellular
uptake of FITC-dextran after treatment with LP6 (20 uM) for 5 min. The cells are pretreated with EIPA, NY, CPZ, or none for 30 min. Data presented as mean +
SD of three independent experiments. One-way ANOVA followed by Dunnett’s post hoc test. **p < 0.01. E, intracellular distribution of FITC-L6P. HeLa cells
were treated with FITC-L6P (20 pM) for 5 min. The arrows indicate the signals around nuclei. Scale bars = 20 um.

inhibitor), 10 uM nystatin (NY, caveolin-dependent endocy-
tosis inhibitor), or 5 pg/ml chlorpromazine (CPZ, clathrin-
mediated endocytosis inhibitor), respectively (26, 37). CLSM
analysis showed that the cytosolic delivery of FITC-dextran
was significantly inhibited after pretreatment with CPZ, sug-
gesting that clathrin-mediated endocytosis is the primary
pathway for FITC-dextran to enter cells with the help of LP6
(Fig. 4C). Flow cytometric analysis confirmed this result as the
cellular uptake of FITC-dextran was significantly reduced (p <
0.01) after pretreatment with CPZ (Fig. 4D).

In addition, LP6 was labeled with FITC for analyzing its
behavior under CLSM. As shown in Figure 4E, in addition to
cell membrane proximal stainings, most FITC-LP6 yielded
punctate, dot-like signals around nuclei, indicating that LP6
enters cells through endocytosis under this concentration. And
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because of its hydrophobicity, LP6 tends to stay on the
membranes rather than diffusing into the cytosol. Meanwhile,
its endosomal distribution was similar to that of FITC-dextran
alone (Fig. 2, B-I), suggesting that the cytosolic diffusion of
FITC-dextran under coincubation was a result of endosomal
lysis caused by LP6.

To evaluate the mechanism by which LP6 promotes the
entry of SAP and IgG, MTT assays and imaging experiments
were performed respectively. The lethality rates of the groups
precultured at 4 °C or pretreated with CPZ (5 pg/ml)
dramatically decreased (p < 0.01, p < 0.001) compared with
that of the untreated group, indicating the involvement of
clathrin-mediated endocytosis in the cell entry of SAP under
the assistance of LP6 (Fig. S5A). Precultured at 4 °C or pre-
treated with CPZ significantly reduced the cellular FITC-IgG
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signals, indicating that this involves a clathrin-mediated
endocytosis process as well (Fig. S5B).

LP6 forms a helical conformation in response to negatively
charged phospholipid

Next, we wondered why the moderately hydrophobic LP6
(20 uM) among the series possesses the unique ability to lyse the
endosomal membranes without destroying the cell membranes.
One of the characteristics of endosomal membranes toward the
lumenal side is that they are rich in negatively charged lipids
(LBPA or BMP), while the outer leaflet of cell membranes is
mostly composed of zwitterionic neutral lipids (38—40). And this
difference in the charged states of membranes has recently been
used for designing peptides that can promote the endosomal
escape of biomacromolecules (23, 26). Therefore, we first eval-
uated the effect of this difference on the behavior of LP6. DOPC
vesicles and DOPC/DOPG vesicles (3:1) were prepared to
simulate cell membranes and negatively charged endosomal
membranes, respectively, and circular dichroic analysis was
performed. As Figure 5A shows, LP6 exhibits a disordered
conformation in DOPC vesicles, but transforms into an obvious
single a-helix structure in DOPC/DOPG vesicles (P/L = 0.25).
This suggests that LP6 has higher membrane activity on nega-
tively charged endosomal membranes.

