Open Access Article. Published on 15 April 2014. Downloaded on 3/3/2022 9:27:58 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

Organic &

Biomolecular Chemistry

Cite this: Org. Biomol. Chem., 2014,
12, 4673

Received 31st March 2014,
Accepted 14th April 2014

DOI: 10.1039/c40b00673a

www.rsc.org/obc

Introduction

ROYAL SOCIETY
OF CHEMISTRY

View Article Online

View Journal | View Issue

Interaction of amphiphilic a-helical
cell-penetrating peptides with heparan sulfatey

Ji Yang,? Hiroshi Tsutsumi,® Tadaomi Furuta,® Minoru Sakurai® and
Hisakazu Mihara*®

Cell-penetrating peptides (CPPs) are able to be taken up by cells and can deliver macromolecular cargos.
However, the mechanism of this internalization is not yet fully understood. Recent theories suggest that
the binding of cationic CPPs to negatively charged extracellular glycosaminoglycans, such as heparan
sulfate (HS), is a possible mechanism of cellular uptake (CU). Our group has screened the CU activities of
54 systematically designed amphiphilic a-helical peptides in Hela cells. Notably, a mutation in even a
single residue significantly alters the CU ability of a peptide. To determine the structure-CU activity
relationship of CPPs, four peptides, which contain a difference in one or two amino acids (i.e., Arg/Glu
and Ala/Phe), were chosen from our CPP library to examine their interactions with HS. Fluorescence
spectroscopy, isothermal titration calorimetry (ITC) and dynamic light scattering analysis indicated that
the HS-binding affinities and HS-clustering abilities of the four CPPs correlated well with their CU activi-
ties in HeLa and A549 cells. The heat capacities of the CPPs, determined using ITC and binding free
energy decomposition analyses in molecular dynamics simulations, revealed that electrostatic interactions
were more dominant in the HS-binding processes of Arg-containing peptides in comparison to Glu-
containing peptides, whereas hydrophobic contributions were the primary mode of interaction of Phe-
containing peptides in comparison to Ala-containing peptides. Furthermore, it was implied that hydro-
phobic interactions may be more favourable than electrostatic interactions during the CU process.

binding of cationic CPPs to negatively charged extracellular
glycosaminoglycans (GAGs) such as heparan sulfate (HS) via
endocytosis is a possible mechanism of cellular uptake (CU).

Cell-penetrating peptides (CPPs) are generally short basic pep-
tides (8-30 residues) that have demonstrated effective
internalization into diverse cell lines. These peptides are of
great interest due to their potential as cell-delivery vectors for
macromolecular drugs (e.g. proteins, genes, etc.) that would
otherwise not cross the cell membrane. However, the mechan-
ism of this internalization is not yet fully understood. Both an
endocytic process''* and direct translocation across the
plasma membrane™?° have been proposed as CPP uptake
mechanisms. In addition, a combined mechanism of both
endocytic process and direct translocation has also been
recently proposed.>’ > Recent theories suggest that the
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The first step of CPP internalization is its interaction with
the extracellular matrix, which requires the capture of the CPP
by cell-surface proteoglycans (PGs). PGs are glycoproteins con-
taining one or more covalently attached GAG chains. After a
sufficient concentration of CPPs is bound to the cell surface,
the internalization process is activated. The direct transloca-
tion mechanism proposes that the CPPs translocate through
the cell membrane via an endocytosis-independent mechan-
ism, such as the inverted micelle model, carpet model, or
barrel-stave model.** Recently, an increasing number of
studies have suggested that several endocytic pathways, such
as macropinocytosis, caveolae-mediated endocytosis, clathrin-
mediated endocytosis, and lipid-raft endocytosis, also play a
role in peptide internalization. Macropinocytosis is a widely
studied mechanism in the cellular uptake of CPPs.”®*’
Initially, multimeric associations between the CPPs and PG
receptors increase the local concentration of CPPs on the cell
surface, and hence, enhance the uptake efficacy. By clustering
the PG receptors, CPPs may trigger remodeling of the actin
network and GTPase-dependent membrane ruffling, conse-
quently leading to the uptake of CPPs in a macropinosome.
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The contents of the macropinosome are then either degraded
in the late endosome/lysosome, or recycled to the plasma
membrane. In the endosome/lysosome, the change in pH may
alter the conformations of the CPPs or the formation of their
clusters with PGs, thereby releasing the CPPs and enabling
them to cross the endosomal membrane.™

