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Abstract: Cell-penetrating peptides (CPPs), such as TAT and L17E, have demonstrated significant potential in
drug delivery, particularly in protein delivery. Previous studies have shown that TAT fusion proteins exhibit
superior delivery efficiency compared to non-fusion counterparts and under non-covalent conjugation conditions,
L17E demonstrates superior delivery efficiency compared to TAT in transporting EGFP into cells. Therefore, this
study investigates the ability of TAT and L17E to deliver target proteins via covalent fusion strategies, along with
their molecular-level mechanisms of action. The fusion proteins TAT-EGFP and L17E-EGFP were expressed and
purified. They were evaluated for their abilities to penetrate B16-F10 cells using flow cytometry and fluorescence

microscopy. The results revealed that TAT-EGFP exhibited stronger membrane-penetrating ability, with delivery
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efficiency positively correlated with fusion protein concentration. Structural simulations using AlphaFold3

indicated that TAT-EGFP possesses two outward-extending hydrophobic side chains, a structural feature likely

enhancing its interaction with the cell membrane and thereby improving penetration efficiency. In contrast, L17E-

EGFP displayed inward-retracted side chains and intramolecular electrostatic interactions, which may reduce

binding sites and contact area with the cell membrane, impairing penetration efficacy. This study demonstrates that

the structural characteristics of cationic cell-penetrating peptides, such as TAT and L17E (including side chain

conformation, hydrophobicity, and charge distribution) are critical determinants of their delivery efficiency,

providing a pivotal foundation for optimizing CPP design and advancing CPP-mediated protein drug development.
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Figure 1 Expression and purification of the fusion proteins TAT-EGFP and L17E-EGFP. A: pET28a-TAT-EGFP-His plasmid mapping; B:
pET28a-L17E-EGFP-His plasmid mapping; C: SDS-PAGE analysis of TAT-EGFP and L17E-EGFP purified using Ni-NTA affinity
chromatography. Lane 1: Protein marker; Lanes 2 and 6: The lysate of E. coil overexpressed before TAT-EGFP and L17E-EGFP IPTG
induction; Lanes 3 and 7: The lysate of E. coil overexpressed after TAT-EGFP and L17E-EGFP IPTG induction. The bacteria were broken
and then the E. coli lysate was loaded onto the Ni-NTA column, and the flow-through was collected. The column was washed with binding
buffer. Lanes 4 and 8: The binding buffer eluent solution. Then TAT-EGFP and L17E-EGFP were eluted with 50 and 100 mmol-L"
imidazole. Lane 5: TAT-EGFP eluted with 50 mmol-L"' imidazole; Lanes 9 and 10: L17E-EGEP eluted with 50 and 100 mmol-L"' imidazole



-+ 3088 - 2% %4/ Acta Pharmaceutica Sinica 2025, 60(10): 3085-3090

100000

A TAT-EGFP

120 pmol-L*!

60 pmol-L-! /\\ X

40 pmol-L"!

20 pmol-L-!

10 pmol-L! \

Control
e B S St
10! 10 10° 107
B530-H:FITC-H

B
- 5000001
2 10 pmol-L!
3_2 4000004 20 pmol'L'l
8 3000004 = 40 pmol Ll
Q
2 60 pmol-L7!
E 2000004 - .
= 120 pmol-L
g
=

04

Group
Figure 2 The transmembrane delivery of TAT-EGFP and L17E-EGFP into B16-F10 cells. A: Flow cytometry analysis of EGFP-positive
cells after co-incubation of different concentrations of TAT-EGFP, L17E-EGFP with B16-F10; B: The mean fluorescence intensity of EGFP-
positive B16-F10 cells obtained based on flow cytometry analysis in A. n=3,x+s. " P < 0.000 1; C: Fluorescence microscope image of
40 umol-L" TAT-EGFP and L17E-EGFP co-incubated with B16-F10 cells, scale bar: 500 pm
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Figure 3 3D structures of the fusion proteins TAT-EGFP and L17E-EGFP predicted by AlphaFold3. A: TAT-EGFP protein structure, the

green part was TAT; B: L17E-EGFP protein structure, the green part was L17E; C: Left and right diagrams showed the distribution of atoms

and electrostatic forces of L17E-EGFP. The two atoms at the green arrows in the left diagram interacted electrostatically to form a molecular

bond (as shown in the right diagram)

