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Achieving selectivity in cell penetrating peptide (CPP) design is crucial to mitigate systemic toxicity and
enable precise targeting based on distinct cellular phenotypes. Herein, we designed an amphiphilic pep-
tide, L17Yp, by incorporating phosphorylated tyrosine into natural occurring M-lycotoxin peptide, known
for its potent membrane-lytic activity. This strategic modification induced a conformational shift, as con-
firmed by circular dichroism spectroscopy, transitioning it from its bioactive «-helix conformation to an
inactive random coli configuration, effectively shielding its membrane-penetrating capacity. Upon expo-
sure to alkaline phosphatase, L17Yp undergoes enzymatic dephosphorylation, prompting a conformational
shift that restores its membrane-transduction capabilities. This unique property hold promises for se-
lective drug delivery. This work introduces an enzymatic approach for targeted perturbation of the cell
membrane, offering promising prospects for precise drug delivery applications.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Cell penetrating peptides (CPPs), also referred to as protein
transduction domains (PTDs) or membrane translocating sequences
(MTS), exhibit a remarkable capability to enter cells and facili-
tate the transport of diverse therapeutic agents [1]. These agents
include small molecule drugs [2-6], proteins [7-9], nucleic acids
[10] and nanoparticles [11-13], all of which traverse the cell mem-
brane [14,15]. A majority of CPPs adopt «-helix [16] or B-hairpin
[17-19] secondary structures, carefully balancing their hydropho-
bic and cationic charge properties [20]. These unique characteris-
tics enable CPPs to efficiently traverse the cell membrane by inter-
acting with its components (e.g., lipid) [21,22].

Despite their versatile utility, CPPs face a significant limitation-
a lack of selectivity, leading to substantial systematic toxicities and
hindering their widespread application [23]. CPPs, owing to their
positive charge and amphiphilic properties, readily engage with
a wide range of cell types, including both normal and tumorous
cells [24]. However, this deficiency in selectivity often results in
off-target effects and potential cytotoxicity when CPPs are em-
ployed for drug delivery or other therapeutic purposes [25]. Con-
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sequently, extensive research efforts have been dedicated to con-
ferring CPPs with ability to specifically recognize and target par-
ticular cells types [26]. This endeavor involves various strategies,
including the incorporation of pH-sensitive components into CPPs
[27], creation of enzyme-responsive CPPs [28], or employing other
innovative approaches tailored to precise targeting [29]. A widely
employed approach for achieve selective delivery involves the uti-
lization of enzyme-activatable CPPs. This approach leverages aber-
rant and elevated expression of specific enzymes, such as metal-
loproteinases [30], alkaline phosphatase (ALP) [31] and cathepsin
B [32] within cancer cells. Notably, a significant portion of the
research has focused on utilizing ALP to construct molecular as-
semblies for selectively inhibiting cancer cells [33-36]. Recently,
Schneider group developed an ALP-activatable CPP that introduced
a phosphorylated tyrosine to disturb hydrophilic-lipophilic balance,
transforming the peptide’s conformation to S-hairpin [31]. This pi-
oneering work has provided a valuable framework for designing
ALP activated peptides. However, the exploration of ALP activated
CPP remains relatively uncharted territory, especially in the context
of «o-helix CPPs (e.g., M-lycotoxin) [37]. a-Helix CPPs, while pos-
sessing formidable lytic properties, are often hindered by high cy-
totoxicity, limiting their extensive application [38]. Therefore, there
is a pressing need to develop «-helix ALP-activable CPP capable of
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Fig. 1. Conceptual illustration of functional mechanism of L17Yp. The inactive phos-
phorylated peptide L17Yp undergoes a conformational transition from a random
coil to «-helix upon dephosphorylation catalyzed by ALP located on the cell sur-
face. This transformation endows the dephosphorylated peptide L17Y with cell-
penetrating ability, facilitating the efficiently delivery of GFP into cells. The se-
quences of both peptides are also shown.

minimizing toxicity in normal cells while effectively targeting ALP-
expressing cells.

