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Abstract

Endosomal escape is a rate-limiting step in the cytosolic delivery of therapeutic drugs. Overcoming this barrier is crucial
to achieve an effective biological based therapy. In this work, we evaluated the ability of a synthetic biomimetic peptide
derived from the GALA to facilitate endosomal escape of protein drugs. Our results showed that the cytoplasmic distribu-
tion of GALA fusion proteins changed according to the hydrophobicity of GALA. One of the synthetic peptides, GALA3,
significantly enhanced the endosomal escape efficiency of protein drugs. The cytosolic delivery capacity of GALA3 was
significantly higher than that of several previously reported endosomal escape peptides, including hemagglutinin 2 (HA2).
Moreover, when GALA3 was fused to BLF1-HBP, a ribosome-inactivating protein with cell-penetrating peptide HBP, the
cytotoxicity of the fusion protein was significantly increased in various cell lines, including H460, HeLa, A549, and SMCC-
7721. The growth inhibition effect of GALA3-BLF1-HBP was at least 20 times greater than that of BLF1-HBP alone in
different tumor cell lines. GALA3 effectively promoted the endosomal escape of BLF1-HBP in a pH-dependent manner and
greatly enhanced the apoptotic activity of BLF1-HBP. Taken together, our data show that by adjusting the hydrophobicity
of GALA we obtained a more effective endosomal escape peptide. Therefore, GALA3-fusions can improve the efficiency
of therapeutic protein drugs.

Keywords Endosomal escape - HBP - GALA3 - BLF1

Electronic supplementary material The online version of this Introduction
article (https://doi.org/10.1007/s00232-020-00109-2) contains

supplementary material, which is available to authorized users. Bioactive macromolecules such as proteins, DNA, and
9 9

siRNA have great potential for cancer therapy in terms of
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selectivity and high potency towards their targets. However,
the low membrane permeability of these macromolecules
greatly limits their therapeutic potency (Fei et al. 2014).
With the help of various drug delivery technologies, espe-
cially cell-penetrating peptides (CPPs), great progress has
been made in the application of bioactive macromolecules
(LeCher et al. 2017). Studies have shown that CPPs effec-
tively promote the internalization of cell membrane-impen-
etrable molecules via endocytosis, including macropinocy-
tosis, caveolin-dependent, clathrin-dependent, and clathrin/
caveolin-independent endocytosis (Fonseca et al. 2009;
Liou et al. 2012). Unfortunately, efficient endocytosis alone
is not sufficient because only negligible fractions of these
proteins are released from the endocytic vesicle into the
cytosol to exert their bioactivity. In fact, most endocytosed
proteins remain trapped in endosomes and will eventually
be degraded in lysosomes (Andersson et al. 2009; Brock
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et al. 2018; Salomone et al. 2012). To improve the efficacy
of protein drugs, it is crucial to find effective methods to
promote their cytosolic delivery.

Various methods have been reported to improve endo-
somal escape efficiency (Erazo-Oliveras et al. 2012, 2014;
Fuchs et al. 2013). HA2, a small peptide derived from the
major envelope glycoprotein of human influenza virus, has
been used as a canonical endosomal escape peptide (EEP) in
several studies (El-Sayed et al. 2009; EsbjoRner et al. 2007,
Golan et al. 2016; Liou et al. 2012). In the low pH environ-
ment characterizing the evolvement of the late endosome
into a lysosome, HA2 adopts a stable helical structure, which
forms a pore structure in the endosomal membrane, allowing
the release of the contents of the endosome into the cytosol
(Cross et al. 2009; Varkouhi et al. 2011; Wang et al. 2010a,
b). Other EEPs (also known as fusogenic peptides), includ-
ing gp41 and gph, among others, act in a similar way to
release protein drugs from the endosomes into the cytosol
(Varkouhi et al. 2011).

Recently, a number of synthetic analogues of natural
EEPs have attracted much attention (Varkouhi et al. 2011).
Compared to EEPs isolated and derived from natural
sources, these peptides have many advantages, including
a specific sequence, hydrophobicity and a flexible length
(Shete et al. 2014; Varkouhi et al. 2011). GALA is a syn-
thetic amphipathic peptide derived from a mutant sequence
of HA2 with a substitution of glycine by glutamic acid at
position 4. GALA contains 30 amino acids with a repeat
sequence consisting of glutamic acid—alanine—leucine—ala-
nine (EALA), an N-terminal tryptophan, and including a his-
tidine residue (Li et al. 2004). The a-helical conformation of
GALA, driven by the protonated Glu residues at pH 5, dis-
plays membrane fusogenic activity (Hatakeyama et al. 2009;
Li et al. 2004). Application of GALA in cationic liposomes
and nanocarriers to deliver drugs or nucleic acids has shown
a remarkable membrane-disruptive property (Futaki et al.
2005; Locke and Sofou 2017; Sasaki et al. 2008). However,
the effect of GALA on the endosomal escape of protein
drugs is still unknown.