MR G, J I H v 250 1K) 57 I RE /75 T L17E-EGFP [l
B ) N SR PR T S 4 R A ELAE ), S B
RO ZE . DR, 130 4 B 2 A adf 0k R 5 L B
PP T (IR A 5 K M R PR AT 0 A 45 25 DDRE O,
TX 1 2 0 3 R A UK - RS AH LA FH 3l ) 5 e 15 LA
BRI,

LA 28 LK 0 77 Z AR A 5 M 06 R I 7 R
B, & IR LA R SRR ORS R A IR mT LA 5
JIk—4H PRI 25 & e J1 . 48 TAT 751 b 5] N 22 RS & R
B i, T 3 A L 55 200 1V S R g, R v R A
2, BUOtmAESREAR S &2 IEMX. R+ 5
B KPR U TR, 8 00 K 1 i 7K P i 0 4 v L 2R 3
R, U A B ) B SR o A M S AU . G Midkine
RAF (MK-A4) T8 000001 S 5 8 43 A, 5 I A0 R
BRI T 5T 16 £5, BRI AR AT = A S E
MRAKG& A SE I s N B R . TR B (9
) F7 AL W] T B 7K AZ 0 5 i U B A LA P AR
3, A EE R W HEF A A, T3 H B & 5
FReJI0E B g K

WAk, T8 X 2 R UK AT 45 R AL S5 T e Ak Ui
WA IR m kK. © bS5t e iR Tt: R
JoR 3 ek R o F 5R E E R 3 R A e 01, B R
KB A A e v, HLANR 2F B Re i3 5™, Tyr K&
WAL, 75 M35 i 2 A K &5 12 h, FLES R 42
TF40%", @ #FikE & RS ¥ 5 MK 5 0 BTk s R

G W G A RT3 B O A RN 0 R E VAL OTE .
TAT-PEG-DSPE Ji 5t #4388 i 58 2 — B 4G i P A1 S 92 5t
PR, I 75 I I8 S R 55 o S B pH e 9L 1 25 W RE T, 2
T B R B AR N 3 5. © BAARARIC AR ) 2
i G I 7R 40 A 7 R BB R e p AR, BT RSB
XoF AR 2 200 2 TR P A A o S K 2 R S e R
B i A (HER2 7044 7 B I 2 32 M4 e A4 ) 3¢ i fixi o#
B 27 3% K (T7 BK) R, AT SRS AE 6% o 40 T7-TAT
A i B T 7 R ] BT 25 375 1t 5 s 5 90 1) i 52 7 93 4
i, B E R EAIT 2 (2 R LA) N B R, X
WS AL =1 T 230 00 Bk, 1D T 6 IE A
R

S . 7 FEL U AR g 2 3t 3k A3 () A% 0 TR, FLAEE
FA ML 5 2503 5% ms R R N HF 50 ARG E T 3t 7 B
P o AR T HE— D MR AT 5 IS R 1) 4y T B ) A,
FHIF R e A e 32 7 R, DL T I AE B DR vR o7 A
PO ) g 2% £ N RV D

e BMk: B2 5 I 58 W SCHR'S Sk ARG
TR SRR SCEIRER, ARt it 25
T & o 55 TAE; 7 /2 WS g k3, JERe (ST A
2%,

FIFE MG A CAFAEAT AR 25 PR

References

[11 Sadeghian I, Heidari R, Raee MJ, et al. Cell-penetrating peptide-



Ny

3090 - 2% %4/ Acta Pharmaceutica Sinica 2025, 60(10): 3085-3090

[2]

(3]

(4]

[5]

(6]

(7]

(8]

(9]

[10]

mediated delivery of therapeutic peptides/proteins to manage the
diseases involving oxidative stress, inflammatory response and
apoptosis [J]. J Pharm Pharmacol, 2022, 74: 1085-1116.
Palm-Apergi C, Dowdy SF. Protein delivery by PTDs/CPPs [J].
Methods Mol Biol, 2022, 2383: 257-264.