Building on previous work by Futaki et al., which demonstrated
the reduction of the lytic activity of M-lycotoxin through introduc-
ing a glutamic acid (Glu) mutation [39], we designed an «-helix
ALP-activated CPP (L17Yp) by incorporating a phosphorylated ty-
rosine (Yp, bearing two negative charges) to disrupt delicate am-
phiphilic balance of the peptide (Fig. 1). This strategic modifica-
tion induced a transformation in peptide conformation, resulting in
an inactive random coil structure that hindered its cell-penetrating
ability. Upon encountering the cells with upregulated ALP expres-
sion, L17Yp underwent dephosphorylation by ALP, reverting to its
active peptide conformation, denoted as L17Y. This process restored
the peptide’s functional cell-penetrating properties and afforded its
cell selective penetration toward high ALP-expressing cells. Lever-
aging this innovative strategy, we successfully achieved the deliv-
ery of green fluorescent protein (GFP) into ALP-overexpressing cell
lines, exemplified by Saos-2. This approach holds significant poten-
tial for targeted delivery of drugs or bioactive molecules to specific
cells and tissues, offering new avenues for precise therapeutic in-
terventions.

Based on the rational above, we selected the natural a-helix
peptide M-lycotoxin as a model peptide [39]. Herein, we designed
a novel peptide L17Yp through altering leucine (Leu) to phosphory-
lated tyrosine (Yp) at position 17 of the M-lycotoxin peptide. As a
control, we also prepared a dephosphorylated peptide, designated
as L17Y. The synthetic characterization of these peptides is pro-
vided in Figs. S1-S4 (Supporting information). Subsequently, we
investigated the influence of incorporated phosphorylated tyrosine
on the peptide’s conformation. It was confirmed that phosphory-
lated polypeptides L17Yp undergo dephosphorylation after treat-
ment with ALP (Fig. 2a) [40]. As expected, the incorporation of
phosphorylated tyrosine maintained the peptide in an unfolded
and inactive state until exposed to ALP. The removal of phos-
phate group restored its amphiphilic properties, and the converted
L17Y adopted an «-helix conformation upon binding to a negative
charged surface. This observation strongly indicates that the de-
phosphorylation event effectively restores the peptide conforma-
tion to its active forms (Fig. 2b).

The introduction of phosphate group was expected to reduce
the membrane-perturbing activity of cationic amphiphilic peptide.
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Fig. 2. (a) Time-dependent dephosphorylation of L17Yp (200 pmol/L) in the pres-
ence of 1U/mL ALP. (b) Circular dichroism (CD) spectra of 50 umol/L L17Y
and L17Yp incubated with negative charged large unilamellar vesicles (LUVs)
(POPC/POPS =1:1, 2.5 mmol/L) for 4h. (c) Quantification of the ALP activity in vari-
ous cell lines. (d) Determination of ICsy values for L17Yp towards Saos-2, NHDF and
hFOB 1.19 cells lines. (e) Cell viability of L17Yp towards Saos-2 cells in the absence
or presence of the ALP inhibitor (1.0 mmol/L levamisole), along with unphosphory-
lated peptide L17Y. Data were analyzed using ordinary one-way t-test in Excel. ****P
< 0.0001. The results are presented as the mean + standard deviation (SD) (n=3).

To confirm this hypothesis, we utilized three cell lines with differ-
ential ALP activity: osteosarcoma (Saos-2) cells [41], normal human
dermal fibroblasts (NHDF) cells and human fetal osteoblast (hFOB
1.19) cells (Fig. 2c). Here, our focus was on the contribution to cyto-
toxicity originating from ALP activity. The half-maximal inhibitory
concentration (ICsy) values of L17Yp against all types of cells ex-
hibited substantial differences based on their ALP activity, approx-
imately 10.3 pmol/L for Saos-2 cells, 52.5 pmol/L for NHDF cells,
and 73 pmol/L for hFOB 1.19 cells. This nearly 5-fold and 7-fold
contrast in ICsg values highlights the dependency of L17Yp cyto-
toxicity on the cell type under ALP action (Fig. 2d). Furthermore,
Fig. 2e revealed that L17Yp and L17Y exhibited relatively similar
high cytotoxicity in a dose-dependent manner, while the cytotoxi-
city of L17Yp could be significantly reduced by the addition of ALP
inhibitor (levamisole) to Saos-2 cells. Additionally, the low cytotox-
icity of L17Yp to NHDF cells and hFOB 1.19 cells could be reversed
by the addition of exogenous ALP (Figs. S5 and S6 in Supporting
information). These results indicate that phosphorylated peptides
L17Yp maintained a random coli conformation and exhibited rel-
atively low cytotoxicity until they were transformed into «-helix
after dephosphorylating by ALP on the cell surface. This suggests
L17Yp could function as an ALP-activated CPP at safe dosages, se-
lectively killing cells in high concentrations.