We previously have shown that HBP, a highly efficient
CPP derived from the heparin-binding domain of heparin-
binding epidermal growth factor-like growth factor (HB-
EGF) (Luo et al. 2016), increased the membrane transport
efficiency of the fusion protein by 300-fold when it was
fused to the enhanced green fluorescent protein (EGFP).
However, unexpectedly, when HBP was fused to BLF1 (Bur-
kholderia lethal factor 1) (Hautbergue and Wilson 2012),
a ribosome-inactivating protein (RIP) isolated from Burk-
holderia pseudomallei, the cytotoxicity of BLF1-HBP was
only 3.38 times higher than that of BLF1 alone (ICs, for
BLFI1-HBP was 14,965 nM, whereas 1Cs, for BLF1 alone
was 50,607 nM) (Fig. S1). Similar results were observed
when HBP was fused with MAP30 (Momordica Antiviral
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Protein 30 kDa), another RIP with a different structure and
features (Luo et al. 2016; Meng et al. 2012). This improve-
ment effect is much lower than the previous example of
EGFP fusion protein. It is speculated that most endocytic
protein drugs may still be trapped in endosomes and cannot
be effectively released to the target site to exert their bio-
activities. In our preliminary study, GALA was fused with
EGFP-HBP to promote the endosomal escape efficiency of
the fusion protein. However, the introduction of GALA not
only failed to improve the endosomal escape efficiency of
EGFP-HBP, but actually reduced the intracellular delivery
of the fusion proteins. It has been proposed that peptides
with higher hydrophobicity easily self-associate and aggre-
gate on the plasma membrane, which may hinder transmem-
brane delivery (Dathe and Wieprecht 1999; Verdurmen et al.
2013; Wang et al. 2010a, b). Therefore, we speculated that
the presence of GALA caused the fusion protein to aggre-
gate on the cell membrane due to hydrophobicity issues.
Rationally reducing the repeating unit of GALA sequence
(EALA) might alleviate this effect while still retaining endo-
somal escape activity.

In this study, we gradually reduced the number of repeat-
ing units of EALA in GALA to lower its hydrophobicity,
thereby developing EEPs with high efficiency of endosomal
escape. Using this strategy, we successfully constructed a
novel peptide named GALA3, which significantly increased
the endosomal escape efficiency of a BLF1 fusion protein,
resulting in improved growth inhibition of tumor cells.

Materials and Methods
Construction of Plasmids

The prokaryotic expression plasmids GALA-EGFP-HBP-
pET28a, GALAn-EGFP-HBP-pET28a (n=1, 2, 3, 4),
HA2-EGFP-HBP-pET28a, gph—~-EGFP-HBP-pET28a,
Aurein-EGFP-HBP-pET28a, and vGALA3-EGFP-HBP-
pET28a were all synthesized by Generay Corporation
(Shanghai, China). Plasmids EGFP-HBP-pET28a,
BLF1-HBP-pET28b, BLF1-pET28b, MAP30-HBP-
pET28b were stored in our laboratory. The MAP30
and BLF1 cDNA sequences were cloned from
MAP30-HBP-pET28b and BLF1-HBP-pET28b, respec-
tively, and inserted between Nde I and BamH I restric-
tion sites in the GALA3-EGFP-HBP-pET28a plas-
mid, termed GALA3-MAP30-HBP-pET28a and
GALA3-BLF1-HBP-pET28a plasmid, respectively.

Expression and Purification of Recombinant Protein

Plasmids were transformed into Escherichia coli BL21
(DE3) competent cells. Primary cultures were amplified
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in fresh Luria Bertani (LB) medium (30 mL) containing
kanamycin (50 pg/mL) at 37 °C for 13 h. Then, 4 mL of
primary culture was inoculated into LB medium (200 mL)
containing kanamycin (50 pg/mL) at 37 °C for 2-3 h. Next,
isopropyl-b-p-1-thiogalactopyranoside (IPTG, 0.5 mM)
(Sangon Biotech, Shanghai) was added when the ODyg,
reached 0.6-0.8. Cells were incubated for 16 h at 16 °C and
subsequently harvested by centrifugation (3000xg, 20 min)
at room temperature. Cells were resuspended in Tris—HCI
buffer (20 mM Tris—HCI, 0.5 M NaCl, 5% glycerol, pH
8.5), followed by sonication. The supernatants containing
the recombinant proteins were collected by centrifugation
(12,000xg, 20 min, 4 °C). The proteins were purified by
Ni—NTA affinity chromatography according to a standard
protocol. Next, the proteins were dialyzed against dialysis
buffer (20 mM Tris—HCI, 0.5 M NaCl, 5% glycerol, pH 7.2).
Protein concentrations were evaluated using the BCA assay
and the proteins were stored at — 80 °C.

Cell Culture

Tumor cell lines including H460 (human lung carcinoma),
HeLa (human cervical cancer cell), A549 (human non-small
cell lung cancer cell) and SMMC-7721 (human hepatic can-
cer cell, referred to as SMMC) were purchased from the
Institute of Biochemistry and Cell Biology, Chinese Acad-
emy of Sciences (Shanghai, China). All cell lines were cul-
tured in RPMI-1640 (HyClone, South Logan, Utah, USA)
supplemented with 10% fetal bovine serum (FBS) (GEM-
INI), streptomycin (100 U/mL), and penicillin (100 U/mL)
at 37 °Cin 5% (v/v) CO,.