The secondary structures of LP1 to LP5 were analyzed as
well (Fig. S6). Figure 5B compares the changes in mean residue
molar ellipticity of all peptides from with DOPC vesicles to
with DOPC/DOPG vesicles at 222 nm, which were arranged in
descending order of hydrophobicity from left to right. Inter-
estingly, we found that LP3 and LP6 with medium hydro-
phobicity showed the strongest anionic lipid sensitivity, while
both highly hydrophobic peptides (LP2, LP5) and weakly hy-
drophobic peptides (LP4, LP1) exhibited significantly reduced
anionic lipid sensitivity. Due to the limitation of cytotoxicity,
the concentration of LP3 (3 pM) used for cytosolic delivery
was much lower than that of LP6 (20 uM). In this context, the
conformational response of LP6 to changes in lipid compo-
nents would be much more significant for membrane
perturbation.
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Figure 5. LP6 forms a helical conformation in response to negatively
charged phospholipid. A, circular dichroism spectra of 75 pM LP6 in PBS
buffer that contains 130 mM Nadl in the presence of 200 uM DOPC vesicles
or DOPC/DOPG (3:1) vesicles at pH = 7.4. Intersections at 222 nm are
highlighted. B, the changes in mean residues molar ellipticity of peptides
from DOPC vesicles to DOPC-DOPG vesicles at 222 nm. Peptides are ar-
ranged in descending order of hydrophobicity.
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LP6-mediated cytosolic delivery is related to sialylation
modification on endosomal membrane

To resist protease degradation, lysosomal membranes
possess the highest degree of glycosylation modification
among various biomembranes, and sialic acid originated from
these glycosylation modifications can even reach mM levels.
Studies revealed that LAMP-1 and LAMP-2, which are esti-
mated to contribute to about 50% of all proteins of the lyso-
somal membrane, have already appeared in the endosomes
(41-44). These facts indicate that the endosomal membranes
possess a high degree of glycosylation modification. We
postulate that this glycosylation modification results in a
higher local concentration of sialic acids in the endosomal
membranes relative to the cell membranes and may be another
factor that also contributes to peptide’s selective damage to
endosomal membranes. To investigate the hypothesis, HeLa
cells were pretreated with two types of sialyltransferase
inhibitor, glycolithocholic acid (Gly-lit) and 3Fax-Peracetyl
Neu5Ac (3Fax-Neu5Ac), respectively (45, 46). Sialyl-
transferases catalyze the transfer of sialic acid residues from
the donor substrate CMP-Neu5Ac to acceptor oligosaccharide
chains of proteins and lipids (47). CLSM analysis showed that
the cytosolic delivery of FITC-dextran by LP6 was significantly
inhibited under these treatments, suggesting an important role
of sialic acid modifications in this process (Fig. 6A). Moreover,
an a2-3,6,8,9 Neuraminidase A pretreated group in which the
enzyme reduced the sialic acid modifications on cell surface
proteins was investigated (48). Results showed that the cyto-
solic diffusive FITC-dextran signals were unchanged, thus
reaffirming that the effector sialic acids were not located on
the cell surface but in the endosomes (Fig. 6A).

LP6 self-aggregates in response to polysialic acid

While the sialic acid modifications would certainly increase
the electrostatic attraction of the cationic peptides to the
endosomal membranes, whether this anionic environment
could affect the mode of action of peptides by changing their
physical state of molecular assembly is unclear. Our previous
studies have shown that peptides with a capacity of self-
assembly tend to cause direct lysis of the cell membrane (25,
27). To test this assumption, an aggregate incorporation assay
was performed. Polysialic acid (PSA) was used to simulate the
sialic glycans on the endosomal membrane, and ANS-Na was
used as a hydrophobic fluorescent probe (27). The results
showed that although LP6 exhibited very weak preassembly in
PBS bulffer, as the concentration of PSA increased to mM, its
self-aggregation dramatically increased (Fig. 6B). These sug-
gest that the sialic acid modifications on the endosomal
membranes may exert similar effects to the endocytosed LP6.

We also examined the effect of PSA on the assembly
behavior of LP1 to LP5 (Fig. S7). The fluorescence values of
128 uM of peptides mixed with ANS-Na under different sialic
acid conditions are compared in Figure 6C. Not unexpectedly,
peptides arranged in the order of hydrophobicity corresponded
well with their order of fluorescence intensity—the indicator of
their tendency to aggregate in general. Interestingly however, it
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Figure 6. LP6 self-aggregates in response to sialylation modification on endosomal membrane. A, LP6-mediated cytosolic delivery is related to
sialylation modification on endosomal membrane. Images show cytosolic appearance of FITC-dextran (green) after treatment with LP6 (20 uM) for 5 min.
The cells were precultured/pretreated with 3Fax-Peracetyl Neu5Ac (3Fax-Neu5Ac) for 3 days, or glycolithocholic acid (Gly-lit) for 5 days or a2-3,6,8,9
Neuraminidase A for 30 min. Scale bar, 100 um. B, self-aggregation of LP6 in PBS buffer in the presence of 0, 3, 30 or 300 pug/ml polysialic acid (PSA) sodium
salt. Plots show the 1,8-ANS fluorescence intensity responding to peptide concentration. C, self-aggregation of LP1 to LP6 (128 uM) in PBS buffer in the
presence of 3, 30, or 300 pug/ml polysialic acid sodium salt. Plots show the 1,8-ANS fluorescence intensity responding to PSA concentration.

