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ABSTRACT: Heparan sulfate (HS) is a major component of cell surface glycocalyx with extensive *F"\ rs
negative charges and plays a protective role by preventing toxins, including small molecule drugs ! s nanserssmming =~ =
and anticancer cationic lytic peptides (ACLPs), from cells. However, this effect may compromise : % B__a

the treatment efficiency of anticancer drugs. To overcome the impedance of cancer cell glycocalyx, / ey
an HS-targeting ACLP PTP-7z was designed by fusion of an ACLP and a Zn*"-binding HS-
targeting peptide. Upon Zn®* ion binding, PTP-7z could self-assemble into uniform nanoparticles
and show improved serum stability and reduced hemolysis, which enable it to self-deliver to tumor
sites. The peptide PTP-7z showed a pH- and Zn*" ion-dependent HS-binding ability, which triggers
the HS-induced in situ self-assembling on the cancer cell surface in the acidic tumor
microenvironment (TME). The self-assembled PTP-7z can overcome the impedance of cell
glycocalyx by either disrupting cell membranes or translocating into cells through endocytosis and
inducing cell apoptosis. Moreover, PTP-7z can also inhibit cancer cell migration. These results
proved that HS-responsive in situ self-assembling is a practical strategy to overcome the cancer cell
glycocalyx barrier for ACLPs and could be extended to the design of other peptide drugs to promote their in vivo application.

Overcome the glycocalyx barrier Cancercell death

KEYWORDS: ACLP, HS targeting, glycocalyx barrier, in situ self-assembling, charge conversion

Bl INTRODUCTION covalently linked to a core protein. HS is a linear
polysaccharide composed of alternating sequences of sulfated
disaccharides and highly negatively charged due to the
presence of sulfate groups at specific positions. It can interact
with a variety of biomolecules, such as growth factors,
cytokines, chemokines, morphogens, extracellular matrix
proteins, proteases, and protease inhibitors and thus participate
in or regulate a variety of physiological processes,””” including
endocytosis of macromolecules,” phase separation,” and
invasion of viruses.'”'! For example, when SARS-CoV-2
invades cells, the first step is to bind to HS before binding to
ACE2."”"> With plenty of negative charges, HS can attract
various cations to the vicinity of cells, which play important
roles in regulating enzyme activities.'* Additionally, HS may
accumulate cationic cell-penetrating peptides (CPPs) and
facilitate them translocating into cells, in which processes
peptide aggregation and CPP uptake are correlated."
Similarly, the self-assembling and translocating of neuro-
degenerative disease-related proteins are also probably
mediated by HS.'*™"*

Cell surface glycocalyx, which is a dense layer of carbohydrates
with plenty of negative charges contributed by heparan sulfate
(HS) and sialic acids (SAs), plays important roles in cell
physiology, including protecting cells from the accession of a
variety of toxins, such as small molecule drugs and anticancer
cationic lytic peptides (ACLPs)." ACLPs are mainly cationic
peptides that interact with the lipid bilayers to damage cell
membranes. The interaction between ACLPs and cells starts
from the electronic attraction between the cationic peptides
and the anionic cell surfaces, which attracts ACLPs to the
vicinity of the cells. However, recent studies showed that the
negative charges of cell surface glycocalyx might compromise
the activity of the ACLPs. Fadnes et al. showed that the
negatively charged molecules, especially HS, on the surface of
cells inhibited the cytotoxic activity of ACLPs by sequestering
them away from the phospholipid bilayer.”” Previous studies
of our group also indicated that the increase in the content of
surface sialic acid also compromised the cytotoxicity of ACLPs
to cells.” These research studies demonstrate a contradictory
effect of the negative charges of cell surface glycocalyx on
ACLPs. Thus, to interact with the cell membrane lipid bilayer, Received: June 5, 2024
ACLPs must overcome the impedance of glycocalyx. Revised:  July 31, 2024
HS is a major part of the heparan sulfate proteoglycan Accepted: August 23, 2024

(HSPG), which is expressed on the surface of all animal cells Published: September 4, 2024
and is a major component of the extracellular matrix (ECM),

mainly consisting of one or more chains of HS that are

EEAPPLIED, parcsiats

© 2024 American Chemical Society https://doi.org/10.1021/acsami.4c09243

v ACS Pu bl ications 49013 ACS Appl. Mater. Interfaces 2024, 16, 49013—49029


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pengfei+Pei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Long+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xinyao+Guan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peng+Wei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaoxu+Kang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lili+Gong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lihong+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenxu+Guo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Renji+Gu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Renji+Gu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lixin+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chuanke+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jun+F.+Liang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shi-Zhong+Luo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.4c09243&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c09243?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c09243?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c09243?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c09243?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c09243?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aamick/16/37?ref=pdf
https://pubs.acs.org/toc/aamick/16/37?ref=pdf
https://pubs.acs.org/toc/aamick/16/37?ref=pdf
https://pubs.acs.org/toc/aamick/16/37?ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsami.4c09243?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

A (<]

WLGALFKALSHLL

Time (us)

Time ()

mnard-Jones Potential

Les

(Kd/mol)

PTP-Te

Coulomb Potential @)
(KJ/mol)

3 4 5 8

Time (pis)

Time (us)

Figure 1. Heparan sulfate (HS) binding peptide design and in vitro self-assembling simulation. (A) Helical wheel plots and structure of PTP-7e.
(B) Helical wheel plots and structure of PTP-7z. (C) Number of self-assembling clusters and (D) max self-assembling cluster size changes during
the simulation process. (E) Snapshots of the peptide self-assemblies at selected time points. Sixty-four peptides were inserted into a 20 X 20 X 20
nm box, and the coloring method is ResType as nonpolar groups in white, basic groups in blue, acidic groups in red, and polar groups in green. (F)
Changes of the Lennard-Jones (LJ) potential and (G) Coulomb potential during the simulation process.

In situ self-assembly of proteins or peptides is actually
involved in many physiological processes, such as dynamic
formation of microtubules. Our previous studies indicated that
the disruption of cell membranes by ACLPs also involved in
situ peptide self-assembling on the lipid bilayer."”~*" The
design of in situ self-assembling peptides is also widely applied
for diagnosis, induction of immunoreaction, and cell apoptosis
for cancer treatment. For example, Wang et al. designed and
synthesized a photostable cascade-activatable peptide that can
form nanofibers in situ on the cell membrane, resulting in long-
term and stable imaging of bladder cancer."® Li et al. developed
a peptide that could self-assemble into nanoscale assemblies in
the lysosomes and induced breast cancer cell apoptosis by
destroying the mitochondria and cytoskeleton.”

Recognizing the roles of HS in peptide interaction with cells,
herein, we proposed to design HS-targeted ACLPs that can
self-assemble into nanostructures in situ on cell surfaces to
overcome the impedance of cell glycocalyx via HS-mediated
endocytosis to improve the therapeutic applications of ACLPs.
Such peptides were constructed by combining an ACLP and
an HS-targeting pentapeptide (GHHPH) derived from the
core sequence of histidine proline-rich glycoprotein (HPRG).
The overall structure of the constructed peptide PTP-7z was
amphiphilic to render the self-assembling ability, and binding
of Zn** ions further induced the formation of uniform
nanoparticles. With Zn®* ion-improved pH-sensitivity and
HS-targeting ability, this peptide could specifically bind to cell
surface HS and form in situ self-assembly to induce cell
membrane disruption and apoptosis at slightly acidic pH (pH
6.5), which fell in the pH range of the tumor microenviron-
ment. The resulted dual modes of action of this peptide for
anticancer treatment would converse the role of HS from
impedance to facilitation. Meanwhile, the improved serum
stability and biosafety make it promising for in vivo cancer
treatment. The design idea of this peptide provided a useful
means to design novel anticancer peptides with targeted
therapeutic potentials.

49014

B RESULTS AND DISCUSSION

Peptide Design and Self-Assembling Simulation. The
designed peptide PTP-7z (WLGALFKALSHLLGHHPH)
consists of one copy of the consensus sequence (GHHPH)
of HPRG, which can bind to transition metals and target
heparans,” and the aggregating-prone ACLP PTP-7e
(WLGALFKALSHLL) derived from a reported peptide PTP-
7b."” The GHHPH segment with three histidine residues may
endow the peptide with pH sensitivity and Zn*" binding ability,
enhance the interaction with cell surface HS, and promote
endocytosis into tumor cells in the acidic tumor microenviron-
ment (TME).”” The ACLP segment can promote the self-
assembly of the peptide and serve as an effector to lyse cell
membranes.