Confocal and Fluorescence Microscopy

Tumor cells (1.0 x 10* cells per well) were seeded in 24-well
plates (Corning, NY, USA) and incubated at 37 °C over-
night until 30% confluency. The tumor cells were treated
with recombinant proteins at the indicated concentrations.
After incubation for 12 h, the cells were washed three times
with precooled PBS (2.7 mM KCl, 137 mM NacCl, 10 mM
Na,HPO,, and 2 mM KH,PO,), fixed with paraformalde-
hyde (PFA, 4%) (Sangon, Shanghai, China), and stained
with 4,6-diamidino-2-phenylindole (DAPI) (Beyotime,
Haimen, China) in the dark. For lysosome colocalization
studies, Lyso-Tracker Red (Beyotime, Haimen, China) was
added to the culture medium prior to washing with PBS.
The intracellular fluorescence distribution of recombinant
proteins was imaged by confocal laser scanning microscopy
(CLSM) (Nikon, Tokyo, Japan) and fluorescence micros-
copy (Nikon, Tokyo, Japan), and the data were analyzed
using NLS software (Nikon Co. Ltd., Tokyo, Japan).

Flow Cytometry

Tumor cells were seeded in 6-well plates (Corning, NY,
USA) at a density of 1x 10° cells per well and cultured
overnight. The culture medium was replaced with fresh
culture medium containing recombinant proteins at the
indicated concentrations. Following incubation, the cells
were treated with trypsin, washed twice with PBS, col-
lected, and finally resuspended in PBS. The fluorescence
intensity was assessed using flow cytometry (Becton Dick-
inson, Franklin Lakes, NJ, USA). Data were analyzed
using FlowJo 7.6 software (TreeStar, Ashland, Oregon,
USA).

Cell Viability Assay

The growth promotion effects of recombinant proteins were
determined in vitro using the 3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyl-2-H-tetrazolium bromide (MTT) assay. Cells
(4% 10> cells per well) were seeded in 96-well plates (Corn-
ing, NY, USA), grown to 60% confluence, followed by
treatment with fusion proteins at different concentrations
for 48 h. Next, 20 pL of MTT (5 mg/mL) (Sango, Shang-
hai, China) solution were added per well and incubation
was continued at 37 °C for 3 h. Then, the culture medium
was replaced with 150 pL of dimethyl sulfoxide (DMSO)
(Lingfeng, Shanghai, China). The absorbance of each well
(OD,y,) was detected using a microplate reader (Thermo
Scientific, Waltham, MA).

To further analyze the mechanism by which GALA3
promotes endosomal escape, HeLa cells (4 10° cells per
well) were seeded in 96-well plates and incubated at 37 °C
overnight. Then, recombinant proteins at different concentra-
tions were added in the absence or presence of bafilomycin
Al (50 nM) or monensin (5 pM) and incubated for 48 h.
Cell viability was assessed using an MTT assay as described
above.

Hemolysis Assay

The hemocompatibility of GALA3 was evaluated by
hemolysis assay. Fresh blood was obtained from the eye of
a mouse. Erythrocytes were collected by centrifugation at
4000 rpm for 5 min, washed twice with PBS (1 mL), and
finally resuspended in 3 mL PBS. Recombinant proteins
(10 pM) were added to the resuspended erythrocytes (200
uL) followed by incubation for 2 h at 37 ‘C. The samples
were centrifuged at 4000 rpm for 10 min, and the absorbance
(OD 540) of each sample was detected using a microplate
reader. The recombinant protein was replaced with PBS or
ddH,0 as the negative or positive control, respectively.
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Apoptosis Assay

The PE Annexin V Apoptosis Detection Kit with 7-AAD
(Sony Biotechnology, Tokyo, Japan) was used to analyze
cellular apoptosis. Cells (1.0 x 10° cells per well) were
seeded in 6-well plates and cultured until reaching 60%
confluence. The culture medium was replaced with fresh
medium containing various recombinant proteins for 24 h.
Next, cells were rinsed three times with precooled PBS
and trypsinized as described above. Subsequently, the
resuspended cells were analyzed by flow cytometry (Bec-
ton Dickenson, New Jersey, USA).

Assessment of Topological Inactivation Activity

Ribosome-inactivating proteins have a topological inacti-
vation activity and can cleave supercoiled double-stranded

Fig. 1 Analysis of the intracel- a
lular delivery efficiency of the

GALA fusion protein. a HeLa

cells were incubated with differ-

ent concentrations (0.125, 0.25,

and 1 pM) of GALA-EGFP-

HBP for 12 h, co-stained with

DAPI and observed by fluores-

cence microscope. b HeLa cells

were incubated with 0.5 pM of

0.125 uM

GALA-EGFP-HBP

=}
o
e
=

DNA (S) into linear bands (L) or nicked bands (N).
GALA3-MAP30-HBP and MAP30-HBP (1 pg/pL) were
added to a reaction mixture (20 pL) containing 1 pg plas-
mid, 100 mM MgCl,, 100 mM KCl and 20 mM Tris—HC1
(pH 8.5). After incubation in 37 °C for 4 h, the plasmid
samples were separated by 1.0% agarose gel electropho-
resis and visualized using a gel imaging system (Tanon,
Shanghai).

Statistical Analysis

All data were obtained from at least three independent
experiments and are expressed as the means + SEM. Stu-
dent’s t test was used to identify significance, and statisti-
cal significance was defined as P < 0.05.
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Table 1 Amino acid sequence of GALAn

Mutant name

Amino acid sequence

GALAI LA EALA A

GALA2 LA EAL EALA A

GALA3 LA EALA EAL EALA A

GALA4 LA EALA EALA EAL EALA A

GALA W EAALA EALA EALA EHLA
EALA EAL EALA A

Results

Analysis of the Ability of the GALA Peptide
to Perform Intracellular Delivery of Fusion Proteins

GALA is a synthetic analogue that mimics the natural EEP
HA?2 (Li et al. 2004; Subbarao et al. 1987). To observe
the distribution of endocytic GALA fusion proteins in
our experimental system, EGFP was fused with GALA
and HBP. The GALA-EGFP-HBP fusion protein was
expressed in bacteria and purified by Ni-NTA chroma-
tography. Next, the GALA-EGFP-HBP fusion protein
was added to HeLa cells at different concentrations and
its intracellular distribution was observed by fluorescence
microscopy. The results showed that GALA-EGFP-HBP
was translocated into cells in a dose-dependent manner
(Fig. 1a).