was found that these peptides can be divided into three distinct
groups based on their response to PSA. The first group
comprises LP2 and LP5 with strong hydrophobicity. This type
of peptides had already undergone strong, saturated pre-
assembly in the PBS buffer. Therefore, their aggregation was
barely affected by additional PSA. The second group includes
LP1 and LP4, which possess low hydrophobicity. This type of
peptides also showed no response to PSA. The last group
consists of LP3 and LP6 with moderate hydrophobicity. The
assembly state of this group of peptides responded to PSA
concentration very sensitively. Again, considering the nontoxic
concentration of LP3 allowed for cytosolic delivery is merely
3 puM, the sialic acid responsiveness of LP3 would be insig-
nificant for membrane disruption due to its low concentration.

The pH-sensitive mechanism does not play a significant role in
the cytosolic delivery of LP6

The lumen of the endosomes is a relatively acidic environ-
ment. However, the effect of pH on LP6’s activity was ruled out
based on the following results. First, the cytosolic FITC-
dextran signals in cells pretreated with bafilomycin Al (an
endosomal acidification inhibitor) were not significantly
inhibited (Fig. S8A) (24). Second, when the pH of PBS-TFE
buffer was adjusted to 5.0, LP6 exhibits reduced rather than
enhanced helix forming ability, which was apparently different
from the reported pH sensitive endosomolytic peptide GALA
(Fig. S8B) (49). Other endosomal escaping peptides, such as
H5WYG and LAH4-L1, have also been reported to respond to
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the acidic pH of endosomal lumen, causing the lysis of the
endosome membranes (50, 51). Such variances in the mech-
anisms of action may be caused by the differences in the
numbers and relative positions of the pH-sensitive residues.
LP6 has a single glutamate residue on the hydrophobic surface,
while multiple glutamate or histidine residues of the former
peptides appear on the hydrophilic surface. Like LP6, recently
reported L17E obtained by single-site substitution of gluta-
mate residue on the hydrophobic surface of M-lycotoxin does
not involve pH-sensitive mechanism (26).

Discussion

Collectively, the above results shed light on the mechanism
of action of LP6-mediated cytosolic delivery of bio-
macromolecules as depicted in Figure 7. The hydrophobic
domain at the N-terminus allows LP6 to associate with the cell
membrane lipids. Meanwhile, the existence of Glu and the
replacement of Leu to Ala greatly reduce the helix forming
ability of the C-terminal amphiphilic domain. In the extra-
cellular environment, LP6 at a concentration close to ICy is in
a monomer state, which will not lead to cell membrane lysis.
However, the association of LP6 to membrane triggers endo-
cytic activities via clathrin-mediated pathway, allowing the
biomacromolecules outside the cell membranes to be taken up
into the cells through endosomes together with the peptides.
At this stage, the first barrier preventing biomacromolecules
from entering the cell has been overcome. Next, in addition to
enhanced electrostatic attraction, the negatively charged
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Figure 7. Proposed mechanism of action of LP6. 1, the N-terminal hy-
drophobic domain increases the affinity of peptide to the cell membrane. 2,
LP6 promotes clathrin-mediated endocytosis and cellular uptake of bio-
macromolecules. 3, LP6 mediates anion-responsive endosomolysis. 4, bio-
macromolecules are released into the cytosol. Magnified area in (3): In
response to the negatively charged phospholipid headgroups and sialic-
acid-rich glycoproteins near the membrane of the endosome luminal
side, LP6 undergoes helix formation and self-association (black arrow),
which further leads to local membrane lysis. This environment-sensitive
response forms the basis of LP6’s unique ability for safe delivery of car-
gos into cytosol. Color coding for peptide: gray, blue, and red segments
represent the relative positions of hydrophobic, hydrophilic, and glutamate
residue(s), respectively.

environment brought about by enriched anionic phospholipids
and highly sialylated glycoproteins in the endosomal lumen
induces the conversion of peptides from random monomers to
helices and aggregates that are more capable of disturbing the
phospholipid bilayers. Under the synergistic effect of these
factors, the endosomal membrane is ruptured, and the bio-
macromolecules inside can be released into the cytosol.