The structures of PTP-7e and PTP-7z were predicted by
PEP-FOLD3,”* which showed that both peptides adopted
helical structures with distinct amphiphilic features (Figure
1A,B) that may promote peptide self-assembling in aqueous
solution. The peptide self-assembling process was predicted by
molecular dynamics simulation with the MARTINI coarse-
grained force field.” In general, both PTP-7e and PTP-7z
could self-assemble simultaneously, showing a two-step
process. At the first step, the peptides quickly formed two
large aggregates within 0.6 us, maintaining about 2 us, and
then the two aggregates merged into one single assembly at 3
us (Figure 1C,D). At last, PTP-7e formed a spherical structure,
while PTP-7z formed a fibril structure (Figure 1E), which
should be due to their different distributions of polar and
hydrophobic residues. The driving force of the peptide self-
assembling was mainly van der Waals force as only Lennard-
Jones potential was observed to dramatically decline during the
self-assembling process (Figure 1F,G), which is similar to those
of some reported ACLPs.”' These results indicate that the
designed peptide is able to self-assemble into some specific
nanostructures, which preliminarily meets the design idea.

Characterization of the pH- and Zn?'-Responsive
Self-Assembling. Histidine is a common transition metal
coordination residue that appears in many im7portant motifs of
proteins,”® such as the zinc finger structure,”’ >’ and plays an

https://doi.org/10.1021/acsami.4c09243
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Figure 2. CD spectra of the peptides PTP-7z and PTP-7e. (A, B) CD spectra of PTP-7z in a NaAc solution at pH 7.4 (A) and 5.5 (B). (C, D) CD
spectra of PTP-7e in a NaAc solution at pH 7.4 (C) and 5.5 (D). The peptide stock solutions were diluted to 20 M in 20 mM NaAc with different
ratios of zinc ions (Zn>*) at pH 7.4 and $.5. Data were converted to mean residue molar ellipticity [@] [degrees/(cm® dmol™')] for each

measurement.
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Figure 3. ANS spectra of the peptides at different pH values and Zn** concentrations. (A—C) ANS spectra of PTP-7z (A) without Zn** ions and
(B) with a low concentration of Zn®** ions (2 nM) or (C) a high concentration of Zn*" ions (1:1 ratio). (D—F) ANS spectra of PTP-7e (D)
without Zn** ions and (E) with a low concentration of Zn** ions (2 nM) or (F) a high concentration of Zn** ions (1:1 ratio). Peptide

concentration: 80 yM.

important role in exerting protein functions. The repeated
consensus sequence (GHHPH), (n = 1-3) of HPRG was
reported to be able to bind to Zn** ions®**>*!; thus, the Zn**-
binding effect of PTP-7z was first studied. Interaction between
the peptides and Zn®* ions was monitored by quenching the
intrinsic fluorescence of tryptophan (W). At the physiological

49015

pH (pH 7.4), addition of Zn*" ions caused a sharp and obvious
decrease in the intrinsic fluorescence of PTP-7z and a slight
decrease in PTP-7e fluorescence. Beyond the peptide/Zn**
ratio of 1.0, the fluorescence of PTP-7z was not further
quenched (Figure SI1A), while the fluorescence quenching of
PTP-7e ceased beyond the ratio of 4.0 (Figure S1D). These

https://doi.org/10.1021/acsami.4c09243
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https://pubs.acs.org/doi/suppl/10.1021/acsami.4c09243/suppl_file/am4c09243_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c09243/suppl_file/am4c09243_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.4c09243?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c09243?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c09243?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c09243?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c09243?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c09243?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c09243?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c09243?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c09243?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

PTP-7z

PTP-7z
+Zn?* (2 nM)

+Zn2* (1:1)

PTP-7z

pH 7.4

pH 6.5

pH 6.0

Figure 4. TEM characterization of the pH- and Zn**-responsive morphology transitions of PTP-7z. (A—C) TEM images of PTP-7z at pH 7.4 (A),
6.5 (B), and 6.0 (C). (D—F) TEM images of PTP-7z in the presence of Zn?* (2 nM) at pH 7.4 (D), 6.5 (E), and 6.0 (F). (G—I) TEM images of
PTP-7z in the presence of Zn** (concentration ratio, 1:1) at pH 7.4 (G), 6.5 (H), and 6.0 (I). The peptide concentration was 80 M. The boxes

show the self-assembly after being enlarged by 4 times.

results indicate that the GHHPH fragment endows PTP-7z
with the specific binding ability to Zn** ions, while the
interaction between PTP-7e and Zn*" ions was nonspecific, as
it needs more Zn?' ions to quench the tryptophan
fluorescence. By contrast, the intrinsic fluorescence of both
PTP-7z and PTP-7e was not affected by Zn** ions at pH S.5,
which should be due to the protonation of the histidine side
chain, and thus, they cannot bind to Zn** ions stably.

At pH 74, PTP-7z adopted an a-helix structure in an
aqueous NaAc solution, and by adding Zn®* ions, the ratio of
the two negative peaks ([0];2,/[0]1s) in the CD spectra of
PTP-7z changed obviously when the concentration of Zn**
ions increased (Figure 2A), which suggests that PTP-7z may
form a coiled coil structure after adding Zn** ions.”””**
However, the structure of PTP-7z changed to random coil at
pH S.5 and the addition of Zn** ions showed no effect on its
secondary structure (Figure 2B), which was also due to the
protonation of the imidazole group of histidine, suggesting that
it cannot coordinate with Zn>* ions at this pH. For the peptide
PTP-7e, it also adopted an a-helix structure at pH 7.4, which is
consistent with its parent peptide PTP-7b.”> However, the
[0]222/[0]50s ratios showed no obvious change when adding
Zn*" ions (Figure 2C). Similarly, the structure of PTP-7e also
changed to random coil at pH 5.5, and Zn®" ions had no effect
on its structure either (Figure 2D). These results further
confirm that the GHHPH segment endows the Zn** ion-
binding capacity of PTP-7z, and Zn** ions may affect the
secondary structure and, thus, the self-assembly of PTP-7z at
physiological pH.

As suggested by the CD spectra that Zn** ions may induce
coiled coil formation of PTP-7z, the Zn*-induced peptide self-
assembling was further detected by 8-anilino-1-naphthalene-
sulfonic acid (ANS) fluorescence, which strongly binds to the
cationic group (R, K, and H residues) of proteins and peptides
through ion pair formation.’**” The measured pH in tumor
tissues is typically acidic, and the pH value as low as 5.6 has
been measured in human tumors.** In most tumors, the pH on
surfaces that consisted of highly metastatic cells was around 6.1
to 6.5, whereas in nonmetastatic tumors, the pH was in the
range of 6.5—6.9.% Therefore, the ANS fluorescence character-
ization of the peptide self-assembling was performed under pH
7.4, 6.5, 6.0, and 5.5, and pH 6.5 was selected to simulate the
acidity of the tumor microenvironment in the character-
izations, activity tests, and mechanism studies of the peptides.

The aggregation of pure PTP-7z occurred to some extent at
pH 7.4 and 6.5, and the aggregation level decreased as the pH
decreased, especially when the pH value was below 6.0, as the
aggregation ability of PTP-7z was nearly lost (Figure 3A).
Since the histidine residues in PTP-7z could be protonated as
the pH decreased, the resulting electrostatic repulsion between
the PTP-7z monomers would induce dis-assembling of the self-
assemblies, which results in the fluorescence decrease of ANS.
When adding a low concentration of Zn?* ions at 2 nM, a
concentration that can significantly affect HPRG—heparin
interaction at physiological pH,”’ the aggregation of PTP-7z
was enhanced at pH 7.4 and 6.5, manifesting as increased
fluorescence intensity (Figure 3B). Moreover, the fluorescence
intensity at pH 6.5 in Figure 3B was higher than that in Figure

https://doi.org/10.1021/acsami.4c09243
ACS Appl. Mater. Interfaces 2024, 16, 49013—49029


https://pubs.acs.org/doi/10.1021/acsami.4c09243?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c09243?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c09243?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c09243?fig=fig4&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c09243?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

PTP-7z PTP-7z + Zn?* (2 nM)
v 800
- e B e
— 00 ',_..._,.—':_",_“ﬁ
< , e
= E T . e
T 2 s
a @
100 pM e — 100 pM
50 uM . e 50 uM
— 1M “ — 104M
] 100 200 300 400 500 e 100 200 100 400 200 000
Time (s) Time (s)
¢ Ko=(4.30 £ 0.42)x105 M e | D Ko=(1.53 £ 0.18)x105 M
1500 =
"n. - 00 —_ 800
© 3
IQ E’ ;‘E: 400
e o 100 200 300 400 £00 100 200 200 453 £00 00
. Time (s) Time (s)
Ko=(2.55 + 0.28)x 10 M el i Ky=(6.23 + 0.92)x104 M
1200
(=]
' ,_3; = E 500
T 2 &
a “ < 400
o o

Time (s)

Time (s)

Figure 5. pH- and Zn*'-dependent binding kinetics of PTP-7z to HS determined by surface plasmon resonance (SPR). (A, C, E) Binding kinetics
of PTP-7z to HS in PBS at pH 7.4 (A), 6.5 (C), and 6.0 (E). (B, D, F) Binding kinetics of PTP-7z to HS in PBS containing Zn** (2 nM) at pH 7.4
(B), 6.5 (D), and 6.0 (F). For the PTP-7z group, 1X PBS at different pH values was used as running buffer. For the PTP-7z + Zn** (2 nM) group,
1x PBS with 2 nM Zn®* at different pH values was used as running buffer.