Flow cytometry analysis confirmed that GALA signifi-
cantly enhanced the intracellular delivery efficiency of
EGFP-HBP (Fig. 1b).

However, it appeared that most fusion proteins aggregated
on the cell membrane at high concentrations. In order to
examine its fluorescence distribution, GALA-EGFP-HBP
(0.2 pM) was incubated with HeLa cells for 12 h. The results

GALA1

GALA2

>

GALA3

further indicated that GALA-EGFP-HBP appeared to be
concentrated on cell membranes and with no green fluores-
cence in the intracellular region (Fig. 1c). These results indi-
cated that the fluorescence intensity of GALA-EGFP-HBP
in HeLa was much higher than of EGFP-HBP, while
GALA-EGFP-HBP was mainly aggregated at the cell mem-
brane rather than the cytoplasm.

Design and Analysis of GALA Mutant Sequence

It has been reported that peptides with high hydrophobicity
are prone to self-association and aggregation (Dathe and
Wieprecht 1999). In order to solve the problem of aggrega-
tion of fusion proteins on the cell membranes, we attempted
to reduce the hydrophobicity of the GALA peptide by reduc-
ing the number of sequence repeats. The original GALA
sequence is mainly composed of EALA repeats. Therefore,
we gradually reduced the number of EALA repeats by n
(n=1,2, 3, and 4). The corresponding deletion mutant pep-
tides were named GALAn (n=1, 2, 3, and 4) (Table. 1).

The crystal structures of GALA and GALAn are dis-
played in Fig. 2. Furthermore, the helical wheel presenta-
tions of GALA and GALA~ are given in Fig. 2. The results
indicated that the hydrophobic face of GALAn peptides
decreased as the number of repeating sequences decreased.
Compared with the original GALA, the hydrophilic and
hydrophobic distribution of GALA# peptides was more sym-
metrical and continuous (Fig. 2).

Intracellular Distribution of GALAn-Fusion Proteins

Theoretical analysis of the structure and hydrophobicity of
GALA# peptides showed that the reduction of EALA repeats
effectively modulates the distribution of hydrophobic and
hydrophilic amino acid residues. To evaluate whether the

GALA4

GALA

)

e"f,/;’_:“—*il@:
/Z \‘\'~@
J X
\‘\;\\‘\ | //f‘;.,@
‘RO

20

Fig.2 Design and analysis of GALA mutant sequence. The structure
of GALA and GALAn (n=1, 2, 3, and 4). The cartoon diagram of
the crystal structures of the peptides as predicted by Chimera v1.10.2.
The hydrophilic domain was showed as blue, and the hydrophobic
domain was showed as red. Helical wheel projections for the peptides

were generated using HeliQuest. Yellow circles represent hydropho-
bic residues, gray circles represent non-polar residues and red cir-
cles denote acidic amino acids. Arrows indicate relative hydrophobic
moment, a measure of the amphipathicity of peptides in an a-helical
conformation (Color figure online)
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«Fig. 3 Intracellular distribution of GALAn-fusion proteins. a HeLa
cells were treated in the presence of various fusion proteins at a con-
centration of 0.25 pM for 12 h at 37 °C. The images were captured by
a fluorescence microscope and nuclei were stained with DAPI (blue).
b HeLa cells and A549 cells were treated with GALA1-EGFP-
HBP, GALA2-EGFP-HBP, HA2-EGFP-HBP, gph-EGFP-HBP,
Aurein-EGFP-HBP, EGFP-HBP (5 pM), GALA3-EGFP-HBP,
GALA4-EGFP-HBP (0.25 pM) for 12 h, co-stained with DAPI and
Lyso-Tracker Red, and observed by confocal fluorescence microscopy
(Color figure online)

decrease in hydrophobicity seen in GALAn peptides attenu-
ates protein aggregation on the cell membrane and exerts its
endosomal escape ability, DNA sequences encoding GALAn
peptides were fused with the EGFP-HBP gene sequence,
and the resulting plasmids (GALAn—-EGFP-HBP—pET28a)
were transformed into E. coli BL21 (DE3) and expressed.
The expressed GALAn-EGFP-HBP fusion proteins
were purified by Ni—-NTA chromatography. The dif-
ferent GALAn-EGFP-HBP fusion proteins (0.25 pM)
were incubated with HeLa cells for 12 h at 37 °C, and
their intracellular distribution was observed by fluores-
cence microscopy and compared with the distribution of
GALA-EGFP-HBP. Consistent with our previous experi-
mental results, GALA-EGFP-HBP was found substantially
aggregated on the cell membrane. Cells incubated with
GALA1-EGFP-HBP or GALA2-EGFP-HBP showed no
significant fluorescent signal. Those cells co-incubated with
GALA4-EGFP-HBP mainly showed a weakly scattered flu-
orescence distribution, indicating that the endocytic recom-
binant protein was mainly colocalized with the endosome.
Interestingly, however, the intracellular fluorescence HeLa
cells co-incubated with the GALA3-EGFP-HBP fusion
protein was not only strong but also had a very prominent
cytoplasmic dispersion, indicating that a substantial per-
centage of GALA3-EGFP-HBP fusion proteins escaped
from the endosomes to the cytoplasm following endocyto-
sis (Fig. 3a). As a control, fusion proteins of three classical
EEPs [HA2 (Golan et al. 2016), gph (Ying and Kim 2008),
and Aurein (Ambroggio et al. 2005)] with EGFP-HBP,
incubated with HeLa cells at the same concentration of
GALA3-EGFP-HBP, showed no significant dispersed cyto-
plasmic distribution (Fig. 3a). From the above experimental
results, we concluded that GALA3 is a promising EPP.