This study reflects our continued efforts focusing on the
precise regulation of hydrophobicity of CAPs for cargo delivery
or cancer therapy (27, 52), given that hydrophobicity is
regarded as the most important determinant affecting CAPs’
membrane activity (18, 19, 53, 54). We hypothesized that the
two functionalities dictated by the hydrophobicity of a CAP,
i.e., membrane association and membrane lysis, can be sepa-
rately tuned in one peptide sequence. The initial template
peptide LP1 is membrane inactive because the inserted Glu
residue disrupted hydrophobic face integrity and created an
energy barrier for membrane association. However, adding a 6-
aa linear hydrophobic sequence to LP1 led to LP2 with strong
cytotoxicity, which indicates the attached hydrophobic
sequence, can restore membrane association, hence the lytic
activity of the C-terminal amphipathic domain.

This finding prompted us to maintain the framework of LP2
and to further condition the peptide by reducing the hydro-
phobicity of the lytic domain and compensating the loss of
hydrophobicity to the membrane association domain. This
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iterative process yielded a peptide LP6 with strong delivery
capacity and weakened cytotoxicity. Remarkably, LP6 has a
medium level of hydrophobicity among the series. Although
previous knowledge indicates that strong or weak hydropho-
bicity is related to the cytotoxicity as well as the self-
aggregation of CAPs (27, 55, 56) and that membrane activity
of CAPs can change on different phospholipid components
(5, 26, 57) or glycosylation (27), how these factors synergize
into an integrate mechanism of action of CAPs remained
incompletely understood. Here we found that LP6 appeared to
have just necessary and sufficient amount of hydrophobicity,
which endowed LP6 a unique structure—functional sensitivity
to respond to the different anionic environment of cell
membrane and endosomal membrane.

This work, together with our previous one (27), constitutes
systematic studies on the regulation of peptide membrane
activity based on hydrophobicity. The former study discovered
that peptides with differently disturbed helical hydrophobic
face could cause different modes of cell death, while the work
reported here demonstrates that one peptide with optimized
hydrophobicity can show selective membrane activities due to
the changes in membrane environments. In both works, our
practice was the fine-tuning of hydrophobicity, the increment
or decrement of which was down to single amino acid reso-
lution. Because of the subtlety in this approach, we believe the
observed LP6 conformational behavior and its delivery capa-
bility were tightly coupled and indicated a causal relationship.

Although LP6 significantly promotes the internalization of
biomacromolecules, there is still room for further optimization
of its delivery ability, especially for high-molecule-weight cargos.
Dimerization may be a strategy for that purpose, since it has
been successfully applied in the design of dfTAT and dfRn
(22, 58), although dimerization may also increase cytotoxicity
that reduces intracellular delivery (59, 60). Studies have found
that for dfRn peptides, a content of 12 arginine residues is an
approximate threshold necessary for high endosomal escape
efficiency (58). For CAPs, there may also be a threshold for the
numbers of cationic residues and hydrophobic residues as well
as an optimum ratio between the two. Moreover, the intracel-
lular metabolic stability of LP6 can also be enhanced by
replacing L-type amino acids with D isomers, which could lead
to prolonged action for endosomolytic delivery.

In summary, the hypothesis proposed and the novel iterative
approach applied in this study help discovered a highly effi-
cient vehicle peptide LP6 and further provided mechanistic
insights for the precise regulation of CAP’s membrane activity.
These findings would be instructive for the rational design and
modification of more effective vehicle peptides for cytosolic
delivery of macromolecular therapeutics, which is much
needed given the large number of underexplored intracellular
drug targets.