3A, suggesting that Zn** ions (even at concentrations as low as
2 nM) could enhance the self-assembling of PTP-7z. At the
Zn**/peptide ratio of 1.0, the aggregation of PTP-7z at pH 7.4
was enhanced once again, which showed higher ANS
fluorescence intensity (Figure 3C) that may come from the
enhanced histidine—Zn?* interaction. The fluorescence inten-
sity at pH 6.5 in Figure 3C was not higher than that in Figure
3B, suggesting that the Zn”* ion binding ability may be limited
to a certain level at pH 6.5 due to the electrostatic repulsion.
Meanwhile, the fluorescence intensity at pH 5.5 and 6.0 in
Figure 3B,C was similar to that in Figure 3A, suggesting that
the electrostatic repulsion comes from significant histidine-
protonation-induced dis-assembling and cannot be compen-
sated by the Zn*" enhancement.

The aggregation of PTP-7e was stronger than that of PTP-7z
at pH 7.4 and 6.5 (Figure 3D), which may be due to the
overall higher hydrophobicity of PTP-7e. At the Zn**/PTP-7e
ratio of 1.0, the ANS fluorescence intensity was almost two
times as that of PTP-7z at pH 7.4 and 6.5 and even much
higher at pH 6.0 and 5.5 (Figure 3F), suggesting that the Zn>*
strength has stronger impact than pH change for the self-
assembling of PTP-7e, as the only histidine residue in PTP-7e
may not induce enough electrostatic repulsion. The stronger
impact of Zn*" strength also caused the abnormal fluorescence
of PTP-7e when the concentration of Zn?* was 2 nM, as the
highest fluorescence appeared at pH 6.0 and the lowest at pH
6.5 (Figure 3E). This result suggests that ANS may bind to the
external sites of the self-assembly under this condition, since
ANS located in the buried binding site that exhibits long-
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lifetime fluorescence is not accessible to the water molecules,
while ANS from the sites demonstrating short-lifetime
fluorescence is accessible to water molecules.”' Further
detection of the time-dependent fluorescence decay at pH
6.0 and S.5 confirmed this conjecture (Figure S2B,C).

Moreover, there was a peak shift in addition to the
fluorescence intensity change, which should come from the
positive charge increase of the peptides that alters the
fluorescence emission maximum of ANS, since the sulfonate
group in ANS interacts with the positively charged amino
acids,** and this interaction may alter intra- and intermolecular
charge transfer processes that define the fluorescence emission
maximum and lifetime of ANS.*® On the other hand, it has
been suggested that both the restricted mobility and
hydrophobicity of the nearest environment of ANS contribute
significantly to the peak shift of the fluorescence spectra and
fluorescence intensity.'”*' The pH-dependent morphology
transformations of the peptide self-assemblies that changed the
environment of the ANS binding site may also contribute to
the peak shift.

The self-assembling nanostructures of PTP-7z were
observed by electron microscopes. The morphology of PTP-
7z self-assembly at pH 7.4 was tube-like with a diameter of
~20 nm in the TEM images (Figure 4A), and the tubes were
spiral in the SEM images (Figure S3), which may come from
the formation of a coiled coil. As the pH value decreased to
6.5, the morphology of the PTP-7z self-assembly changed to a
flower-like shape with a dense core and a petal-like shell
(Figure 4B). At pH 6.0, the petal-like shell disappeared and
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Figure 6. TEM images of the PTP-7z assemblies and PTP-7z-Zn** coassemblies after stimulation by HS. (A, B) TEM images of the PTP-7z
assemblies after stimulation by HS at pH 7.4 (A) and 5.5 (B). (C, D) TEM images of the PTP-7z + Zn** (2 nM) coassemblies after stimulation by
HS at pH 7.4 (C) and 5.5 (D). (E, F) TEM images of the PTP-7z + Zn** (0.2 nM) coassemblies after stimulation by HS at pH 7.4 (E) and 5.5 (F).

HS at 250 pg/mL was used to stimulate the PTP-7z-Zn>*" coassemblies.

more short fibers appeared around the dense core particles
(Figure 4C). These results might indicate the process of self-
assembly collapse when solution pH decreases.

Addition of Zn** ions caused an obvious change in the
morphology of the PTP-7z self-assembly. When 2 nM Zn**
ions were added to PTP-7z, the nanotubes collapsed to small
nanoparticles with a diameter of ~50 nm at pH 7.4 (Figure
4D), and the size and morphology of PTP-7z self-assembly
showed no obvious change at pH 6.5 (Figure 4E), but it
reassembled into nanofibers at pH 6.0 (Figure 4F). However,
when the concentration of Zn>* ions was at a high level (1:1 to
the peptide), PTP-7z formed highly cross-linked fibers at pH
7.4 (Figure 4G) but collapsed into a spherical structure at pH
6.5 (Figure 4H) and finally into hollow spheres with diameters
of ~200 nm at pH 6.0 (Figure 4I). The morphology of the
peptide self-assembly could have a significant influence on the
biodistribution, release, and pharmacokinetics profile of
ACLPs,**™™* and the diversity of PTP-7z self-assembly
morphology under various pH values and Zn** concentrations
provides more choices for its pharmaceutical preparation.

The stability of bioactive peptides in circulation is usually
low due to the clearance of the kidney and degradation by
various proteases. We previously proposed that peptide self-
assembling could improve the stability of peptides in serum
and protect them from proteases, thus leading to elongated

circulation in vivo.” As it was previously indicated that Zn*
ions could enhance PTP-7z self-assembling, we tested the
serum stability of these peptides by HPLC. The half-life of
pure PTP-7z in serum was about 0.5 h, and in the presence of
Zn*" ions, the half-life of PTP-7z was also obviously increased,
which was 1.18 and 4.27 h at low and high concentrations of
Zn*" ions, respectively (Figure S4A). In contrast, the peptide
PTP-7e was quite unstable in serum, since it was fully degraded
in about 0.1 h (Figure S4B). In the presence of Zn’* ions, the
half-lives of PTP-7e in serum increased to 0.68 and 0.88 h at
low and high concentrations of Zn>' ions, respectively.
Although Zn** ions improved the serum stability of PTP-7e,
the half-lives were still not satisfied for in vivo application.
These results indicate that Zn** ions can improve the stability
of PTP-7z, and the increased half-lives may make it applicable
in vivo.