To further investigate the endosomal escape efficiency of
GALAn-EGFP-HBP in different cell lines and to assess the
colocalization of endocytic fusion proteins and lysosomes,
the fusion proteins were incubated with HeLa and A549
cells, respectively. Next, the cells were stained with Lyso-
Tracker, a lysosomal marker (red), and then observed with
confocal laser scanning microscope (CLSM). The results
showed that GALA1-EGFP-HBP and GALA2-EGFP-HBP
mainly accumulated in lysosomes and was not released into
the cytosol even at higher concentrations (5 pM). These

fusion proteins (green) were still distributed in a punctate
pattern and highly colocalized with Lyso-Tracker (red)
(Fig. 3b). Likewise, GALA4-EGFP-HBP (0.25 pM) was
also mostly colocalized with Lyso-Tracker and displayed
only weak intracellularly dispersed fluorescence. Unlike
the above three recombinant proteins, GALA3 significantly
promoted the escape of EGFP-HBP from endosomes to
the cytoplasm, showing that the GALA3-EGFP-HBP
fusion protein (0.25 pM) diffused from the punctate vacu-
oles and was no longer colocalized with the Lyso-Tracker
(Fig. 3b). In contrast, HA2-EGFP-HBP, gph—-EGFP-HBP,
and Aurein—-EGFP-HBP showed no apparent scattered fluo-
rescence distribution in the cytoplasm, even at higher con-
centrations (5 pM), and these fusion proteins appeared in a
punctate pattern in the cells which was highly colocalized
with Lyso-Tracker red (Fig. 3b). Therefore, the colocaliza-
tion experiment demonstrated that GALA3 enhanced the
endosomal escape efficiency of GALA3 fusion proteins, and
this effect was similar pattern in both HeLLa and A549 cell
lines, suggesting the universality of this effect.

GALA3 Enhanced the Intracellular Activity
of Endocytic Fusion Proteins in Different Cell Lines

The above results demonstrated the excellent endoso-
mal escape efficiency of GALA3. Subsequently, we fused
GALA3 with antitumor protein drugs to test whether the
introduction of GALA3 could promote their therapeutic
efficiency. Initially, MAP30 (Puri et al. 2012), a RIP which
has been reported to have antitumor activity, was used to
verify the effect of GALA3. We previously demonstrated
that a MAP30-HBP fusion displayed an enhanced antitu-
mor effect compared with MAP30 alone (Luo et al. 2016).
We next expressed and purified GALA3-MAP30-HBP
and incubated this fusion protein at different concentra-
tions with HeLa cells for 48 h. However, the introduction
of GALA3 unexpectedly reduced the inhibitory effect of
MAP30-HBP on tumor cell growth (Fig. 4a). The IC, val-
ues are given in Table 2. We speculated that the introduc-
tion of GALA3 affected the biological activity of MAP30.
MAP30 possesses multiple biological activities. We used
a previously published topological inactivation cleavage
assay of supercoiled double-stranded DNA to test whether
GALA3 affects the intrinsic activity of MAP30 (Lee-Huang
et al. 1995; Luo et al. 2016). The result showed that while
MAP30-HBP cleaved supercoiled double-stranded DNA
(S) into linear bands (L) or nicked circular bands (N),
GALA3-MAP30-HB did not cleave any S DNA into other
types (L or N) (Fig. 4b). These results suggested that the
addition of GALA3 caused the attenuation of the intrinsic
bioactivity of MAP30-HBP, which may offset the positive
effects of its endosomal escape function.
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Fig.4 GALA3 enhanced the a b GALA3-
intracellular activity of endo- HelLa MAPSCHBE _MARSO.HBE
cytic fusion proteins in different 1007
cell lines. a HeLa cells were ~*~ GALAS-MAP30-HBP
incubated with different concen- x 801 - MAP30-HBP
trations of GALA3-MAP30- 2
HBP and MAP30-HBP for 5 601
48 h. The inhibition ratio of & 40- N
GALA3-MAP30-HBP and = L
MAP30-HBP was measured by 8
an MTT assay. Each bar rep- 201 s
resents the mean value of five
assays+SEM, n=5. b Reaction 0 0 1' é :'3 4 é
mixture contained plasmid Concentration log(x) nM
(1 pg) and either GALA3-
MAP30-HBP or MAP30-HBP
at a concentration of 1 pg/pL at
37 °C for 4 h, and cleavage of c 1001 H460 100+ Hela
the plasmid was detected using o GALA3-BLF1-HBP
1.0% agarose gel electrophore- X 804 -=-BLF1-HBP X 804
sis. ¢ H460, HeLa, A549, and 2 = i\l—‘*.
SMMC cells were incubated 3 60 3 60-
with different concentrations of g ‘\‘\‘\\‘ g
GALA3-BLF1-HBP or BLF1- = 40- = 40-
HBP fusion proteins for 48 h. 8 8
The inhibition ratio of GALA3— 204 20
BLF1-HBP and BLF1-HBP
on different cells was measured 0 r . r r . 0 T v T : 1
by an MTT assay. Each bar 0 1 2 3 4 5 0 1 2 3 4 5
represents the mean value of Concentration log(x) nM Concentration log(x) nM
five assays + SEM, n=5
100- A549 100 - SMMC

X 80+ X 80 '\I\-\-\.