Experimental procedures
Peptide synthesis

All peptides were supplied in pure form by GenScript Ltd.
Identities of the peptides were confirmed by reversed-phase
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HPLC and electrospray mass spectrometry. And the purity of
all peptides tested was more than 95%.

Liposome preparation

Vesicles were made from DOPC or DOPC/DOPG (3:1)
(AVT) with an extrusion method. Briefly, lipid was dried from
stock solutions in chloroform/methanol (1/1), hydrated with
10 mM PBS buffer, freeze-thawed seven times, and extruded
30 times through an extruder (LE-1, Morgec), equipped with
Whatman Nuclepore (GE Healthcare) filters of 100 nm pore
size. The final lipid concentration was determined by the
Stewart phospholipids assay (61). For calcein leakage experi-
ments, the lipid film was obtained and then hydrated with a
70 mM calcein solution (Adamas-beta), titrated to pH 7.4 with
NaOH, and containing 10 mM PBS buffer to make it isotonic
to the dilution buffer (PBS 10 mM, pH 7.4, NaCl 130 mM)
(62). The liposomes were separated from the unencapsulated
dye by performing two gel filtrations on a 10 ¢cm desalting
gravity column.

Leakage assay

The leakage assay was carried out according to previous
study (62). Vesicles loaded with 70 mM calcein were mixed
with peptide solutions of different concentrations in low-
adsorption 96-well plates. The final lipid concentration was
30 uM, and the sample volume was 100 pl. The samples were
then incubated for 1 h on a gently rocking shaker at room
temperature. The fluorescence (F) (485 nm/535 nm) was
measured using a multilabel plate reader (Victor X4, Perki-
nElmer). Vesicles treated without peptide were used as a
negative leakage control (Fp) and treated with 0.1% Triton
X-100 as a positive leakage control (Fioo). Leakage was
reported as Leakage = (F — Fg)/(F100 — Fo). Half leakage con-
centration (LCsp) values were determined using the GraphPad
Prism 5 software from semilog curves derived from three in-
dependent measurements.

Peptide self-aggregation assay with ANS

Peptide self-aggregation assay with ANS was performed as
described in our previous study (27). Briefly, Na-salt of
8-anilino-1-naphthalene sulfonic acid (ANS-Na) (TCI) with a
final concentration of 30 uM was mixed with peptide solutions
in PBS or PBS with polysialic acid (ChemCruz) in low-
adsorption 96-well plates. The total sample volume was
100 pl. After shaking at room temperature for 10 min, the plate
was processed in a plate reader (Citation 5, BioTek) to read the
fluorescence signal of each well at excitation of 380 nm and
emission of 500 nm.

Circular dichroism

CD measurements were performed using a 0.05 cm path
length quartz cuvette on a spectropolarimeter (Chirascan-plus,
Applied Photophysics) at room temperature. The peptides
were dissolved in corresponding buffer: PBS containing 10%
TFE (pH 7.4, pH 5.0), 300 uM DOPC vesicles (pH 7.4), 300 uM
DOPC/DOPG vesicles (pH 7.4, pH 5.0). Data were collected
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from 195 to 250 nm (bandwidth, 2 nm; step, 1 nm; repeats, 3).
The mean residue molar ellipticities were calculated using the
equation [0],, = O,ps/(10lcn), where 8, is the measured
ellipticity in mdeg, 1 is the path length in c¢m, c is the con-
centration of peptide in M, and n is the number of amino acid
residues of the peptide. a-helix % = —100([8]22, + 3000)/33,000
(63).

Cell culture

HeLa, A549, MCEF-7, HUVEC cells were grown in Dulbec-
co’s modified Eagle’s medium (DMEM) (high glucose) sup-
plemented with 10% (v/v) fetal bovine serum (FBS) (Gibco),
100 U/ml penicillin, and 100 pg/ml streptomycin (Beyotime)
in a humidified atmosphere containing 5% CO,.