As shown in Fig. 1, the phosphorylated peptide L17Yp under-
goes a conformational transformation facilitated by the action of
the ALP enzyme on the cell surface, endowing it with membrane-
penetrating ability. In this work, we chose Saos-2 cells and NHDF
cells, which express varying levels of ALP and exhibit similar mea-
sured cell surface charges, to investigate the membrane penetra-
tion ability of L17Yp (Figs. S7 and S8 in Supporting information).
The peptide concentration used (1 pmol/L) was below the ICsg
value applied in the cell uptake study. Results obtained from con-
focal microscopy and flow cytometer unambiguously demonstrated
that FITC-L17Yp exhibited a significantly higher fluorescent sig-
nal in Saos-2 cells compared to NHDF cells, as shown in Fig. 3a.
The mean fluorescence intensity in Saos-2 was approximately 42.4
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Fig. 3. (a) Confocal images of Saos-2 and NHDF cells incubated with FITC-L17Yp (1 pmol/L) as a function of time under different conditions. Either ALP inhibitor (levamisole,
1 mmol/L) or exogenous ALP (5U/mL) was added to Saos-2 or NHDF cells for comparative analysis. Scale bar: above: 40 pm; below: 20 pm. (b) Mean fluorescence intensity of
cells incubated with 1 pmol/L L17Yp for 4 h. (c) Relative fluorescence of cells incubated with 1 pmol/L L17Yp in the absence or presence of either exogenous ALP (5U/mL) or
1 mmol/L ALP inhibitor (levamisole) for 4 h. (d) Mechanisms underlying the cellular uptake of L17Yp towards Saos-2 cells under the treatment of micropinocytosis inhibitors
(EIPA, 50 pmol/L), clathrin-mediated endocytosis inhibitors (CPZ, 15 pmol/L), lipid-raft inhibitors (M-g-CD, 2.5 mmol/L), and low temperature condition. Data were analyzed
using ordinary one-way t-test in Excel. ****P < 0.0001. The results are presented as the mean & SD (n=3).

folds higher than that in NHDF cells (Fig. 3b). To further eluci-
date the role of the ALP, Saos-2 cells were treated with enzyme
inhibitor (levamisole), while NHDF cells were supplemented with
exogenous ALP. This differential treatment had a substantial im-
pact on cell penetration of FITC-L17Yp. Incubation with levamisole
significantly inhibited the entry of FITC-L17Yp, whereas the addi-
tion of exogenous ALP to NHDF cells facilitated the cellular up-
take of FITC-L17Yp, as revealed in Fig. 3c. In contrast, the non-
phosphorylated control peptide FITC-L17Y could enter both types
of cells indiscriminately. Together, these results validate enzymatic
dephosphorylation imparts selectivity to the precursor L17Yp, en-
abling it to enter cells at almost non-toxic concentrations in a
time-dependent manner, as revealed in Fig. S9 (Supporting infor-
mation).