= 2

S 60- I\!\k_!\’ S 601

8 o

z - \-\I z N I\'\\.

[} ©

o o

204 20 1
0 T T T T 1 0 T T T T 1
0 1 2 3 4 5 0 1 2 3 4 5

Concentration log(x) nM

We next selected BLF1 (Rust et al. 2018; Walsh et al.
2013), another RIP, with a totally different steric structure
from MAP30, to test the role of GALA3. The cytotoxic-
ity of BLF1-HBP was not significantly increased compared
with HBP alone, which was due to endosomal trapping of
the fusion (Fig. S1). However, as expected, the introduc-
tion of GALA3 to the BLF1-HBP fusion protein resulted
in a significant enhancement of the cytotoxicity of the
BLF1-HBP recombinant protein in all tumor cell lines
tested (H460, HeLa, A549, and SMMC) (Fig. 4c). Accord-
ing to the ICy, values (Table 3), the inhibitory effect of
GALA3-BLF1-HBP on these tumor cells is greater than
that of BLF1-HBP. Taken together, these results suggested
that GALA3 promoted the endosomal escape efficiency of
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recombinant proteins, but that the introduction of GALA3
may attenuate the activity of recombinant proteins.

The Effect of GALA3 on Cell Viability

While the above experimental results show that GALA3
enhanced the endosomal escape activity of BLF1-HBP fuso-
genic peptides may cause cytotoxicity due to their unique
disruptive effects on membrane structure. Therefore, we
next studied the biocompatibility of GALA3 in a hemolysis
experiment. Figure 5a shows that ddH,O as the positive con-
trol caused up to 100% hemolysis of mouse blood, while the
hemolytic activity of GALA3-EGFP-HBP at different con-
centrations was less than 5%, similar to the negative control
(PBS). The result of hemolysis assay indicated that GALA3
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Table2 ICs, values of MAP30-HBP and GALA3-MAP30-HBP in
HeLa cells

MAP30-HBP (nM) GALA3-MAP30-HBP (nM)

1Cy, 68.76 +0.862 8551.00+13.427

IC, values were calculated using GraphPad Prism 6.0 software

is not toxic to red blood cells. In order to evaluate the in vitro
cytotoxicity of GALA3 on nucleated cells, we incubated
H460 cells with different concentrations of EGFP-HBP,
GALA3-EGFP-HBP, or GALA3-BLF1-HBP recombi-
nant proteins for 48 h and then analyzed the cell viability
by MTT assay. As shown in Fig. 5b, GALA3-EGFP-HBP
had little inhibitory effect on cell growth, similar to the
negative control EGFP-HBP, indicating that GALA3 is
not cytotoxic on nucleated cells. Meanwhile, a significant
decrease in cell viability was observed after incubation with
GALA3-BLF1-HBP as a positive control, since BLF1 is a
RIP that is cytotoxic to a variety of cells (Rust et al. 2018).
Flow cytometry analysis of cells incubated in the presence of
GALA3-BLF1-HBP, GALA3-EGFP-HBP, or EGFP-HBP
recombinant proteins yielded similar results (Fig. 5c¢).
Together, these results indicated that GALA3 itself has lit-
tle inhibitory effect on cell growth.

Mechanism of GALA3-BLF1-HBP Promoted
the Antitumor Effect

When the early endosome becomes a late endosome, the
pH in the endosome decreases from 6.5 to 5 (Futaki et al.
2005). GALA can promote endosomal escape at pH 5 (Li
et al. 2004). As a mutant of the original GALA, we specu-
lated that the endosomal escape function of GALA3 would
likewise be related to the pH of the endosome. To confirm
this, we used two types of endosome acidification inhibitors,
bafilomycin Al and monensin (Florey et al. 2015; Fuchs
et al. 2016). GALA3-BLF1-HBP was co-treated at different
concentrations with bafilomycin Al (50 nM) or monensin
(5 pM) in HeLa cells for 48 h, whereafter the cell viability
was analyzed by MTT assay. The results showed that co-
treatment with bafilomycin A1l or monensin significantly
inhibited the cytotoxicity of GALA3-BLF1-HBP on HeLa

cells (Fig. 6a), indicating that GALA3 requires a low pH
value to promote endosomal escape, similar to GALA.

It has been reported that BLF1 exerts its cytotoxicity
through the induction of cell apoptosis (Rust et al. 2018).
To explore whether GALA3 can enhance the cytotoxicity
of BLF1-HBP by promoting its apoptotic activity, apop-
tosis kit was used to determine the ability of different
recombinant proteins to induce apoptosis in various tumor
cells. We treated H460, HeLLa, A549, and SMMC cells with
GALA3-BLF1-HBP or BLF1-HBP at a concentration of
10 pM for 24 h and then subjected the cells to flow cytom-
etry analysis using a PE-7-AAD apoptosis kit. As shown in
Fig. 6b, the apoptosis rates induced by GALA3-BLF1-HBP
in H460, HeLa, A549, and SMMC were 61.75%, 81.09%,
55.94%, and 89.45%, respectively, which was significantly
higher than the apoptosis rates induced by BLF1-HBP in
these cell lines (21.18%, 34.06%, 16.65%, and 22.93%,
respectively). These results indicate that the presence of
GALA3 significantly enhanced BLF1-HBP-induced apop-
tosis at low pH and thus that GALA3-BLF1-HBP inhibits
tumor growth more efficiently than BLF1-HBP.