MTT assay

HeLa cells were transferred into 96-well plates
(1 x 10* cells/well) and cultured for 24 h. After complete
adhesion, 100 pl of serially diluted concentrations of peptides
was added for 1 h at 37 °C. At the end of incubation, peptides
were removed, 100 pl fresh media, and 20 ul MTT solution
(5 mg/ml in PBS) (Adamas-beta) were added to each well and
further incubated at 37 °C for 4 h. Cell viability was deter-
mined by dissolving the crystallized MTT with dimethyl sulf-
oxide (150 ul/well). The absorbance at 490 nm (A) was
measured using a multilabel plate reader (Victor X4, Perki-
nElmer). Cells without the addition of the peptides were set as
negative control (A,,). Wells with only 100 ul media addition
but without cells and peptides were set as blank (Ay,). Lethality
was calculated using the equation Lethality = (Ag, - A)/
(Acon — Apy). ICso values were determined using the GraphPad
Prism 5 software from semilog curves derived from three in-
dependent measurements.

Cellular uptake of 10 kDa dextran and microscopic
observation

HeLa cells were transferred into glass-bottomed 24 well
plates (4 x 10 cells/well) and cultured for 24 h. After cells
adhered to the bottom of the plates, they were washed twice
with PBS and then incubated with 250 pg/ml FITC-dextran
(10 kDa) (Invitrogen) in the presence of peptides close to
ICyo concentrations in 400 ul DMEM without FBS for 1 h at
37 °C (26). Cells were washed with PBS, DMEM containing
Hoechst 33342 (10 pg/ml) and PI (10 pg/ml) (Beyotime) were
added to stain the nucleus for 10 min at 37 °C. Then, they were
washed twice with PBS and incubated in fresh DMEM for 3 h
at 37 °C. The cellular uptake of FITC-dextran was analyzed in
live cells using an FV3000 Olympus confocal laser scanning
microscope.

For pulse-chase experiments, the cells were incubated with
250 pg/ml FITC-dextran (10 kDa) (Invitrogen) in the presence
of LP6 (20 uM) in 400 ul DMEM without FBS for 5, 15, 30,
60 min at 37 °C. After incubation at each time point, the cells
were washed twice with PBS and incubated in DMEM con-
taining Hoechst 33342 (10 pg/ml) to stain the nucleus for
10 min at 37 °C. Observation by CLSM followed immediately.
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For the 4 °C experiments, the cells were precultured at 4 °C
for 30 min. Then the media were removed, and the cells were
washed twice with cold PBS. Fresh cold DMEM containing
20 uM LP6 and 250 pg/ml FITC-dextran were added and the
cells were incubated at 4 °C for another 5 min. After incu-
bation, the cells were washed twice with PBS and incubated in
DMEM containing Hoechst 33342 (10 pg/ml) to stain the
nucleus for 10 min at 37 °C. Observation by CLSM followed.

For the endocytosis inhibitor and acidification inhibitor
experiments, the cells were preincubated in DMEM containing
100 pM amiloride (EIPA), 10 uM nystatin (NY), 5 pg/ml
chlorpromazine (CPZ), or 200 pM bafilomycin Al (BafAl)
(Solarbio) for 30 min respectively (24, 26, 37). Then, the media
were removed and fresh DMEM containing 20 pM LP6 and
250 pg/ml FITC-dextran, as well as corresponding inhibitor,
were added and the cells were incubated at 37 °C for 5 min.
After incubation, the cells were washed twice with PBS and
incubated in DMEM containing Hoechst 33342 (10 pg/ml) to
stain the nucleus for 10 min at 37 °C. Observation by CLSM
followed.

For the sialyltransferase inhibitor experiments, (1) HeLa
cells were transferred into glass-bottomed 24 well plates
(2 x 10* cells/well) and cultured for 24 h. After cells adhered to
the bottom of the plates, the media were removed and DMEM
(with 10% FBS) containing 200 pM glycolithocholic acid
(Cayman Chemical) was added for another 3 days (45, 64).
Then, the media were removed. Cells were washed twice with
PBS. Fresh DMEM containing 20 uM LP6 and 250 ug/ml
FITC-dextran were added and the cells were incubated at
37 °C for 5 min. Observation by CLSM followed. (2) HeLa cells
were transferred into glass-bottomed 24 well plates
(1 x 10* cells/well) and cultured for 24 h. After cells adhered to
the bottom of the plates, the media were removed and DMEM
(with 10% FBS) containing 400 pM 3Fax-Peracetyl Neu5Ac
(Sigma-Aldrich) was added for another 5 days (46). Then, the
media were removed. Cells were washed twice with PBS. Fresh
DMEM containing 20 uM LP6 and 250 pg/ml FITC-dextran
were added and the cells were incubated at 37 °C for 5 min.
Observation by CLSM followed.