Our group has performed a systematic screening of the CU
activities of 54 synthetic amphiphilic o-helical peptides in
HeLa cells, and the CU activities of 24 designed peptides were
examined in four different cell lines.”® We noted that a
mutation in even a single residue significantly altered the CU
ability of a peptide. Understanding how minor alterations in a
peptide sequence result in different CU activities may be key to
understanding the CU mechanism of CPPs, which remains to
be fully elucidated. Four peptides (17-residue sequences)
selected from our CPP library were examined in this study
(Table 1) to determine the structure-CU activity relationship of
CPPs. These peptides (RF, EF, RA, and EA) are named according
to the difference in their sequences for direct comparison. The
TAT peptide, which is a widely investigated natural CPP derived
from the HIV-1 trans-acting activator of transcription (TAT)
protein, was also examined as a control. The CU activities of the
four designed peptides in HeLa and A549 cells are in the order
RF ~ EF > RA > EA, whereas in PC12 and 3T3-L1 cells, they are
in the order RA > EF > RF ~ EA (Table $11).>® Therefore, the
degree of CPP internalization is clearly cell-type dependent.

Because the primary step of cationic CPP uptake is inter-
action with the cell surface, electrostatic interactions should
occur between the positively charged peptides and negatively
charged molecules, and involve glycoconjugates (such as
GAGs) and plasma membrane phospholipids. Recent studies
suggest that the binding and clustering of GAG-containing pro-
teins is likely an important mediator of CPP internalization via
endocytosis.>*®'%?° Heparan sulfate, which is a prevalent type
of GAG, is a promising candidate mediator,'* and its inter-
action with different CPPs has been extensively
studied.>*'*?%*17% In this study, we investigated the inter-
actions of the four designed CPPs with HS, both experi-
mentally and computationally. The secondary structures of the
CPPs were determined using circular dichroism (CD) spec-
troscopy. Fluorescence spectroscopy and dynamic light scatter-
ing (DLS) were performed to characterize the binding and
clustering, respectively, of HS and the CPPs. Using highly sen-
sitive isothermal titration calorimetry (ITC) and molecular
dynamics (MD) simulations, we investigated the thermodyna-
mic details of the binding mechanism of the CPPs to HS and
revealed the relationship between the HS-CPP interactions
and the CU activities of CPPs.

Table 1 Sequences of the peptides used in this study

Peptide Sequence Net charge
RF GLKKLARLFHKLLKLGC-yp2 +6
EF GLKKLAELFHKLLKLGC-nu2 +4
RA GLKKLARLAHKLLKLGC-Nu2 +6
EA GLKKLAELAHKLLKLGC-yp» +4
TAT YGRKKRRQRRRGC-y\y1, +9
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Results
Circular dichroism spectroscopy

To evaluate the a-helical properties of the CPPs, CD spec-
troscopy was used to characterize the peptide conformations
in the presence and absence of HS. The CD spectra of each
CPP alone in Tris buffer at a peptide concentration of 100 pM
(Fig. 1) and at additional concentrations were recorded at
25 °C (Fig. S1f). The helicity of the CPPs was evaluated by
measuring the mean residual ellipticity (MRE) value of each
cpp.**

Fig. 1 demonstrates that the CPPs adopt diverse degrees of
helicity in their structures in the absence of HS. TAT is nearly
devoid of helical characteristics, because it primarily contains
repulsive basic residues. Among the four designed CPPs, RF
and RA exhibited the least helical features prior to the addition
of HS, corresponding to 12% and 11% helicity respectively at
100 pM. This can be explained by the strong repulsive inter-
actions between the Arg and Lys residues in the RF/RA pep-
tides, which destabilize the a-helical structures. EA exhibited
an intermediate amount of helical content prior to HS
binding, corresponding to 22% helicity. The enhancement in
the o-helicity of EA results from electronic shielding by its
negatively charged Glu residue that is located at the approxi-
mate center of the EA structure. EF, in which one alanine of
EA is substituted with phenylalanine, exhibited a higher
degree of helicity (32%) than EA. This difference may be attri-
buted to van der Waals interactions of the Phe residue that
stabilize the a-helical structure and prevent its distortion. The
a-helicities of RF, RA, and EA were concentration independent.
However, the o-helicity of EF marginally increased with an
increase in EF concentration (Fig. S17), indicating its tendency
to form dimers or oligomers.