The hemolysis of PTP-7z was also tested, as it was derived
from a lytic peptide. PTP-7z can cause obvious hemolysis only
at concentrations as high as 500 uM and even no obvious
hemolysis at this concentration in the presence of Zn>* ions
(Figure S4C). However, PTP-7e caused dramatic hemolysis
even at 62.5 uM. Although the hemolytic effect of PTP-7e was
alleviated in the presence of Zn*"* ions, hemolysis was restored
at 250 uM (Figure S4D). The decrease in hemolysis at 500 uM
of PTP-7e might come from the aggregation of the peptide at
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Figure 7. pH-responsive charge conversion of the peptides. (A) Zeta potentials of peptides PTP-7z and (B) PTP-7e at different pH values. The

Zn** /peptide ratio in the ion addition group was 1.0 for both peptides.

high concentrations. Such improved serum stability and
reduced hemolysis of PTP-7z in the presence of Zn** ions
might come from the Zn**-enhanced peptide self-assembly, as
some proteolytic sites in the sequence and the hydrophobic
residues, which are prone to cause hemolysis, are buried inside
the self-assembly.

pH- and Zn**-Dependent HS Binding of the Peptides.
It has been reported that the targeting peptide (GHHPH) is
able to bind HS in a pH- and Zn**-dependent manner.”* To
further confirm the targeting ability of PTP-7z to HS, the
binding of PTP-7z to HS was determined by surface plasmon
resonance (SPR) at different pH values and in the presence of
Zn*" jons (2 nM). At pH 7.4, PTP-7z showed no binding to
HS, even after the addition of Zn* ions (Figure SA,B). When
the pH decreased to 6.5, the binding ability of PTP-7z to HS
was significantly enhanced, with an affinity constant K, = (4.30
+ 0.42) X 10~ M (Figure SC), and the binding ability was
further enhanced after the addition of Zn?*, with the K
reduced to (1.53 + 0.18) X 107> M (Figure SD). This pH- and
Zn*-dependent HS targeting of PTP-7z should come from the
increased charges by protonation and Zn** binding, which was
similar to the GHHPH consensus sequence.23 However, when
the pH was further reduced to 6.0, the HS-binding ability of
PTP-7z weakened compared to that at pH 6.5, with the K, =
(2.55 + 0.28) x 107> M (Figure SE) for PTP-7z alone and Kp,
=(6.23 £ 0.92) X 10~* M (Figure SF) in the presence of Zn*",
which may come from the structural flexibility of the peptide at
pH 6.0. By contrast, the peptide PTP-7e showed weak binding
to HS (Figure SS), even at acidic pH and in the presence of
Zn*. The binding ability of PTP-7e to HS was much lower
than that of PTP-7z, which was due to the absence of the
targeting sequence GHHPH. However, HS may also adsorb
some PTP-7e peptides, because HS bears a large number of
negative charges, which causes some nonspecific binding to the
positively charged peptide. These results indicate that PTP-7z
shows pH- and Zn2+-dependent binding to HS, which could be
ideal for HS-targeted anticancer treatment. Therefore, the
desired self-assembling and HS-targeting abilities of the
designed peptide PTP-7z were both realized.

Moreover, the effect of HS on the self-assembling structure
of PTP-7z was further observed. The HS-stimulated samples
were prepared by adding HS at 250 pg/mL, as the self-
assembling behavior could be significantly changed at this
concentration (Figure S6A,B), to the self-assemblies prepared
as in Figure 4. For the pure PTP-7z peptide, the stimulation of
HS made it form longer fibers at pH 7.4 (Figure 6A) and
denser nanoparticles at pH 6.5 (Figure 6B). Interestingly, with
HS addition, the structure of the PTP-7z + Zn** ions (2 nM)
sample changed from nanoparticles (Figure 4D) to dense
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fibers (Figure 6C), which may due to the deprivation of Zn**
ions by HS. At pH 6.5, HS only extended the size of the
nanoparticles of the PTP-7z + Zn** ions (2 nM) sample
(Figures 4E and 6D).

The normal plasma concentration of free Zn>" is about 0.2
nM.*® The effect of this low concentration of Zn* to the HS-
responsive assembly of PTP-7z was also tested. ANS
fluorescence indicated that the self-assembling of PTP-7z at
pH 7.4 was similar when the Zn** concentrations were 0.2 and
2 nM (Figure S6C), while there was a difference at pH 6.5
(Figure S6D). The morphology was also fibers at pH 7.4
(Figure 6E) and nanoparticles at pH 6.5 (Figure 6F). In
general, the HS-responsive self-assembling of PTP-7z was
observed, and the stimulation of HS changed the self-assembly
morphologies, which suggested that the HS-mediated in situ
PTP-7z self-assembling could be achieved. Moreover, since
fibrous nanostructures persist longer in circulation,™ the HS-
stimulated fiber assemblies at pH 7.4 could increase the in vivo
stability of PTP-7z. The spherical nanostructures are easier to
be taken up by the cells than fibrous nanostructures*’; thus,
the HS-stimulated nanospheres of PTP-7z at pH 6.5 could
facilitate endocytosis by the cancer cells.

Charge Conversion of the Peptides. As described
above, the self-assembling and HS targeting were both pH-
and Zn*" ion-dependent, which are closely related to the
charging state of the peptide. Moreover, the charging state of
ACLPs is essential to their interaction with cells, and the pH-
responsive cytotoxicity of histidine-containing ACLPs has been
previously reported, which is due to the charge conversion of
the histidine side chains at acidic pH values, whose pK, is 6.0.
Thus, the His residue acts as a charge switch because it can be
protonated to bear a positive charge at acidic pH values. For
example, the parent peptide (PTP-7b) of PTP-7e and PTP-7z
has been reported to have a pH sensitivity of 3.0 on A549 cells,
which means that its activity at acidic pH is 3-fold that at
physiological pH.>

Because of the importance of the charging state of histidine,
the charge conversion of the peptide PTP-7z induced by acidic
pH and the Zn®" ion was determined. By measuring the zeta
potentials of the peptides at various pH values, it can be found
that both PTP-7z and PTP-7e took negative charges at
physiological pH (pH 7.4) but reversed to positive charges at
acidic pH values (Figure 7). The charge conversion of PTP-7e
occurred at about pH 6.5 (Figure 7A), while the charge
conversion point of PTP-7z was about pH 7.0 (Figure 7B).
This might be because PTP-7z has more histidine residues
than PTP-7e, and the microenvironments of the histidine
residues in PTP-7z are much different. Upon addition of Zn**
ions, the zeta potentials of both peptides increased at pH 7.4
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Figure 8. Cytotoxicity IC, of PTP-7e and PTP-7z on DU145, A549, and HUVEC cell lines. (A—C) Cytotoxicity ICs, of PTP-7e and PTP-7e with
Zn** (2 nM) under pH 7.4, 6.5, and 6.0 on the DU145 (A), A549 (B), and HUVEC (C) cell lines. (D—F) Cytotoxicity ICs, of PTP-7z and PTP-7z
with Zn** (2 nM) under pH 7.4, 6.5, and 6.0 on the DU145 (D), A549 (E), and HUVEC (F) cell lines. The pH-sensitivity value was calculated as
the ratio of the IC;, value at pH 7.4 to that at pH 6.0 and labeled on the line with text.

and 7.0, and it even caused charge conversion of PTP-7z at
these pH values. By contrast, Zn** ions did not obviously affect
the charges of the peptides at acidic pH values, which is
consistent with the protonation of histidine residues. This
could explain why the Zn*" ions improved the HS binding of
PTP-7z as Zn*" ion complexation increased its zeta potentials.
Further considering the SPR results, pH 6.5—7.0 seems to be
the best pH range for the HS binding of the PTP-7z-Zn**
complex because the positive charges at pH values above 7.0
are not sufficient enough for HS binding, while the structure of
PTP-7z at pH values lower than 6.5 is too flexible to bind to
HS specifically. Since the microenvironment of solid tumors is
acidic and usually falls in the pH range of 6.4—7.0,*® the PTP-
72-Zn*" complex is ready to target HS in such an acidic tumor
microenvironment (TME).

pH- and Zn?* lon-Enhanced Cytotoxicity of PTP-7z.
The pH-activated cytotoxicity of PTP-7z and PTP-7e was first
examined (Figures S8—S10), as their parent peptide PTP-7b
showed definite pH sensitivity due to the histidine residue in
the sequence.'””” PTP-7e exhibited obvious pH-enhanced
cytotoxicity against all three tested cell lines (DU145, AS49,
and HUVEC), as its pH sensitivity on all these cell lines was
more than 3.7 (Figure 8A—C), which was calculated as the
ratio of the ICg, value at pH 7.4 to that at pH 6.0, because the
histidine residue was considered to be fully protonated at pH
6.0.” This enhanced cytotoxicity with decreasing pH is

consistent with its charge conversion, as the protonation state
of histidine changed, and agreed with its parent peptide PTP-
7b."?° By contrast, PTP-7z showed higher pH sensitivity on
these three cells, and the greatest pH sensitivity was about 22.7
on DU14S (Figure 8D—F), which should be because PTP-7z
contains more histidine residues. This much higher pH
sensitivity on DU145 cells could be affected by the interaction
between PTP-7z and HS, as DU14S has a high HS level on cell
surfaces.*’