To investigate the internalization mechanism, we employed
flow cytometry and confocal microscopy to monitor the cellular
uptake of L17Yp under various conditions. Initially, Saos-2 cells
pre-treated at 4 °C exhibited near-complete suppression of L17Yp
internalization, implying that the entry of L17Yp into cells pri-
marily occurs through an energy-dependent pathway. Further in-
vestigation into the specific cell entry mechanism involved pre-
treating Saos-2 cells with three different inhibitors, 5-(N-ethyl-
N-isopropyl)-amiloride (EIPA), chlorpromazine (CPZ) and methyl-
B-cyclodextrin (M-B-CD), each at an effective concentration for
30 min. Among these inhibitors, M-8-CD, acting as a lipid-raft in-
hibitor, displayed the most notable reduction in penetration ef-
ficiency, resulting in a nearly 60% decrease in relative fluores-
cence. EIPA and CPZ both demonstrated comparable inhibitory ef-
fects, each reducing the fluorescence signal of L17Yp by around
40% (Fig. 3d). This tread was further confirmed in confocal im-
ages (Fig. S10 in Supporting information). These results collectively
indicate that the internalization mechanism of L17Yp predomi-
nantly occurs through energy-dependent endocytosis, with lipid-
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Fig. 4. (a) Confocal images of Saos-2 cells co-incubated with L17Yp and GFP pro-
teins to assess the delivery efficacy of L17Yp. Scale bar: 20 um. (b) Quantification of
the mean fluorescence signal. Data were analyzed using ordinary one-way t-test in
Excel. *P < 0.05, ****P < 0.0001. The results are presented as the mean + SD (n=3).

raft-mediated endocytosis playing a pivotal role. Additionally, it is
associated with clathrin and micropinocytosis pathways.
Protein-based therapeutics have emerged as a potent approach
for treating various diseases [42]. However, intracellular protein
delivery poses a significant challenge for clinical usage [43]. In this
work, we chose GFP as a model cargo to investigate the delivery
potential of L17Yp [44]. Through simple mixing, L17Yp and GFP
bound together via electrostatic interaction, as confirmed by ob-
served alternation in the zeta potential of the mixture (Fig. S11 in
Supporting information). As shown in Fig. 4a, minimal GFP signals
were detected when Saos-2 cells were exposed to GFP alone. In
contrast, upon the introduction of L17Yp, a distinct and robust flu-
orescent signal was evident within the cells. This result indicated
that L17Yp serves as an effective vehicle for delivering protein into
cells at low concentrations. Unlike the phenomenon observed in
Saos-2 cells, GFP signals in NHDF cells was virtually absent, re-
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gardless of co-incubation of L17Yp. Furthermore, the flow cytom-
etry results in Fig. 4b confirm that following the introduction of
L17Yp, the fluorescence value in Saos-2 cells increased by nearly
four times, but remained almost unchanged in NHDF cells. Given
the substantial impact of ALP presence on the cell surface in en-
hancing the cellular uptake of phosphorylated peptides, it is rea-
sonable to infer that L17Yp holds promise as a candidate for selec-
tively delivering cargoes to cells with high ALP expression levels.

In summary, we present a novel strategy involving the ALP-
activated conformational transformation of peptide for the de-
velopment of cell selective CPPs. Through the introduction of
phosphorylated tyrosine to the hydrophobic face of M-lycotoxin,
the inherent bioactive «-helix structure undergoes a transition
into a random coil structure, resulting in the loss of membrane-
perturbing activity. Subsequently, the restoration of its original
conformation and transmembrane capability is initiated through
the dephosphorylation process catalyzed by ALP. Therefore, the
transmembrane process of L17Yp is exclusive to cells with elevated
ALP expression, endowing the peptide with selectivity for specific
cell types. This selectivity is exemplified by the pronounced inter-
nalization of L17Yp in high ALP-expressing cells, contrasting with
limited uptake in ALP-deficient cells. Furthermore, our findings
confirm that L17Yp serves as an efficient cytosolic delivery carrier
by enhancing the cellular uptake of green fluorescent protein in
ALP-overexpressing cells. In this work, ALP is responsible for the
enzymatic-induced transmembrane process. Importantly, the con-
cept of leveraging specific enzymes with high expression levels can
be extended to other cell lines. This ALP-activated CPP represents
a significant advancement in the design of selective molecule de-
livery systems and hold great promise for future applications in
various biomedical contexts (e.g., drug delivery).
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