Structural changes of the CPPs induced by binding to HS at
different HS concentrations were also investigated using CD
analysis of each CPP (10 uM) in Tris buffer (Fig. 2). Upon the
addition of HS, the a-helical content of RF and EF sharply
increased to 75% and 54%, respectively, at an HS concen-
tration of 2.0 pM, whereas at an HS concentration of 20 pM,
further addition of HS caused a slow increase to 88% and 74%
a-helicity, respectively. Upon binding to HS, RA also exhibited
a significant increase in o-helicity, acquiring 60% o-helicity at
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Fig. 1 CD spectra of the five CPPs (100 pM) in the absence of HS.
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Fig. 2
tion with HS.

an HS concentration of 20 pM. The helicity of the EA and TAT
peptides were not altered upon HS binding. The o-helical
content of TAT is not included in Fig. 2b because it cannot be
calculated from the MRE (i.e., the 6,,, value approximates 0).

Because HS is negatively charged due to its sulfate (SO,”)
and carboxylate (COO™) groups, it was expected that the a-heli-
cities of the designed CPPs would be enhanced upon HS
binding, because of the stabilization of the positively charged
residues of the designed CPPs. Moreover, it was supposed that
a peptide would exhibit a higher degree of helicity in the pres-
ence of HS if it had a higher HS-binding affinity.

Fluorescence spectroscopy

Fluorescence measurements were performed at fixed CPP
concentrations, that were significantly below the dissociation
constant (Ky) except for the TAT peptide. To determine the
dissociation constants that best represent the model of a
single set of identical and noninteracting binding sites, it is
necessary to determine Ky at low peptide concentrations
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uM). (b) a-Helical contents of the four designed CPPs (10 pM) upon titra-

with fluorescence measurements.>>*® The EDANS (5-((2-
aminoethyl)amino)naphthalene-1-sulfonic acid) fluorescent
probe attached to the side chain of the C-terminal Cys to
monitor the CPP-HS binding interaction was sufficiently sensi-
tive at very low peptide concentrations (Fig. 3).

Prior to the determination of the dissociation constant
of each CPP, a Job’s plot’” was constructed for each CPP, to
determine the number of CPP-binding sites in HS at room
temperature (Fig. S21). The quantification of the binding sites
was based on the assumption that HS consisted of multiple,
equivalent, overlapping noninteracting binding sites for basic
CPPs. The total concentration of CPPs and HS was 10 pM in
Tris buffer. The number of CPP-binding sites in HS corres-
ponding to each CPP is shown in Table 2.

Based on the sulfur content (5.43 wt%) and nitrogen
content (2.52 wt%) of the HS used in this study, each HS mole-
cule contains an average of 24.54 disaccharides and 23.14
sulfate groups (SO,”). Because the HS chain also contains 1
carboxylate group (COO™) per disaccharide, the total negative
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Fig. 3 Nonlinear least squares analysis of the binding data of the CPPs with HS. (a) RF (0.1 pM); (b) EF (0.5 pM); (c) < RA and [ EA (0.5 pM); (d) TAT
(0.5 uM). All titrations were carried out in 20 mM Tris-HCl buffer, 100 mM NaCl, pH 7.4. Each point of the titration was calculated from at least three

individually prepared sample solutions.
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Table 2 Dissociation constants for binding of the CPPs with HS

Peptide n® Kq? (uM) Ka1° (1M) R?