The activities of the peptides in the presence of Zn>* ions
were tested only at 2 nM Zn** ions in the following
experiments, considering the cytotoxicity of Zn** ions at high
concentrations (Figure S7). In addition, the peptides with a
low concentration (2 nM) of Zn>" ions can self-assemble into
nanoparticles (Figure 4D), which are more homogeneous and
stable in solution than nanofibers.>* Moreover, 2 nM Zn?" ions
can efficiently enhance the HS binding of PTP-7z so that the
effect of HS on the cytotoxicity of the peptides can be further
evaluated under this condition. The premixture of PTP-7z and
Zn*" ions obviously increased the cytotoxicity of PTP-7z on
DU145 cells in comparison to that without Zn** ions,
especially at pH 6.5 (Figure 7D), which might come from
the enhanced HS binding at this pH, as shown in the SPR
experiment (Figure SC,D). However, the activity of PTP-7z in
the presence of Zn>* ions at pH 6.0 just improved slightly,
which might be because the protonated peptide cannot bind to
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Figure 9. pH- and Zn**-dependent targeting of PTP-7z to cell surface HS that was detected by confocal laser scanning microscopy (CLSM)
imaging. (A) CLSM images of PTP-7z-treated DU145 cells at pH 7.4. (B) CLSM images of PTP-7z-treated DU14S cells at pH 6.5. (C) CLSM
images of DU145 cells treated with PTP-7z combined with Zn** (2 nM) at pH 7.4. (D) CLSM images of DU145 cells treated with PTP-7z
combined with Zn** (2 nM) at pH 6.5. The DU145 nuclei were stained with DAPI (blue), and HS was bound by a primary antibody (10E4) first
and then stained with a Cy3-labeled secondary antibody (red). The peptide was labeled with FITC (green). The images were taken after the
addition of peptide for 0.5 h. Single-cell colocalization was analyzed by the Image] script Plot Profile.

Zn*" ions and just exhibited the activity of the free peptide. By
contrast, the Zn**-enhanced cytotoxicity of PTP-7z on A549
cells was not observed at pH 7.4 and 6.5 and even lowered in
the presence of Zn’* ions. However, a slight increase was
observed at pH 6.0 (Figure 8E). A plausible explanation is that
the HS contents of A549 cells are lower than those of DU14S,
and the enhanced HS binding may impede peptide accession
to cell membranes but cannot trigger HS-mediated cellular
translocation. For PTP-7e, addition of Zn*" ions also increased
its cytotoxicity, but the increasing amplitude was much smaller
(Figure 8A—C), which could be just due to the nonspecific
cytotoxicity of Zn®>" ions that were brought to the cell
membranes by the peptide.

These results suggest that PTP-7z possesses selective
anticancer activity, which could be related to its HS-targeting
ability endowed by the HS-targeting motif (GHHPH). Both
acidic pH and Zn?* ions could enhance the cytotoxicity of
PTP-7z, and pH plays a more important role in activating its
anticancer activity. The expression level of HS is different in
various tumor cell lines, and thus, the HS-targeting peptide
showed varied activities on these tumor cells. The non-small
cell lung cancer cell line AS49 has a low level of HS
expression,” so the cytotoxicity of PTP-7z is weaker on A549
than that on DU14S cells. Such acidic pH-activated and HS-
targeted anticancer activity makes PTP-7z safer in the
application of anticancer treatment since its cytotoxicity on
the endothelial cell line HUVEC is also weak (Figure 8F).
Moreover, PTP-7e showed relatively high cytotoxicity on the

human vascular endothelial cell line HUVEC regardless of the
absence or presence of Zn** ions (IC;, = 164.1 and 114.4 uM,
Figure 8C).

Anticancer Mechanism of the Peptide PTP-7z. As
described above, the peptide PTP-7z was able to bind to HS
and may thus affect its cytotoxicity on cancer cells, so the in
situ interaction between the peptides and cell surface HS was
observed by confocal immunofluorescence imaging on DU145
cells. After the cells were incubated with PTP-7z at pH 7.4 for
0.5 h, green fluorescence on some cell surfaces could be
observed, and large peptide aggregates that colocalized with
HS sparsely appeared (Figure 9A). The number of large PTP-
7z-HS colocalized aggregates on cell surfaces was increased
when incubating the cells and PTP-7z at pH 6.5 (Figure 9B),
suggesting that lower pH can promote HS binding and in situ
self-assembling of PTP-7z due to the partial charge conversion
of the peptides. In the presence of Zn*" ions at pH 7.4, a
similar number of PTP-7z-HS aggregates were observed on the
cell surfaces (Figure 9C), which might also be caused by
charge conversion, as Zn*" binding could increase the positive
charges of the peptide complex. In the presence of Zn*" ions at
pH 6.5, a large amount of PTP-7z bound to cell surface HS,
and the fluorescence color could cover the whole cells and
turned more yellow (Figure 9D), indicating that the binding of
PTP-7z was largely mediated by cell surface HS and the
targeting ability to HS under this condition was the strongest
for PTP-7z. In contrast, PTP-7e did not show a strong HS-
targeting ability under all conditions (Figure S11). A small
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Figure 10. In situ self-assembling with HS and membrane lysis of PTP-7z that was detected by confocal laser scanning microscopy (CLSM)
imaging. (A) CLSM images of PTP-7z-treated DU145 cells at pH 7.4. (B) CLSM images of PTP-7z-treated DU14S cells at pH 6.5. (C) CLSM
images of DU145 cells treated with PTP-7z combined with Zn** (2 nM) at pH 7.4. (D) CLSM images of DU145 cells treated with PTP-7z
combined with Zn** (2 nM) at pH 6.5. The DU145 nuclei were stained with DAPI (blue), HS was bound by a primary antibody (10E4) first and
then stained with a Cy3-labeled secondary antibody (red), and the peptide was labeled with FITC (green). The images were taken after the

addition of peptide for 2 h.

number of PTP-7e aggregates were observed in the field of
view in the absence of Zn** ions at pH 6.5 or in the presence of
Zn** ions at both pH values, but colocalization with HS was
not evident (Figure S11B—D), whereas no obvious peptide
binding was observed in the absence of Zn*' ions at pH 7.4
(Figure S11A). The fluorescence colocalization assay results
showed that PTP-7z could actively target HS on the cell
membrane, and the targeting ability was enhanced under acidic
pH or in the presence of Zn?*, so it is reasonable to believe that
HS can nucleate in situ PTP-7z self-assembling on the cell
surface.

According to the cell lytic mechanism of the parent
peptide,'” ™" the membrane lysis caused by these peptides
was further examined at an extended period. After addition of
the peptide for 2 h, it can be observed that FITC-labeled PTP-
7z (green fluorescence) accumulated with the glycocalyx
barrier HS at pH 7.4 (Figure 10A). Moreover, since the
glycocalyx barrier locates just outside the cell membrane, the
fluorescence from the HS-bound Cy3 could indicate the
membrane; thus, it can be observed that PTP-7z entered the
cancer cells at pH 6.5 (Figure 10B). Cell blebbing and
cytoplasmic leakage were also observed (Figure 10B), and they
were enhanced in the presence of Zn** ions (Figure 10C,D).
These results suggest that PTP-7z could induce cancer cell
lysis, as cell blebbing is a universal cellular response to
plasmalemmal injury.*>*’ Moreover, more green fluorescence
was observed for the cells treated with PTP-7z at this time
point, suggesting that the binding of PTP-7z to HS is time-
dependent.

In contrast, for the cells treated with PTP-7e, it can be
observed that cells were blebbing under all conditions, while
peptide-HS colocalization is rare (Figure S12), which is
consistent with the nonspecific cytotoxicity of PTP-7e. This
high sensitivity of cytotoxicity change at near physiological pH
could be more beneficial for cancer treatment using PTP-7z,
since the TME pH is about 6.5, which can just effectively
activate PTP-7z. Additionally, as HS attracted more PTP-7z in
the presence of Zn>' ions to cell surfaces at pH 6.5 (Figure
10D), it may also increase the extent of the cytotoxicity change
of PTP-7z under acidic conditions, which explains the higher
pH sensitivity of PTP-7z on cells.

Beyond cell membrane blebbing, for the cells treated with
PTP-7z, internalized peptide particles could be observed,
especially for those treated with PTP-7z in the presence of
Zn™" ions at pH 6.5 (Figure 10D). However, this phenomenon
was seldom observed for the cells treated with PTP-7e under
all conditions (Figure S12).

The HS-mediated endocytosis of PTP-7z was confirmed by
a peptide-lysosome colocalization assay (Figure 11). The
results indicate that the peptide PTP-7z was endocytosed by
DU14S cancer cells and colocalized with the lysosomes. PTP-
7z also formed aggregates within the lysosome, as the arrow
pointed (Figure 11A), which confirmed the HS-mediated
endocytosis of PTP-7z. Meanwhile, PTP-7e mainly aggregated
on the cell membranes (Figure 11B).

