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ARTICLE INFO ABSTRACT

Keywords: In the direct cell membrane penetration, arginine-rich cell-penetrating peptides are thought to penetrate into
Arginine-rich peptide cells across the hydrophobic lipid membranes. To investigate the effect of the amphipathic property of arginine-
Amphipathicity rich peptide on the cell-penetrating ability, we designed a novel amphipathic cell-penetrating peptide, A2-17,
Glycosaminoglycan

and its derivative, A2-17KR, in which all lysine residues are substituted with arginine residues, based on the
glycosaminoglycan binding region in the N-terminal a-helix bundle of human apolipoprotein E. Isothermal ti-
tration calorimetry showed that A2-17 variants have a strong ability to bind to heparin with high affinity.
Circular dichroism and tryptophan fluorescence measurements demonstrated that A2-17 variants bind to lipid
vesicles with a structural change from random coil to amphipathic a-helix, being inserted into the hydrophobic
membrane interiors. Flow cytometric analysis and confocal laser scanning microscopy demonstrated the great
cell penetration efficiency of A2-17 variants into CHO-K1 cells when incubated at low peptide concentrations
(2 uM or less), suggesting that the increased amphipathicity with a-helix formation enhances the cell membrane
penetration ability of arginine-rich peptides. Interestingly, A2-17KR exhibited lower efficiency of cell membrane
penetration compared to A2-17 despite of their similar binding affinity to lipid membranes. Since high peptide
concentrations (typically > 10 pM) are usually prerequisite for efficient cell penetration of arginine-rich pep-
tides, A2-17 is a unique amphipathic cell-penetrating peptide that exhibits an efficient cell penetration ability
even at low peptide concentrations.

Lipid membrane
Cell membrane penetration

1. Introduction at 4°C, in which the membrane penetration is essentially physico-

chemical process [3-8]. Although the mechanism by which such highly

Arginine-rich peptides, such as polyarginine, Tat, and Rev, have
emerged as one of the most promising carriers for delivering drug
molecules, such as nucleotides, bioactive peptides, and proteins [1,2].
The paradigm that cell membranes behave as hydrophobic barriers
impermeable to ionic molecules is changing because the highly cationic
arginine-rich peptides are able to penetrate into cells across the mem-
branes via energy- and receptor-independent, non-endocytic pathway

cationic peptides penetrate lipid membranes is still not fully under-
stood, the use of arginine-rich peptides is expected to lead to devel-
opment of not only innovative drug carriers but also methodology to
overcome the membrane barriers without cytotoxicity [9].

Since arginine-rich peptides favorably bind to negatively charged
molecules, their cell membrane penetration is thought to be initiated by
binding to sulfated glycosaminoglycans (GAGs) such as heparan sulfate

Abbreviations: CD, circular dichroism; CHO, Chinese hamster ovary; CLSM, confocal laser scanning microscopy; EPC, egg phosphatidylcholine; EPG, egg phos-
phatidylglycerol; FAM, 5(6)-carboxyfluorescein; FBS, fetal bovine serum; GAG, glycosaminoglycan; GUV, giant unilamellar vesicle; ITC, isothermal titration ca-

lorimetry; PBS, phosphate-buffered saline; SUV, small unilamellar vesicle
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and chondroitin sulfate, covalently linked to core proteins at the cell
surface [10-13]. Arginine residues in arginine-rich peptides play a
critical role in binding to GAGs with large favorable enthalpy attributed
to the unique electrostatic interaction including multivalent hydrogen
bonding of arginine residue with sulfate and carboxyl groups of GAGs
[14], thereby enhancing the cell membrane penetration of peptides
[15]. After the GAG binding, arginine-rich peptides are thought to
follow the two distinct steps: (I) partition to cell membranes and (II)
penetration into cells over the potential barrier of the hydrophobic lipid
membranes. According to this model, arginine-rich peptides with high
affinity for lipid membranes are expected to efficiently penetrate into
cells. However, due to the fact that the binding affinity of arginine-rich
peptides for lipid membranes is typically low, the role of membrane
interaction in the cell penetration ability of arginine-rich peptides re-
mains unclear.

Human apolipoprotein E is a 299-residue protein that folds into two
tertiary structure domains: a 22-kDa N-terminal domain and a 10-kDa
C-terminal domain linked by a hinge region [16,17]. The N-terminal
domain is folded into a four-helix bundle of amphipathic a-helices, and
the segment spanning residues 135-150 on helix 4 of the helix bundle is
enriched in basic arginine and lysine residues that interact with LDL
receptor superfamily as well as GAGs [18-20]. Interestingly, an am-
phipathic 20-residue peptide derived from the tandem dimer of the
heparin-binding sequence (residues 141-150) of human apolipoprotein
E, called A2 (LRKLRKRLLRLRKLRKRLLR), was reported to internalize
into cells through heparan sulfate-dependent endocytosis [21].

Based on the GAG-binding region of human apolipoprotein E, we in
this study designed a novel amphipathic cell-penetrating peptide, A2-17
(LRKLRKRLLRLWKLRKR), referring to a typical arginine-rich cell-pe-
netrating peptide, Rev (TRQARRNRRRRWRERQR) [14], to investigate
the effect of increase in amphipathicity on the cell-penetrating ability of
arginine-rich peptides. We previously reported that Rev has the greater
ability to penetrate directly into cells among representative arginine-
rich peptides including Tat and oligoarginine [15]. We also introduced
an A2-17 derivative, A2-17KR (LRRLRRRLLRLWRLRRR), by sub-
stituting all lysine residues of A2-17 with arginine residues. Using a
series of physicochemical techniques, we analyzed the interaction of
peptides with heparin and small unilamellar vesicles (SUVs), as a GAG
and a lipid membrane models, respectively. The cell membrane pene-
tration of peptides was also examined in Chinese hamster ovary (CHO)
cell system by flow cytometric analysis and confocal laser scanning
microscopy. Our results demonstrated that A2-17 variants have a strong
ability to bind to GAGs as well as lipid membranes with formation of
amphipathic a-helical structure, leading to the efficient cell membrane
penetration. Thus, the increase in amphipathicity with a-helix-forming
ability appears to be a promising strategy to enhance the cell membrane
penetration of arginine-rich peptides.