RF 9.00 2.06 0.229 0.965
EF 13.3 17.9 1.35 0.954
RA 8.09 19.2 2.37 0.969
TAT 5.67 0.302 0.0533 0.959

“n binding sites per heparan sulfate chain (7pepiae/fns), determined
using Job’s plot. ”Microscopic dissociation constant (Ky) of the n
individual binding sites found per heparan sulfate chain.
“Macroscopic dissociation constant (K41 = Kg/n) for the first accessible
binding site in the heparan sulfate chain.

net charge (SO,~ + COO™) of one HS molecule is Zys = —47.7.
According to the net charge of the CPPs shown in Table 1 and
the number of binding sites shown in Table 2, the binding sat-
uration of a CPP to HS results in charge neutralization. Some
studies have also demonstrated that the stoichiometry of GAG/
CPP complexes resulted in CPP-GAG charge-neutralized
complexes.'?3138

The dissociation constant (Ky), and dissociation constant
for the first accessible binding site (Kg,; = Ka/n), for each of the
four peptides are listed in Table 2. TAT exhibited the highest
binding affinity for HS, with a dissociation constant of
0.302 pM. The binding affinity significantly decreased upon
decreasing the positive charge density of the peptide, as
observed from the increase in the dissociation constant of RF
to 2.06 pM. Although EF and RA only differ from RF by a
single amino acid, EF and RA exhibited weaker HS-binding
affinities, with Ky values of 17.9 and 19.2 pM, respectively. The
binding affinity of EA to HS was too weak to be detected by
fluorescence spectroscopy (Fig. 3¢). The HS-binding affinities
of the four designed CPPs, which are in the order RF > EF ~
RA > EA, are approximately consistent with their CU activities
in HeLa and A549 cell lines (Table S17).

Table 3 Thermodynamic parameters for binding of the CPPs with HS

View Article Online
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Isothermal titration calorimetry

To obtain the thermodynamic parameters of the binding
process between HS and each CPP, calorimetric data were ana-
lyzed using a model of a single set of identical sites. In this
model, a long polymer (i.e., HS) is treated as a macromolecule
with n independent and equivalent binding sites for a ligand
(i.e., a CPP). Table 3 summarizes the thermodynamic para-
meters derived using this model. ITC analysis of the binding
of each CPP to HS was performed at temperatures of 18, 28,
38, and 48 °C (Fig. 4). Both the CPP/HS binding stoichiometry
and the CPP-HS binding affinity obtained by ITC are similar
to the fluorescence results, supporting the previous con-
clusions that the binding of the CPPs to HS will lead to charge
neutralization and that the HS-binding affinities of the CPPs
are in the order TAT > RF > EF > RA > EA. The thermodynamic
parameters for EA are not included in Table 3 because of its
weak binding affinity for HS, which cannot be accurately
measured by ITC.

Table 3 also indicates that the binding reaction of RF to HS
is essentially entropy driven at low temperatures (below 30 °C),
and becomes enthalpy driven at 38 and 48 °C. In contrast, the
HS-binding reactions of TAT and RA are entirely enthalpy
driven at 18 °C (TASZpp < 0) but become primarily entropy
driven at 48 °C. The binding reaction of EF to HS is predomi-
nantly driven by entropy at all of the experimental tempera-
tures, which is also reflected in the weak temperature
dependencies of both the entropy and the enthalpy of the HS-
EF binding reaction. This result is most likely a consequence
of the release of hydration waters.

The reaction enthalpy AH2pp changes linearly with increas-
ing temperature, as demonstrated in Fig. 5. The slope of the
straight line AH,r yields a molar heat capacity change of
AC} par = 150 cal mol~" K. This result is comparable with the
results of previous HS-binding studies, which also obtained