As reported by a previous study, HS could mediate
nanoparticle endocytosis,”* and this might be also applied for
PTP-7z, suggesting that this peptide may exert other action
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Figure 11. Colocalization of the peptide PTP-7z with the lysosome
that was imaged by a laser scanning confocal microscope. (A) PTP-
7z-, (B) PTP-7e-, and (C) PBS-treated groups. The peptides PTP-7z
and PTP-7e were labeled with FITC, showing green fluorescence. The
lysosomes were labeled with the lyso-tracker red probe, and the cell
nuclei were labeled with Hoechst 33342 and showed blue
fluorescence.

mode besides cell membrane lysis. One of our previously
reported anticancer peptides exhibits dual anticancer modes,
ie, cell lysis and pro-apoptosis.”’ Usually, such cationic
anticancer peptides would target nucleic acids or mitochondria
after internalization due to the positive charges and can induce
cell apoptosis. Therefore, we tested peptide-induced cell
apoptosis by determining the caspase 3 activity. Caspase 3 is
a key zymogen in cell apoptosis and is not activated until it is
cleaved by initiator caspases during apoptotic flux.’* Under the
tested conditions (pH 7.4 and 6.5 and adding Zn** (2 nM)),
PTP-7z all showed concentration-dependent proapoptotic
activity that was featured as increased caspase 3 activity
(Figure 12A—D). The concentration dependence of the
proapoptotic activity of PTP-7z should be related to the
molecule number that is endocytosed by the cells, whereas

PTP-7e did not show an obvious caspase 3 activity increase.
These results indicate that PTP-7z can induce cell apoptosis,
but PTP-7e cannot.

The cancer cell killing mechanism of the peptides was also
tested by flow cytometry using the Annexin V/PI kit. As
demarcated by Krysko et al,, during apoptosis, there is a lag
time between PS and PI positivities, but in necrosis, these
events coincide.”> PTP-7e showed a typical characteristic of
necrosis (Figure 13C,D,G,H), since the cells moved fast from
the lower left quadrant (PI-negative/Annexin V-negative cells)
to the upper right quadrant of the dot blot (Pl-positive/
Annexin V-positive cells). Meanwhile, PTP-7z showed both
necrosis and apoptosis characteristics, since there were at least
9.30% cells moving to the lower right quadrant, except for the
fast movement of cells from the lower left to the upper right
quadrant (Figure 13A,B,E,F). These results further confirm the
necrosis and apoptosis dual-functional property of PTP-7z and
indicate that PTP-7z indeed can induce cell apoptosis after
internalization, which can be an alternative way to overcome
the glycocalyx barrier to retain anticancer activity.

PTP-7z Inhibits Cancer Cell Migration. HS plays an
emerging role in cancer cell migration, and previous studies
indicated that HS-instructed peptide self-assembling could
inhibit cancer cell migration.”*>> As the peptide PTP-7z can
bind to HS and subsequently self-assemble into large
aggregates in situ, it may also inhibit cell migration. In the
cell scratch repair experiment, low concentrations of the
peptides were used to test their inhibition effect on the
migration of DU14S cells. At physiological pH (pH 7.4), PTP-
7z showed a concentration-dependent inhibition on the wound
healing of the cell scratch, which became significant at the
concentration of S uM (Figure 14A). Addition of Zn*" ions
could enhance the inhibitory ability of PTP-7z at a
concentration of 5 uM, which is in accordance with the
improved HS-binding ability. On the contrary, PTP-7e showed
no obvious inhibition on the migration of DU14S cells, even
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Figure 12. Proapoptotic activity of PTP-7z that was determined by caspase 3 activity. (A) Caspase 3 activity of DU14S cells after treatment with
the peptides at pH 7.4. (B) Caspase 3 activity of DU145 cells after treatment with the peptides combined with Zn** (2 nM) at pH 7.4. (C) Caspase
3 activity of DU14S cells after treatment with the peptides at pH 6.5. (D) Caspase 3 activity of DU14S cells after treatment with the peptides
combined with Zn** (2 nM) at pH 6.5. The caspase 3 activity of DU14S cells after treatment with the peptides was determined by a caspase 3

activity assay kit.
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Figure 13. Annexin V-FITC/PI stain and flow cytometry detection of the DU14S cells. (A) PTP-7z-treated group at pH 7.4. (B) PTP-7z
combining Zn>* (2 nM)-treated group at pH 7.4. (C) PTP-7e-treated group at pH 7.4. (D) PTP-7e combining Zn** (2 nM)-treated group at pH
7.4. (E) PTP-7z-treated group at pH 6.5. (F) PTP-7z combining Zn** (2 nM)-treated group at pH 6.5. (G) PTP-7e-treated group at pH 6.5. (H)
PTP-7e combining Zn>* (2 nM)-treated group at pH 6.5. The cells were detected after being treated for 3 h. The peptide concentration used was

40 uM.

B PTP-7z B PTP-Te
ns *k % * ok ok ok ns * % ns ns
—
- ns ns ns ns @ 80 ** ns ns ns
e 809 y—I < | |—‘ M 0uM
- o
2 60 '—| 5 7 = 1M
g D 4. ™ 5uM
2 40 =
5 =
] 4
g 2 2 20
©
E 0 = 0
3 =
o L]
= 20 . . Y . = 20 - B . .
pHES  +2n’'  pH7.4  +2n’ pH6.5  +Zn’',  pH74  +Zn’,
pHB.5 pH7.4 pH6.5 pH7.4

Figure 14. The peptides inhibit cancer cell migration. (A) Cancer cell migration inhibition by PTP-7z under various conditions. (B) Cancer cell
migration inhibition by PTP-7e under various conditions. The wound healing rate in 24 h of DU14S5 cells after the treatment of PTP-7z and PTP-
7e under different concentrations (1 and S uM) was calculated in a cell scratch assay.

with the addition of Zn** ions (Figure 14B). This again
indicates that the HS-instructed self-assembly of the peptide is
important for the inhibitory effect on cancer cell migration. At
acidic pH (pH 6.5), cell migration was greatly affected, and
both peptides exhibited some inhibition effects on the
migration of DU145 cells. Especially, PTP-7z with Zn*" ions
even widened the scratch of the cells. Such inhibition effects of
these peptides at acidic pH should be related to their pH-
activated cytotoxicity, and the cells were killed under this
condition. These results extend the anticancer functions of the
HS-targeting peptides.

Proposed Self-Delivery and HS-Targeted Anticancer
Mechanism of PTP-7z. According to the above results, the
anticancer mechanism of PTP-7z can be proposed. With the
histidine-rich HS-targeting segment, PTP-7z is able to load
Zn** ions and forms uniform nanoparticles with a diameter of
about 50 nm at a low concentration of Zn>* ions (Figure 1SA).
The improved stability and biosafety ensure eflicient self-
delivery to the tumor site after injection. The tumor
microenvironment is acidic with pH 6.4—7.0,>® at which the
PTP-7z-Zn*" complex can effectively bind to cell surface HS
(Figure 15B). Thus, HS further induces the in situ self-
assembly of PTP-7z to form larger aggregates so as to
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Figure 15. The proposed self-assembling, glycocalyx barrier over-
coming and anticancer mechanism of PTP-7z. (A) Self-assembling
and self-delivery of the peptide in solution. (B) Acidic pH- and Zn**-
enhanced HS targeting and in situ self-assembling of the peptide,
which could inhibit the cancer cell migration. (C) The peptide self-
assemblies insert and lyse the cancer cell membrane. (D) The peptide
self-assemblies are endocytosed and further induce cancer cell
apoptosis.

overcome the surface glycocalyx barrier. The peptide PTP-7z
then has two destinations to the cancer cells and exerts its
anticancer activity. One destination is the cell membranes, and
binding of PTP-7z causes the disruption of the lipid bilayer
(Figure 15C). The other destination is intracellular targets like
mitochondria or mRNA, and binding of PTP-7z may cause cell
apoptosis (Figure 15D), as the peptide can translocate into
cells through HS-mediated endocytosis and then escape from
the endosomes when the pH decreases to 5.5.°° The dual
modes of action of the peptide PTP-7z make it less restricted
by the cell surface glycocalyx barrier and maximize its
anticancer effects.