Discussion

It is well known that most protein drugs enter the cell
through endocytosis but are usually trapped in endosomes or
degraded by proteases in lysosomes, preventing them from
effectively exerting their biological activities (Zuris et al.
2015). HBP is a highly efficient CPP derived from HB-EGF
and is often used for the delivery of antitumor drugs. Previ-
ous studies have shown that following the HBP-mediated
transmembrane delivery of protein drugs, endocytic fusion
proteins (such as EGFP-HBP) are mostly distributed in a
punctate pattern and highly colocalized with lysosomes. This
indicates that protein drugs fused to HBP are also trapped in
the endosome/lysosome and unable to fully exert their activ-
ity. Therefore, it is critical to find ways to allow the cargos
to escape from the endosome/lysosome system so that they
can reach their target sites.

The EEP is a promising tool that can be used to improve
the release of protein drugs following endocytosis. In pre-
vious reports, HA2, a typical endosomal escape domain

Table 3 ICs, values of BLF1—-

Cell lines BLFI1-HBP (nM) GALA3-BLF1-HBP (nM) Fold difference
HBP and GALA3-BLF1-HBP
in different cell lines H460 N/A 396.40 +8.359 _

HeLa N/A 172.60+11.283 -

A549 12,784.00 +23.634 179.00+7.531 71.42

SMMC 11,990.00 + 19.749 529.10+22.214 22.66

IC5, values were calculated using GraphPad Prism 6.0 software
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Fig.5 The effect of GALA3
on cell viability. a GALA3-
EGFP-HBP (10 pM) was
incubated with mouse blood
cells to detect the hemolysis.
PBS was used as a negative
control and ddH,0 was used as
a positive control. Error bars
represent the mean + SEM,
n=3. The difference between
positive control and other
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derived from human influenza virus, has been extensively
used to promote the escape of various biological macro-
molecular materials (such as nucleic acids and proteins)
from endosomes through membrane fusion (Golan et al.
2016). We therefore attempted to release EGFP—HBP from
endosomes by fusion with HA2 but did not achieve satisfac-
tory results. We speculated that the ability of certain pep-
tides to enhance endosomal escape depends on the structural
characteristics of the recombinant protein after fusion. For
example, the escape efficiency of HA2-R9-mCherry was
found to be significantly better compared with R9-mCherry
alone (Liou et al. 2012). However, no prominent endo-
somal escape effect was observed after fusion of HA2
with TAT-EGFP (Cesbron et al. 2015; Patel et al. 2019).
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Therefore, we searched for a new EEP to facilitate the escape
of recombinant proteins fused to HBP from the endosome.

GALA is a synthetic EEP which promotes the endosomal
escape efficiency of small molecules (Futaki et al. 2005;
Li et al. 2004). GALA is known to make relatively small
pores in model membranes at low concentrations (Wiedman
et al. 2014). However, it had been reported that the average
pore size induced by GALA3 will increases with increasing
GALA:lipid ratio. Under the premise that the GALA con-
centration is sufficient to release small molecules, when the
GALA concentration is continuously increased, a certain
number of macromolecules will be released from liposomes
(Kuehne and Murphy 2001). GALA had also been shown to
transport avidin (68 kDa) to the cytoplasm in the presence
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of cationic liposomes (Kobayashi et al. 2009). Therefore, we
speculated that the high concentration of GALA might cause
the disruption of endosome after forming excessive pores in
the endosomal membrane.

GALA modification on liposomes can effectively improve
the cytoplasmic transport efficiency of DNA or small mol-
ecule drugs. In this study, we investigated whether GALA
could be used to promote the endosomal escape efficiency
of HBP fusion proteins. GALA is a pH-sensitive endosomal