AHCpp

n binding sites

AGCpp TASEpp ACycpp

Temp (°C) per HS® K2 (x10° M) (kcal mol™" CPP) (kcal mol™" CPP) (kcal mol™" CPP) (cal mol™* K1)
RF 18 8.20 £ 0.18 19.9 £ 3.0 —1.41 £ 0.03 —-7.06 5.65 -192
28 8.52 £ 0.15 19.3 +2.4 -3.96 £ 0.12 —7.28 3.33
38 9.60 + 0.14 13.5+£0.9 —4.99 £ 0.06 -7.31 2.32
48 9.83 +0.19 12.7 £ 0.7 —7.46 £ 0.06 -7.50 0.0412
EF 18 13.9+£1.0 2.89 + 0.59 —1.03 £0.03 —-5.94 4.91 -57.5
28 14.9+0.9 4.81 +1.07 —1.61 £ 0.05 —6.45 4.84
38 18.0 £ 0.5 7.97 £ 0.85 —2.04 £ 0.04 —6.98 4.94
48 19.9+0.9 11.2 £ 3.0 —2.80 £ 0.10 —7.42 4.61
RA 18 8.60 = 0.41 1.57 £0.19 —6.50 £ 0.12 -5.59 —-0.915 137
28 8.54 £ 0.33 2.84 +0.32 —4.60 £ 0.08 —6.14 1.54
38 8.17 £ 0.32 3.34 £ 0.42 -3.45 £ 0.07 —6.44 2.99
48 7.45+0.21 5.14 +£ 0.59 —2.33 £0.04 —6.92 4.59
TAT 18 5.72 £0.04 59.6 + 0.59 —7.90 £ 0.08 —-7.69 —-0.204 150
28 5.52 £ 0.02 45.2+0.21 —6.43 £ 0.03 -7.79 1.36
38 5.46 £ 0.04 47.4 £ 0.40 —4.75 £ 0.04 —8.08 3.33
48 5.30 £ 0.05 44.9 £ 0.50 —-3.51 £ 0.04 -8.31 4.80

“Results are reported as mean + SD. Stoichiometry was experimentally determined using ITC for 100% of HS’s multiple binding sites saturated
with the specific ligand. HS had a sulfur content of 5.43%, yielding an average of 23.1 sulfate groups or a total of 47.7 negative charges
(including carboxyl groups) per HS (average mol wt 13.6 kD). ® Macroscopic association constant (K,) of the n individual binding sites found per

HS chain.
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Table 3.
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Fig. 5 Temperature dependence of the enthalpy (AH2pp) for CPP
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positive heat capacity values of ACpar = 135 cal mol™" K™
(ref. 31) and ACY rar = 38.6 cal mol™" K" (ref. 29). The change
in the heat capacity ACP of each CPP-HS binding reaction is
listed in Table 3 and provides a good approximation that can
be used to distinguish between the electrostatic and hydro-
phobic contributions to the binding.>® Positive AC} values are
the signature of electrostatic interactions,***® whereas negative
AC? values are indicative of a change in the solvent-accessible
surface area (ie., the hydrophobic effect of the binding
process).*!

We found that highly charged CPPs (i.e., TAT and RA) bind
to HS with a positive ACp, indicating that the HS binding is
primarily driven by electrostatic forces. In contrast, EF displays

This journal is © The Royal Society of Chemistry 2014
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a negative ACp, indicating that the HS binding and aggregation
with EF are dominated by a decrease in the solvent-accessible
surface area. Surprisingly, however, the heat capacity of RF is
even lower than that of EF, indicating that the binding of RF to
HS involves more hydrophobic than electrostatic contri-
butions. The negative AC of RF also suggests additional
hydrogen bonding in the binding reaction, through inter-
actions of the guanidinium group in Arg with sulfates and car-
boxylates in the HS.""** A comparison of RA to RF, which only
differ by a single amino acid, indicates that this Phe variation
alters not only the HS-binding affinity but also the underlying
HS-binding mechanism.

In conclusion, the heat capacities of the four CPPs are in
the order ACY tar > ACSra > 0 > ACP gr > ACP gp. According to
the analyses using MD simulations (see below), CPPs that
contain Arg would contribute more electrostatic energy than
those containing Glu. Thus, the interactions between RA and
HS are primarily electrostatic interactions. The simulation also
indicates that nonelectrostatic energy contributes more to the
binding of CPPs that contain Phe in comparison to CPPs that
contain Ala; therefore, the heat capacity of EF is less than zero.
It is remarkable that the heat capacity of RF is also less than
zero, suggesting that the similarities in the types of HS-inter-
actions for RF and EF may result in a similarity in their ability
to be taken up by different cell lines (Table S17). A previous
study has demonstrated that binding of cell-penetrating com-
pounds (CPCs) to HS which is primarily driven by hydrophobic
interactions, may offer certain advantages over those domi-
nated by electrostatic interactions at low micromolar CPC
concentrations.>

Dynamic light scattering

CPP binding to a cell surface has been proposed to possibly
result in the clustering or capping of integral membrane con-
stituents, such as GAG-containing PGs, which consequently
leads to cell endocytosis.>*'*?12%13 Wwe were therefore inter-
ested in whether CPPs not only adsorbed to the cell surface by
binding to GAGs (HS is a type of GAG) but also induced the
clustering of GAGs and consequently affected endocytic
signaling.