B CONCLUSIONS

In conclusion, we designed the HS-targeting peptide PTP-7z to
overcome the cell surface glycocalyx barrier that may
compromise drug activity. When binding to Zn** ions, PTP-
7z could form uniform nanoparticles with an enhanced HS-
binding ability and improved serum stability and biosafety. In
an acidic tumor microenvironment, HS-induced in situ peptide
self-assembly further improves the anticancer activity of PTP-
7z by promoting cell membrane interaction and intracellular

translocation, rather than hindering the accessibility to the
cells. In addition, it can also inhibit cancer cell migration
through the HS-induced peptide self-assembling. The
sophisticated design of PTP-7z endowed the anticancer Iytic
peptide with better selectivity, stability, and targetability, which
could be extended to other peptide drug design and further
proceeded forward to in vivo application of such potential
anticancer drug candidates.

B MATERIALS AND METHODS

Reagents. All peptides (purity, >95%) for this study were
commissioned to be synthesized by Genscript (Nanjing, China).
Recombinant HSPG was purchased from Cloud-Clone Co. (Wuhan,
China). All other reagents if not mentioned were purchased from
Sigma Co. (St. Louis, US).

Peptide Structural Prediction and Analysis. The structure of
the peptide was predicted by PEP-FOLD3 SERVER (https://mobyle.
rpbs.univ-paris-diderot.fr/cgi-bin/portal.py#forms::PEP-FOLD3).
The helical wheel projection of the peptide was drawn by Heliquest
SERVER (https://heliquest.ipmc.cnrs.fr/cgi—bin/ComputParamSV3.
py)-
Molecular Dynamics Simulation. Coarse-grained (CG) self-
assembling molecular dynamics (MD) simulation of the peptides was
performed with the Martini_v2.2 force field on Gromacs 2022.5. The
tutorials of Martini high-throughput peptide self-assembly (https://
cgmartini.nl/docs/tutorials/Legacy/martini2/ highithroughput.html)
and proteins (https:// cgmartini.nl/docs/tutorials/Legacy/martini2/
proteins.html) were referenced. Briefly, the PEP-FOLD3-predicted
atomistic peptide structures were converted to CG models by the
script martinize.py, and 64 CG peptides were placed into a 20 X 20 X
20 nm box. Then, the box was solvated by CG water and neutralized
by CG Na* and CI” ions. After energy minimization and position-
restrained MD, the production MD for 9 us was performed. The self-
assembling cluster change during the simulation was analyzed by the
gmx clustsize tool. The representative self-assemblies at certain time
points were exported by the gmx trjconv tool as pdb files, and the
pictures were rendered by VMD (v1.9.3).>” The Lennard-Jones (LJ)
potential and Coulomb potential were analyzed by the gmx energy
tool.

Circular Dichroism (CD) Spectra. Peptides were diluted to 20
uM from a stock solution (10 mM, dissolved in 10% v/v DMSO/
H,0) using NaAc buffer (20 mM) at different pH values (7.4 or 5.5),
and then the circular dichroism (CD) spectra were detected using a
Jasco J-710 spectrometer (Jasco Co.). The scanning conditions were
set as follows: start, 240 nm; end, 200 nm; data pitch, 0.2 nm;
scanning mode, continuous; scanning speed, 50 nm/min; bandwidth,
1 nm; response, 4 s. A NaAc solution was first added to the CD dish
for scanning a baseline, and then different peptides were scanned
sequentially. The experiments were performed at room temperature
(RT), and the data were averaged from 3 scans, baseline-corrected,
smoothed, and exported. The molar specific spin [6] was calculated
using the following equation:

[0] = 0/(L X nr x C)

where @ is the specific spin, L is the cuvette width, nr is the number of
residues, and C is the peptide concentration (in M).

Quenching of the Intrinsic Fluorescence of the Peptides.
The peptide solution with a fixed concentration of 40 M was
prepared in 1X PBS (pH 7.4 or S.5). A zinc ion stock solution (10
mM) was then added to give a final concentration in the range of 0—
160 uM. The intrinsic fluorescence of tryptophan (W) residues in the
peptides was detected using a multifunctional microplate reader
(SpectraMax M2, Molecular Devices),*® setting the excitation
wavelength at 280 nm and the emission wavelength at 350 nm.

ANS Fluorescence Spectra. The 80 yM peptides were prepared
in 1 mL of PBS (10 mM) at pH 7.4, 6.5, 6.0, and S.5 by diluting from
the stock solution (10 mM, 10% v/v DMSO). Each tube was vortex-
mixed and incubated at 37 °C for 4 h. The ANS stock solution (20
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mM,, dissolved in DMF) was then added to each tube to give a final
concentration of 20 #M. Finally, the solution in each tube was added
to a 96-well black-well plate (Beyotime, Shanghai, China) at a
concentration of 200 uL per well. Fluorescence detection was
performed by using a multifunctional microplate reader (SpectraMax
M2, Molecular Devices, USA). The excitation wavelength was set at
369 nm, and the emission wavelength was recorded from 440 to 600
nm. The samples were prepared and tested in triplicate. To test the
effects of Zn** ions, 80 uM peptide solutions of various pH values
were added with a ZnCl, solution to make the final concentration of
Zn** to 2 nM or make the peptide-to-Zn>* concentration ratio to 1:1.

Transmission Electron Microscopy (TEM). Sample solutions
were prepared by adding the peptide stock solution to PBS with
adjusted pH (7.4, 6.5, and 6.0) to achieve a final concentration of 80
#M and adding Zn** to make the final concentration of Zn>* to 2 nM
or peptide:Zn®* = 1:1. The prepared samples were incubated
overnight at 37 °C, and then the peptide sample solutions were
added dropwise to the carbon-jetted copper TEM grids and left for
deposition for 1 min. After that, the excess peptide solution was
removed with filter paper and washed with deionized water. The
sample was air-dried for 1 min, and then phosphotungstic acid (2 wt
%) was added dropwise and incubated for 2 min for negative staining.
The excess staining solution was removed with filter paper, washed
with deionized water, and air-dried. Images of the samples were taken
with a transmission electron microscope (Hitachi HT7700, Hitachi
Ltd., Tokyo, Japan). For the HS-responsive structure transformation
assay, after the formation of the assemblies as before, the HS stock
solution (25 mg/mL) was added to make the final concentration of
250 pg/mL, and the mixture was incubated for 2 h.

Surface Plasmon Resonance (SPR) Experiments. The binding
ability of peptides to HSPG was determined on a dual-channel SPR
instrument (OpenSPR, NICOYA, Canada). HSPG syndecan
proteoglycan 2 was first fixed to the high-sensitivity carboxylate
chip of channel 2 in PBS buffer at pH 7.4, and then channel 1 was
blocked with ethanolamine. Isopropanol (80%) was used to evacuate
bubbles and equilibrate the system, and then the peptide samples of
different concentrations (100, 50, and 10 #M) were injected into the
system. After each injection, the system was washed, evacuated, and
equilibrated again. After the tests at pH 7.4, the buffer was switched to
PBS at pH 6.5 and 6.0, the bubble evacuation and system
equilibration procedures were repeated, and the peptide samples of
different concentrations (100, S0, and 10 yM) were loaded again.
Finally, the buffer was changed to PBS containing 2 nM Zn** at pH
7.4, 6.5, and 6.0 to determine the effects of Zn** on the peptide-HS
binding. After the tests were completed, the binding kinetics and
affinity data were evaluated with data analysis software (Trance-
Drewer 1.9.2).

Zeta Potential Measurements. Peptides from stock solutions
(10 mM, 10% DMSO) were diluted with deionized water of various
pH values (7.4, 7.0, 6.5, 6.0, and S.5) to 40 uM for two groups. The
second group was added with ZnCl, to make the Zn**/peptide ratio
to 1.0. Freshly prepared peptide solutions were subjected to a brief
(60 s) sonication treatment, and then the zeta potentials of the
peptide solutions were measured immediately using a Malvern
Zetasizer Nano ZS90 (Malvern Instruments Ltd., U.K.).

Cell Culture. DU145, A549, and HUVEC cell lines were obtained
from the Cell Resource Center, Peking Union Medical College
(which is part of the National Science and Technology Infrastructure,
the National Biomedical Cell-Line Resource, NSTI-BMCR; http://
cellresource.cn). DU14S was cultured in RPMI-1640 medium
(Corning, catalog number: 10-040-CV) that contained 10% fetal
bovine serum (FBS, ExCell, catalog number: FSPS00) and 1%
penicillin—streptomycin (10,000 U/mL, Gibco, catalog number:
15140122) and incubated in a humidified atmosphere of 5% CO,
at 37 °C. The AS49 cells were cultured in F-12K media (Gibco,
catalog number: 21127022), and the HUVEC cells were cultured in
DMEM medium (Corning, catalog number: 10-013-CV).