For the Neuraminidase pretreated experiments, HeLa cells
were transferred into glass-bottomed 24 well plates
(2 x 10* cells/well) and cultured for 24 h. After cells adhered,
they were cultured in DMEM (with 10% FBS) for another
3 days (synchronized with the glycolithocholic acid treated
group). Then, the media were removed, 0.1 U/ml «2-3,6,8,9
Neuraminidase A (New England Biolabs) was added and the
cells were incubated at 37 °C for 30 min (65). Then, the
Neuraminidase was removed. Cells were washed twice with
PBS. Fresh DMEM containing 20 pM LP6 and 250 pg/ml
FITC-dextran were added and the cells were incubated at
37 °C for 5 min. Observation by CLSM followed.

Intracellular distribution of FITC-LP6

HeLa cells were transferred into glass-bottomed 24 well
plates (4 x 10* cells/well) and cultured for 24 h. After cells
adhered to the bottom of the plates, they were washed twice
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with PBS and then incubated with FITC-LP6 (20 pM) for
5 min at 37 °C. Cells were washed with PBS, DMEM con-
taining Hoechst 33342 (10 pg/ml) was added to stain the nu-
cleus for 10 min at 37 °C. Observation by CLSM followed.

Verification of the effect of Neuraminidase pretreatment

In order to confirm that the sialidase pretreatment does
reduce the sialic acid modification on the cell surface, we
evaluated its effect on the cytotoxicity of KL1, a cationic
amphiphilic membranolytic peptide. Briefly, HeLa cells were
transferred into 96-well plates (1 x 10* cells/well). After cells
were stuck to the bottom of the plates, cells were washed with
PBS and pretreated with 0.1 U/ml a2-3,6,8,9 Neuraminidase A
at 37 °C for 30 min, while cells without pretreatment were
used as the experimental control. Then, 100 pl of serially
diluted concentrations of KL1 was added for 1 h at 37 °C. Cells
with no peptide addition served as negative controls. MTT
assays were performed as mentioned above.

Saporin treatment

HeLa cells were transferred into 96-well plates
(1 x 10* cells/well) and cultured for 24 h. After complete
adhesion, HeLa cells were treated with 100 ul saporin (Sigma-
Aldrich) in the presence or absence of 6 (20 uM) at 37 °C for
1 h. After incubation, the cells were washed twice with PBS
and incubated in DMEM at 37 °C for 6 h (26). Cytotoxicity was
then analyzed by MTT assay.

For the 4 °C experiments, HeLa cells were precultured at
4 °C for 30 min, then treated with 100 pl saporin (20 pg/ml) in
the presence or absence of 6 (20 pM) at 4 °C for 1 h. After
incubation, the cells were washed twice with PBS and incu-
bated in DMEM at 37 °C for 6 h. Cytotoxicity was then
analyzed by MTT assay.

For the endocytosis inhibitor experiments, the cells were
preincubated in DMEM containing 100 pM EIPA, 10 uM NY,
or 5 pg/ml CPZ for 30 min respectively. Then, HeLa cells were
treated with 100 pl saporin (20 pg/ml) in the presence or
absence of 6 (20 uM), as well as corresponding inhibitor, at
37 °C for 1 h. After incubation, the cells were washed twice
with PBS and incubated in DMEM at 37 °C for 6 h. Cyto-
toxicity was then analyzed by MTT assay.