The diameter of the primary cluster particle and the par-
ticle size distributions (volume weighted) of the HS-CPP com-
plexes, as determined using DLS, are shown in Fig. 6 and
Fig. S4,1 respectively. The radii of the HS-TAT, HS-EF, and HS-
RF particles are larger than 100 nm, suggesting that these clus-
ters consist of a large number of HS chains crosslinked with
the CPPs. The maximum number of HS molecules per cluster
was estimated as previously reported.”® The solvent-excluded
volumes of TAT, EF, RF, and HS were estimated to be 1344,
1649, 1674, and 7863 A®, respectively. The diameters (D) of
the HS-TAT, HS-EF, and HS-RF clusters were 300, 200, and
100 nm on average, resulting in the observed clusters compris-
ing up to 9.5 x 10°, 1.5 x 10°, and 2.5 x 10* HS molecules,
respectively (each HS molecule formed a complex with a
specific number of CPPs, indicated by the binding site
number shown in Table 2). The clustering of HS caused by RA
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or EA is less evident in comparison to that caused by EF or RF,
indicating that HS-clustering abilities are in the order EF > RF
> RA > EA. Collectively with the CU activity results of the four
designed CPPs (Table S17}), a high correlation exists between
HS-clustering abilities and CU activities in HeLa and A549 cell
lines, suggesting that the cellular uptake conditions in HeLa
and A549 cells exhibit some similarities (such as GAG struc-
tural heterogeneity).

. I % Ny"wv"w
{/’K,szf)‘%&, N‘&
0 3

;ﬁfd‘d ;‘YJ‘J I

L i RS (i
SR > AT,

v )“IA’

Fig. 7 Diagram of the binding processes of a CPP with HS. 0: HS; 1:
CPP (RF, EF, RA or EA); 2: CPP dimer; 3—4: CPP-HS complexes. |: dimer-
ization process; Il, 1l & IV: binding processes.

Table 4 Binding free energies averaged over 30 ns (kcal mol™)
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RF and EF, which bind to HS predominantly via hydro-
phobic contributions as previously mentioned, exhibit greater
HS-clustering abilities than RA, which binds to HS primarily
via electrostatic interactions. The hydrophobic properties
themselves correlate with aggregation to a certain extent;
Breslow stated that the hydrophobic effect is the tendency of
nonpolar species to aggregate in water solution to decrease the
hydrocarbon-water interfacial areas.** Our results also
revealed that the molecules that bind to HS via hydrophobi-
city-dominant mechanisms would be more favorable for HS
clustering in comparison to those that bind to HS primarily
via electrostatic interactions.>>’

Molecular dynamics simulations

As a result of the structural flexibilities of both the CPPs and
the HS, the inner molecular energy of the CPP or HS may be
altered during the binding process. Therefore, to evaluate the
free energy (AG) of the binding processes II, III, and IV shown
in Fig. 7, the trajectories of the individual systems were ana-
lyzed for the free energy calculation, rather than using the
standard single trajectory approach of calculating the binding
free energy by separating the complex into several single mole-
cules. To examine the detailed CPP-HS binding mechanism,
the calculations of the binding free energy components of
each process were performed using the MM/GBSA approach in
the AMBER 12.0 package.®” The HS structure (Fig. S51) used in
the simulations was constructed using 5 disaccharide
units,*®*” each of which contained three sulfate groups (SO,”).
The binding free energies (AG), which consist of enthalpic
and entropic terms (i.e., AH — TAS), can only be qualitatively
compared to experimentally measured values. Binding pro-
cesses (II, ITI, and IV) are much more unfavorable for EA (AG >
0) than the other CPPs (Table 4), which is consistent with the
fluorescence analysis conclusion that EA exhibits very weak
binding affinity for HS. The binding free energies of the four
CPPs to HS during all three of the binding processes indicate
that the order of their binding affinities for HS is RA ~ RF > EF
> EA (Table 4). This computational result is somewhat
different from the fluorescence result, in that the order of HS-
binding affinities was experimentally determined to be RF >
EF > RA > EA. This difference may arise from a much higher
degree of HS sulfation used in the simulations, which results
in an increased intermolecular electrostatic interaction energy.
Other detailed simulation results will be published elsewhere.