escape peptide. With the pH decreasing, GALA converts
from random coil into a o-helix (referred to GALA-helix),
and the GALA-helix rapidly inserts into the endosomal
membrane and assembles into an oligomeric complex, and
finally form a circular pore (Roberta et al. 1990). However,
while the GALA-EGFP-HBP fusion protein showed sig-
nificant membrane staining, no fluorescence signal was
observed in the cytoplasm, implying poor intracellular
delivery efficiency. In contrast, EGFP-HBP without GALA
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showed an obvious punctate fluorescence in the cytoplasm,
indicating that a significant amount of this fusion protein
was successfully translocated into the cells. Some studies
have shown that highly hydrophobic proteins tend to aggre-
gate (Martino et al. 2003) and that excessive hydrophobic-
ity will prevent proteins from entering cells, due to protein
aggregation or even precipitation (Dathe and Wieprecht
1999; Wang et al. 2010a, b). These proteins aggregate or
precipitate on the cell membrane and blocked further cyto-
plasmic transportation (Wieprecht et al. 1997). In a neutral
environment, GALA conformation appears as a random
coil, and its binding ability to the cell membrane was greatly
affected by hydrophobicity. Therefore, we hypothesized that
aggregation of GALA-EGFP-HBP on the cell membrane
prevents the fusion protein from entering the cell, due to the
strong hydrophobicity of GALA. Thus, we set out to reduce
the hydrophobicity of GALA by reducing the number of
EALA repeat sequences in the peptide. We were able to
select an optimized GALA mutant, GALA3, which endowed
HBP fusion proteins with an improved endosomal escape
efficiency. To further confirm that the hydrophobicity, rather
than peptide length, is a key factor in the aggregation of
fusion proteins on cell membranes, we replaced all glutamic
acid residues in GALA3 with histidine (since its hydropho-
bicity is slightly higher than glutamic acid) to increase the
hydrophobicity of the peptide but maintain the same pep-
tide chain length (Fig. S2a). This new peptide is denoted as
vGALA3. The grand average of hydropathicity (GRAVY)
was calculated for both vVGALA3 and GALA3 by ExPASy
(Expert Protein Analysis Software, https://www.expasy.org/
tools/protparam). The GRAVY value of vGALA3 (1.327)
was higher than that of GALA3 (1.236). Consistent with
our expectation, GALA3-EGFP-HBP can escape from the
endosome to the cytoplasm, but after increasing the hydro-
phobicity of GALA3 (vGALA3), the vVGALA3-EGFP-HBP
fusion protein mainly aggregates on the cell membrane, sim-
ilar to GALA-EGFP-HBP (Fig. S2b). These results proved
that the increased hydrophobicity rather than peptide chain
length caused aggregation of the fusion protein on the cell
membrane. However, considering that GALA3 is only half
the length of GALA, the shortening of the length may result
in a different structure, net charge, and charge distribution
of GALA3. These changes might directly or indirectly affect
the endosomal escape activity of GALA3. In subsequent
studies, we will further investigate whether the escape ability
of GALA3 is affected by these factors.

Interestingly, when GALA3 was fused to two different
RIPs, MAP30 and BLF1, the two fusion proteins showed
completely different results. GALA3-BLF1-HBP signifi-
cantly inhibited the growth of tumor cells compared with
BLF1-HBP, while the ability of GALA3-MAP30-HBP
to inhibit tumor cell growth was even lower than that of
MAP30-HBP. Our supercoiled plasmid DNA cleavage
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experiments suggested that this abnormality may be due to
the introduction of GALA3 affecting the biological activity
of MAP30 itself, not necessarily because GALA3 loses its
endosomal escape activity. Indeed, the introduction of new
domains may affect the activity of the original protein due to
steric hindrance. BLF1, a new type of RIP, has a steric struc-
ture and bioactivity that is totally different from the typical
RIPs (such as MAP30 in this article) (Cruz-Migoni et al.
2011; Walsh et al. 2013). We speculated that the introduc-
tion of GALA3 may affect the structure of the cargo protein
or block the active site of the cargo protein. However, the
different three-dimensional structures of BLF1 and MAP30
caused the very different results presented here. Therefore,
although GALA3 is an effective EEP, the successful use of
the GALA3 escape activity also requires consideration of its
effect on the activity of the original protein.

Our experiments also showed that among various known
CPPs, only GALA3 significantly improved the endosomal
escape efficiency of EGFP-HBP fusion proteins. When
EGFP was fused with other classical CPPs, such as TAT
(Fonseca et al. 2009) and R9 (Futaki 2002), only weak
punctate distribution of fluorescence was observed within
the cell, suggesting either a low delivery efficiency of the
fusion protein or the entrapment of the fusion protein in the
endosome/lysosome (Fig. S3). Further investigation showed
that although HBP, TAT, and R9 are all efficient CPPs, they
have different endocytic pathways for bringing cargo into
cells. Proteins fused with TAT or R9 are mainly taken up by
cells through macropinocytosis (Lonn et al. 2016; Nakase
et al. 2009; Wadia et al. 2004). Different from the fate of
conventional endosomes in the cell, macropinosomes, a
kind of endosome formed during the endocytosis pathway
of macropinocytosis, will undergo a process of pH decline,
but do not fuse with lysosomes to degrade their inclusions
(Conner and Schmid 2003; Meier et al. 2002; Wadia et al.
2004). As an efficient CPP, HBP mainly delivers exogenous
proteins into cells through clathrin-mediated endocytosis
and caveolin-mediated endocytosis (Luo et al. 2016). The
opportunity for endosomal escape will be affected by the
endocytosis pathway that brings the fusion protein into the
cells due to the different fate of endosomes (Degors et al.
2019). For example, while branched polyethyleneimine
(BPEI) polyplexes can enter cells through multiple endo-
cytic pathways, only the uptake of BPEI through caveolin-
dependent endocytosis resulted in endosomal escape and
productive transfection (Rehman et al. 2011). This suggests
that the efficiency of endosomal escape is indeed related
to the endocytosis pathway. Therefore, due to the different
endocytic pathways of different fusion proteins, GALA3-
mediated endosomal escape efficiency is different from that
mediated by TAT or R9.

In summary, we constructed a novel EEP, GALA3,
which can effectively promote the escape of GALA3-fusion
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proteins from endosomes into the cytoplasm. This pep-
tide can significantly improve the cytoplasmic disper-
sion of EGFP-HBP and improve the antitumor effect of
BLF1-HBP. GALA3 is a promising tool for the develop-
ment of clinical applications allowing of protein drugs to
enter cells by clathrin/caveolin-dependent endocytosis.
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