Rizzuti M, Nizzardo M, Zanetta C, et al. Therapeutic applica-
tions of the cell-penetrating HIV-1 TAT peptide [J]. Drug Discov
Today, 2015, 20: 76-85.

Allen J, Pellois JP. Hydrophobicity is a key determinant in the
activity of arginine-rich cell penetrating peptides [J]. Sci Rep,
2022, 12: 15981.

Lv F, Wang J, Chen H, et al. Enhanced mucosal penetration and
efficient inhibition efficacy against cervical cancer of PEGylated
docetaxel nanocrystals by TAT modification [J]. J Control
Release, 2021, 336: 572-582.

Akishiba M, Takeuchi T, Kawaguchi Y, et al. Cytosolic antibody
delivery by lipid-sensitive endosomolytic peptide [J]. Nat Chem,
2017, 9:751-761.

Akishiba M, Futaki S. Inducible membrane permeabilization by
attenuated lytic peptides: a new concept for accessing cell interiors
through ruffled membranes [J]. Mol Pharm, 2019, 16: 2540-
2548.

Du W, Du SB, Dong X, et al. Biodegradable silica nanocapsules
enable efficient nuclear-targeted delivery of native proteins for
cancer therapy [J]. Biomaterials, 2023, 294: 122000.

Razavi ZS, Razavi FS, Alizadeh SS, et al. Inorganic
nanoparticles and blood-brain barrier modulation: advancing
targeted neurological therapies [J]. Eur J Med Chem, 2025, 287:
117357.

Rossino G, Marchese E, Galli G, et al. Peptides as therapeutic

agents: challenges and opportunities in the green transition era

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[J]. Molecules, 2023, 28: 7165.

Dou J, Ji LN, Hua ZC. Exploring the ability of TAT, a cell-
penetrating peptide, to deliver proteins in a non-fused form [J].
Acta Pharm Sin (%5 54R), 2023, 58: 2384-2390.

Dou J. Application of Cell-Penetrating Peptide Delivery Proteins
Application (41 % I JIK 2 126 25 (1 5 (19 )8 F JF 9¢) [D]. Nanjing:
Nanjing University, 2023.

Reid LM, Verma CS, Essex JW. The role of molecular
simulations in understanding the mechanisms of cell-penetrating
peptides [J]. Drug Discov Today, 2019, 24: 1821-1835.

Liu XQ, Zheng YH, Chen ZY, et al. Advancements in improving
endosomal escape efficiency for cell-penetrating peptide-based
delivery systems [J]. Biol Chem Eng ( ZE #) 1k T.), 2023, 9:
177-181.

Kumar S, Mandal D, El-Mowafi SA, et al. Click-free synthesis
of a multivalent tricyclic peptide as a molecular transporter [J].
Pharmaceutics, 2020, 12: 842-859.

Zuo Q, Song XY, Yan J, et al. Triazination/IEDDA cascade
modular strategy installing pyridines/pyrimidines onto tyrosine
enables peptide screening and optimization [J]. J Am Chem Soc,
2025, 147: 9576-9589.

Duan XW, Xiao GQ, Chen HY, et al. Research on the regulation
of ferroptosis in hepatic stellate cells line LX2 by recombinant
cytoglobin [J]. Acta Pharm Sin ( % %% %2 i), 2024, 59: 2237-
2244,

Li HM, Zheng W1J, Li JH, et al. Interaction study of the antibacterial
peptide urumin with the HIN1 HA protein of influenza a virus
[J]. Acta Pharm Sin (£%%%£%R), 2021, 56: 2553-2560.

Hua ZC. Artificial design and optimization of peptide/protein
drugs-structure, function and precision therapy [J]. Prog Pharm

Sci (253t f#), 2019, 43: 721-725.