RF EF RA EA
Process

AH® TAS? AG° AH TAS AG AH TAS AG AH TAS AG
I —53.55 -37.30 -16.25 —42.30 —34.61 —7.69 =55.75 —-36.90 —18.86 —23.92 —32.01 8.09
I —-44.11 -32.04 -12.08 —43.73 —-38.63 -5.10 —46.40 —24.25 —-22.15 -32.39 —-33.24 0.85
v -90.68 —46.81 —43.87 -57.14 —47.95 -9.197 -94.19 —44.86 —49.33 —23.25 —39.25 16.00

“The enthalpic energles were calculated by the MM/GBSA method using 3000 snapshots of the MD simulation trajectory during the last 30 ns of
the simulation. ” Entropy calculations were based on normal mode ana1y51s using 40 snapshots during the last 30 ns of the simulation, where T'
and AS stand for temperature and vibrational entropy, respectively. ¢ Total free energy, AG = AH — TAS.
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Advantage of Arg (R) in comparison to Glu (E)

A comparison of RF with EF, or RA with EA, indicates that a
CPP which contains an Arg rather than a Glu residue exhibits
a higher affinity for HS. Given the high negative charge of HS,
the electrostatic energy (AEgs) of RF/RA clearly contributes
more to the enthalpy than it does for EF/EA (Fig. 8a) because
Arg and Glu have opposite partial charges corresponding to +1
and —1, respectively.

Advantage of Phe (F) in comparison to Ala (A)

Fig. 8a indicates that EA-HS complex formation is unfavorable
primarily because of the electrostatic energy, which is compar-
ably less detrimental to the binding of EF to HS. A crucial
factor in this difference is that nonelectrostatic energies, both
from van der Waals energy (AEyqw) and the nonpolar com-
ponent of the free energy of solvation (AEs,), i.e. hydrophobic
energy (Fig. 8b), contribute more to the binding of EF to HS
than to the binding of EA to HS.

The HS-binding free energy of RA is lower than that of RF,
although the experimental study drew the opposite conclusion;
this was primarily due to the higher sulfate content of HS used
in the simulations (Fig. S5f) and was further caused by the
subtle differences in the electrostatic energy and nonelectro-
static energy. However, the hydrophobic energy (AEs,) of RF
contributes more to the binding energy than that of RA
(Fig. 8b), which is further confirmed by ITC analysis. This indi-
cates that hydrophobic interactions play an important role in
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Fig. 8 Electrostatic energies (a) and nonelectrostatic energies (b) of the
binding processes ll, lll, and IV. Notice that the arrangement of the CPP
positions is different between (a) and (b) for clear exhibition of the roles
of Arg in comparison with Glu, or that of Phe in comparison with Ala.
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the HS-binding processes of RF and EF, whereas electrostatic
interactions are the predominant driving forces in the binding
of RA to HS, as previously mentioned.

Discussion
Binding affinity and clustering ability

The results of the fluorescence spectroscopy and the ITC analy-
sis indicated that the order of the binding affinities of the
CPPs investigated in this study is RF > EF ~ RA > EA. Because
it is expected that the o-helical content of a CPP will be
enhanced when the amphiphilic CPP binds to HS, the CD ana-
lysis also yielded an identical order of secondary structure vari-
ation of the four designed CPPs in the presence of HS
(Fig. 2b). HS altered the secondary structure of RF from 12%
(0 pM HS) to 88% (20 pM HS) o-helicity because it strongly
binds to HS, whereas the a-helicity of EA was not altered upon
HS binding because EA only very weakly binds to HS.

Moreover, the heat capacities obtained from ITC analysis
and the results of the MD simulations revealed that EF adopts
a nonelectrostatic-dominant mechanism to bind to HS,
whereas RA adopts an electrostatic-dominant mechanism. RF,
which is capable of both electrostatic and nonelectrostatic
interactions, exhibits an ambiguous HS-binding mechanism
depending on the degree of sulfation of the HS. Given the low
sulfate content of the HS used in the experimental studies, the
electrostatic energy would play a reduced role in comparison
to in the computational studies. It is speculated that a low
degree of HS sulfation may result in a nonelectrostatic-domi-
nant mechanism for the RF-HS binding process, whereas a
high degree of sulfation may lead to an electrostatic-dominant
mechanism.