Fluorescent labeling of IgG

Human IgG (Bioss) was diluted with carbonate buffer
(25 uM, pH 9.0) to a concentration of 10 mg/ml and then
sealed in a dialysis bag. The dialysis bag was put in a 15 ml
centrifuge tube, and FITC solution (0.1 mg/ml in carbonate
buffer) (Sigma-Aldrich) of ten times the IgG volume was
injected. After adding a rotor, the cap of the centrifuge tube
was screwed. The centrifuge tube was fixed upside down on a
magnetic stirrer under 4 °C. After 24 h of stirring, the IgG
solution in the dialysis bag was pipetted, the free FITC was
removed by ultrafiltration (4000g, 20 min for four times) at
4 °C. Then, the labeled IgG (FITC-IgG) was quantified with a
Micro-Volume UV-Vis Spectrophotometer (NanoDrop 2000,
Thermo Fisher scientific).
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Cellular uptake of IgG and microscopic observation

HeLa cells were transferred into glass-bottomed 24 well
plates (4 x 10* cells/well) and cultured for 24 h. After cells
adhered to the bottom of the plates, they were washed twice
with PBS and then incubated with 100, 200, 500 pg/ml FITC-
IgG in the presence of LP6 in DMEM without FBS for 1 h at
37 °C. Cells were washed with PBS and incubated in DMEM
for 3 h at 37 °C. The cellular uptake of dextran was analyzed in
live cells using an FV3000 Olympus confocal laser scanning
microscope.

For the 4 °C experiments, the cells were precultured at 4 °C
for 30 min. Then the media were removed, and the cells were
washed twice with cold PBS. Fresh cold DMEM containing
20 uM LP6 and 200 pg/ml FITC-IgG were added and the cells
were incubated at 4 °C for another 30 min. After incubation,
the cells were washed twice with PBS and incubated in DMEM
containing Hoechst 33342 (5 pg/ml) to stain the nucleus for
10 min at 37 °C. Observation by CLSM followed.

For the endocytosis inhibitor experiments, the cells were
preincubated in DMEM containing 100 uM EIPA, 10 uM NY,
or 5 pg/ml CPZ for 30 min respectively. Then, the media were
removed and fresh DMEM containing 20 uM LP6 and 200 ug/
ml FITC-IgG, as well as corresponding inhibitor, were added
and the cells were incubated at 37 °C for 30 min. After in-
cubation, the cells were washed twice with PBS and incubated
in DMEM containing Hoechst 33342 (10 pg/ml) to stain
the nucleus for 10 min at 37 °C. Observation by CLSM
followed.

Flow cytometry analysis

HeLa cells were transferred into 12-well plates
(1 x 10° cells/well) and cultured for 24 h. After cells adhered to
the bottom of the plates, they were washed twice with PBS.

For cellular uptake of FITC-dextran with the help of LP6,
cells were incubated with 250 pug/ml FITC-dextran (10 kDa)
(Invitrogen) in the presence of 20 pM LP6 in 1 ml DMEM
without FBS for 5 min at 37 °C. After incubation, cells were
washed with PBS and incubated with 0.25% trypsin (Beyotime)
for 2 min at 37 °C. Then, the cells were transferred to
microcentrifuge tubes, centrifuged (1000 rpm, 4 min), and
washed once more with PBS. Flow cytometry analysis was
performed on 10,000 gated events using Accuri C6 Flow Cy-
tometer (BD). The fluorescence intensity (reported as Mean
FL1-A) was recorded.

For the 4 °C experiments, the cells were precultured at 4 °C
for 30 min. Then the media were removed, and the cells were
washed twice with cold PBS. Fresh cold DMEM containing
20 uM LP6 and 250 pg/ml FITC-dextran were added and the
cells were incubated at 4 °C for another 5 min.

For the endocytosis inhibitor experiments, the cells were
preincubated in DMEM containing 100 uM EIPA, 10 pM
nystatin NY, or 5 pg/ml CPZ for 30 min respectively. Then, the
media were removed and fresh DMEM containing 20 uM LP6
and 250 pg/ml FITC-dextran, as well as corresponding in-
hibitor, were added and the cells were incubated at 37 °C for
5 min.
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For cellular uptake of FITC-IgG, cells were incubated with
FITC-IgG (200 pg/ml) in the presence of LP6 (20 pM) in 1 ml
DMEM without FBS for 30 min at 37 °C. The fluorescence
intensity (reported as Mean FL1-A) was recorded.

Statistical analysis

The experimental results are expressed as the means *
standard deviations (or means only) and are accompanied by
the number of observations. When group comparisons showed
a significant difference, Student’s ¢ test or one-way ANOVA
test was used. A p value of <0.05 was considered statistically
significant.

Data availability

All data are contained within the article and the supporting
information.
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