Cytotoxicity Assay. Peptide cytotoxicity was determined by an
MTT assay. Briefly, cell suspensions in complete medium were added
to 96-well plates (5 X 10° cells per well) after digestion with trypsin

and incubated overnight at 37 °C to allow the cells to adhere to the
bottom of the wells. Then, the medium was changed to fresh medium
containing different concentrations of peptides with or without Zn**
ions, and the mixture was incubated for 24 h. After incubation, 100 uL
of MTT (0.5 mg/mL) diluted with the cell medium was added to
each well. After another 4 h of incubation, 100 uL of triple lysate
(10% SDS solution containing 5% isopropyl alcohol and 0.1% HCI)
was added to each well and placed at 37 °C for 4 h to dissolve the
crystallized MTT. The absorbance at 570 nm was measured using a
multifunctional microplate reader (SpectraMax M2, Molecular
Devices) to calculate cell viability, and finally, the ICy, value was
fitted.

Immunofluorescence Staining and Cellular Imaging. DU145
cell suspensions with a density of 10° cells/mL were inoculated into
eight-well chamber slides (Thermo Scientific, catalog number:
177402) at 500 uL per well and placed in an incubator overnight
for cell attachment. The medium was discarded, and the cells were
washed with PBS. Subsequently, staining was performed as follows:
(1) 200 pL of 1:500 diluted mouse anti-HS antibody (10E4 epitope,
USBiological, catalog number: H1890) was added as a primary
antibody, incubated at 37 °C for 1 h, and then aspirated and washed;
(2) 200 uL of 1:500 dilution of secondary antibody with Cy3
fluorescent labeling (A0521, Beyotime, China) was added, incubated
at 37 °C for 1 h, and then washed; (3) a 200 yL DAPI staining
solution (C100S, Beyotime, China) was added, incubated at 37 °C for
10 min, and then aspirated and washed; (4) a 200 L peptide solution
with FITC labeling (10 4M) was added and incubated for 30 min or 2
h. The stained cell images were observed and captured by confocal
laser scanning microscopy (CLSM) (TCS SP8, Leica Microsystems).
The excitation wavelengths used were 405, 488, and 550 nm, and the
emission center wavelengths of DAPI, FITC, and Cy3 were chosen to
be 454, 520, and 570 nm, respectively.

Caspase 3 Activity Test Assay. DU14S cells were seeded at
8000 cells per well in a sterile 96-well black plate and incubated
overnight. The stock solution of PTP-7z and PTP-7e was diluted with
serum-free media at pH 7.4 and 6.5 to 20, 40, and 80 uM as the
peptide-only groups. On the basis of the peptide-only groups, a ZnCl,
(10 mM) solution was added to form the peptide + Zn** (2 nM)
groups. After the old culture medium was aspirated, the peptide
solutions were added into the black plate and incubated for 3 h. The
serum-free medium and the medium with Zn** (2 nM) at different
pH values were used as controls. Subsequently, the peptide solution
was discarded, and the cells were treated with a GreenNuc Caspase-3
Assay Kit for Live Cells (Beyotime, C1168S, Shanghai, China) for 30
min. The fluorescence was measured with a microplate reader
(SpectraMax M2, Molecular Devices) with an excitation wavelength
of 485 nm and an emission wavelength of 515 nm.

Peptide-Lysosome Colocalization Detection. DU145 cells
were seeded in a confocal dish at 40,000 cells per well and incubated
overnight. After aspirating the old culture medium, a Hoechst 33342
live cell staining solution (Solarbio, C0031, Beijing, China) was added
and incubated for S min to stain the nuclei. Then, FITC-labeled PTP-
7e/PTP-7z at a concentration of 5 uM was added and incubated for
30 min, while the control group was treated with PBS at the same
time. Subsequently, the lysosomes were stained with Lyso-Tracker
Red (Solarbio, L8010, Beijing, China), a lysosome-targeting red
fluorescent probe, for 30 min. After the removal of the staining
solution, fresh cell culture medium was added. The cells were
observed and imaged by CLSM (TCS SP8, Leica Microsystems).

Flow Cytometry. The DU14S cell suspensions with a density of
10° cells/mL were inoculated into a 12-well plate and incubated
overnight, then the old medium was discarded, and the cells were
washed with PBS. For the peptide-only group, the peptide stock
solution (10 mM, 10% DMSO) was diluted with serum-free medium
at pH 7.4 and 6.5 to 40 uM, then added to the wells, and incubated
for 3 h. The serum-free medium was added as a control. For the
peptide + Zn** group, a Zn>" solution was added to the serum-free
medium to the final concentration of 2 nM, and then the peptide
stock solution was diluted as before to treat the cells. The serum-free
medium containing 2 nM Zn** was added as a control. Three hours
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later, the cells were digested with 0.25% trypsin (without EDTA) for
2 min. The digestion was stopped by complete medium, and the
sample was centrifuged at 1000g to collect the cells. The cells were
resuspended with 2 mL of PBS and centrifuged again, stained with an
Annexin V-FITC/PI apoptosis kit (Beyotime, catalog number:
C1062S), and detected by a flow cytometer (BD FACSCalibur).
The data were analyzed by Flow]Jo software.

Wound Healing Assay. The DU145 cell suspension was added to
a 6-well plate (2 X 10° per well). After the cells attached to the
bottom of the well, a line was drawn in the middle of the well. The old
medium was discarded and washed with PBS to remove the
unattached cells. Then, the peptide solutions at pH 7.4 and 6.5, as
the peptide-only group or peptide + Zn** (2 nM) group, at
concentrations of 1 and S uM in serum-free medium, were added
to the wells. The media at pH 7.4 and 6.5 were set as controls. The
pictures of the line were taken by a microscope (Optec BDS400) with
a digital camera before the peptide addition (as O h) and after the
peptide addition for 24 h, with X400 magnification, and 3 pictures of
each line were taken. The pictures were analyzed by the plugin
MRI_Wound_Healing_Tool of Image] to calculate the area (4), and
the wound healing rate was calculated by the equation:

wound healing rate (%) = (1 — A,,,/Ag,) X 100

Peptide Stability in Serum. The peptide stock solution (10
mM) was diluted to 200 uM with 10% FBS and incubated in an
incubator at 37 °C. At different time points (0, 0.5, 2, 3, and S h), a 50
uL solution was withdrawn and mixed with § times volume of
acetonitrile to remove serum proteins. The solution was centrifuged at
4 °C and 12,000 rpm for S min, and the supernatant was collected and
analyzed by HPLC (Agilent, 1260 Infinity II) with a C18 column
(Agilent HC-C18(2)). The peptide peak area was then integrated and
divided with the area of the control (not treated with FBS) to obtain
the proportional percentage of the remaining peptides. The half-lives
were fitted with a one-phase decay algorithm.

Hemolysis Experiments. Mouse blood was collected in vacuum
blood collection tubes containing EDTA, then the blood samples
were centrifuged at 1500 rpm at 4 °C for 5 min, the supernatant was
discarded and washed with saline, and centrifugation was repeated
three times. Then, the precipitated erythrocytes were resuspended in a
volume of PBS equal to that of the original blood, and the obtained
RBC suspension was kept on ice and prepared for hemolysis assay.
Stock solutions of peptides PTP-7e and PTP-7z were first diluted to a
range of concentrations in 800 xL volume of PBS. Prepared RBC
suspensions (200 uL) were then added to the peptide solutions to
give final peptide concentrations of 31.25, 62.5, 125, 250, and 500 uM
in the absence or presence of Zn** ions (2 nM). Erythrocytes in PBS
and deionized water were used as 0 and 100% lysis controls,
respectively. The mixtures were inverted several times to mix and
incubated in an incubator at 37 °C for 1 h. Finally, the samples were
centrifuged at 13,500 rpm for 5 min, the supernatant was aspirated,
and the absorbance was measured at 541 nm. The hemolysis rate of
erythrocytes was calculated by the equation:

hemolysis rate (%) = (A — A,)/(A1g0 — Ap) X 100

where A, Aj, and A, are the absorbance at 541 nm of the sample, 0%
hemolysis solution, and 100% hemolysis solution, respectively. All
samples were tested in triplicate.

Statistical Analysis. Statistical analysis was performed with Prism
8 (GraphPad Software). The measurement data were expressed as the
mean + standard deviation (SD). One-way ANOVA was applied to
compare differences between the experimental and control groups.
Student’s t test was used for the comparison between two groups.
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