Several studies have already highlighted the importance of
CPP-GAG clustering ability in the process of cellular internali-
zation of CPPs via endocytosis.”*'*?"?%%3 The combination of
the results of the DLS analysis with the binding mechanism
acquired from ITC and MD simulations, indicates that hydro-
phobic interactions appear to be superior to electrostatic inter-
actions in the aggregation processes, particularly in CPPs that
contain a moderate charge density at micromolar concen-
trations.>**® One previous study has shown that the binding of
Penetratin and its Arg substituted variant (PenArg) to sulfated
sugars was stabilized by hydrophobic interactions and resulted
in clustering, whereas the Lys substituted variant (PenLys) only
interacted through electrostatic attraction. This might be the
reason why PenArg was more efficiently internalized than
Penlys upon interaction with PGs.*> Another study also
showed the necessity of sufficient hydrophobic interactions
during the internalization of cell-penetrating agents in which
arginine or lysine units were clustered on a macrocyclic
scaffold.’® However, the delicate balance between electrostatic
and nonelectrostatic interactions, depending on the structures
of both the CPPs and the GAGs, may alter the GAG-clustering
ability of the CPPs, thereby influencing their cellular uptake
activities.
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Role of heparan sulfate in the cellular uptake of CPPs

The experimentally determined HS-binding affinities of the
CPPs are closely correlated to their CU activities in HeLa and
A549 cell lines, which are in the order RF ~ EF > RA > EA.
However, in PC12 and 3T3-L1 cell lines, RA exhibited the
highest CU activity; it also exhibited the highest HS-binding
affinity in MD studies, which used highly sulfated HS struc-
tures. Whether this is merely a coincidence or an indication of
a relationship between the CU activity of the CPP and the
structural heterogeneity (particularly sulfation) of the GAGs
(including HS) on the cell surface requires further investi-
gation. Moreover, the HS used in the experiment was a mixture
of molecules with different molecular weights and charges,
whereas HS constructed computationally has a structure with
a fixed length and charge. Previous studies have shown that
both the charge and chain length of a GAG can influence the
GAG-CPP binding affinity.'>?°

Recently, the GAG-clustering ability of cell-penetrating com-
pounds has attracted considerable attention.>* DLS analysis
indicated that the order of HS-clustering abilities of the four
designed CPPs exhibited a greater correlation with their CU
activities in HeLa and A549 cell lines than their binding
affinities. It is postulated that the stimulation of dimerization
or oligomerization of PG receptors by the binding of the CPPs
to the GAG chains of the PGs, which are present on the extra-
cellular surface, may trigger macropinocytosis and lead to the
co-internalization of the CPP with PGs. In addition to the
GAG-dependent endocytosis mechanism,"™
have proposed that the CPP could penetrate cells via direct
translocation across plasma membranes."* > Even in the case
of direct translocation, the role of GAGs cannot be neglected,
because the negatively charged GAGs may bind to and gather
CPPs (which are cationic peptides) on the cell surface, promot-
ing the cellular internalization of the CPPs.

several studies

Conclusions

The HS-binding affinities and HS-clustering abilities of the
four designed CPPs closely correlate with their CU activities in
HeLa and A549 cell lines, which are in the order RF ~ EF > RA
> EA. The variations in the o-helical secondary structure of
these four CPPs in the presence of HS also reflect their HS-
binding affinities. HS likely plays an important role in the CU
process of these CPPs. The results of ITC analysis and MD
simulations revealed that in comparison to Glu, Arg contribu-
ted more electrostatic energy to the binding enthalpy, whereas
nonelectrostatic energy contributed more to the binding of
CPPs that contain Phe in comparison to CPPs that contain Ala.
Furthermore, hydrophobic interactions may be more favorable
than electrostatic interactions for the GAG-CPP clustering
process and consequently influence the internalization of the
CPPs. The information obtained in this study could be helpful
and valuable in the design of further functional CPPs and
their application of molecular delivery to cells.
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