2. Materials and methods
2.1. Materials

Porcine intestinal mucosa heparin (average molecular weight of
12,500) was purchased from Celsus Laboratories (Cincinnati, OH). Egg
phosphatidylcholine (EPC) was purchased from Kewpie Corporation
(Tokyo, Japan). Egg phosphatidylglycerol (EPG) was purchased from
NOF Corporation (Tokyo, Japan). Peptides were prepared by solid
phase synthesis method using Fmoc chemistry. The peptide sequences
were as follow: Rev, TRQARRNRRRRWRERQR; A2-17, LRKLRKRLLR-
LWKLRKR; A2-17KR, LRRLRRRLLRLWRLRRR. A2-17KR is an A2-17
analogue in which 3K, 6K, 13K, and 16 K were substituted by Arg
residues. The amino and carboxyl termini of each peptide were acety-
lated and amidated, respectively. For the fluorescence labeling of
peptides, the amino terminus of peptides was labeled with 5(6)-car-
boxyfluorescein (FAM) via glycylglycine linker. Purification of synthe-
sized peptides was carried out by reverse-phase HPLC. The peptides
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were eluted with a linear gradient of acetonitrile and water containing
0.1% trifluoroacetic acid with detection at 220 nm. The purity of each
eluted peptide was confirmed to be > 95% by HPLC and electrospray
ionization-mass spectrometry. All other reagents were of analytical
grade.

2.2. Preparation of small Unilamellar vesicles (SUVs)

SUVs were prepared as described [22]. Briefly, a dried lipid film of
EPC or EPC/EPG (4/1 molar ratio) was hydrated in 10 mM Tris buffer
containing 150 mM NaCl (pH 7.4) and sonicated on ice under nitrogen.
After removing titanium debris, the samples were centrifuged in a
Beckman 70.1 Ti rotor for 1.5h at 15 °C at 40,000 rpm to separate any
remaining large vesicles. The concentration of EPC was determined by
using an enzymatic assay kit (Phospholipid C-test Wako) from Wako
Pure Chemicals (Osaka, Japan).

2.3. Preparation of Giant Unilamellar Vesicles (GUVs)

GUVs were prepared as described previously [15]. Briefly, a dried
lipid film of EPC/EPG (4/1 molar ratio, total lipid amount of 1 pmol)
doped with equivalent molar glucose was carefully immersed in 1 mL of
10mM Tris buffer (pH7.4) containing 10 mM sucrose, followed by
hydration without agitation for 1-2 days at 37 °C. After hydration, a
bulky white cloud floating containing GUVs was harvested and cen-
trifuged in an AR015-SC24 rotor (TOMY Seiko, Tokyo, Japan) at
10,000 rpm for 30 min at 10 °C to remove any contaminating lipid ag-
gregates and multilamellar vesicles.

2.4. Isothermal titration calorimetry (ITC) measurements

ITC measurements were performed using an iTC200 system
(Malvern Panalytical) at 25 °C in 10 mM Tris buffer containing 150 mM
NaCl (pH 7.4). Peptide solution was placed in the reaction cell, and
titrated with aliquots of heparin. The injections were repeated auto-
matically under 1000 rpm stirring. Heats of dilution were determined in
control experiments by injecting heparin into buffer, and the heats were
subtracted from the heats determined in the corresponding peptide
binding experiments. The ITC results were fitted to the one-site binding
model combined with a complex formation model in Origin 7.1
(MicroCal, Northampton, MA) to obtain thermodynamic parameters as
described [23,24].

2.5. Circular dichroism (CD) measurements

Far-UV CD spectra were recorded from 190 to 250 nm at 25 °C using
a Jasco J-1500 spectropolarimeter (JASCO, Tokyo, Japan) with quartz
cuvette of 1 mm path length. Peptide solutions (50 ug/mL) in 10 mM
Tris buffer containing 150 mM NaCl (pH 7.4) in the absence and pre-
sence of heparin or SUVs were subjected to CD measurements. The
results were corrected by subtracting the baseline for an appropriate
blank sample. The a-helix content of peptide was determined from
mean residue ellipiticity [0], expressed in degree cm®dmol™?, at
222nm as described [25]: a-helix content (%) = ([0]222 — [0]coil) /
([B]hetix — [Blcoi) X 100; [6]herix = —40,000 X (1-2.5/n) + 100
[6]con = 640-45t, where [6]222 is the [0] at 222 nm, [O]peiix and [6]con
are the mean residue ellipticities of the completely helical and coiled
forms of the peptide, respectively. The n is the number of amino acid
residues, and t is the temperature in °C.

2.6. Trp fluorescence measurements

All fluorescence measurements were carried out with a F-7000
fluorescence spectrophotometer (Hitachi, Tokyo, Japan) at 25°C in
10mM Tris buffer containing 150 mM NaCl (pH7.4). Trp emission
fluorescence spectra of 50pug/mL of Rev, A2-17 or A2-17KR were
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recorded from 300 to 420 nm using a 290 nm excitation wavelength in
the absence and presence of heparin or SUVs. The results were cor-
rected by subtracting the baseline for an appropriate blank sample.

Binding behaviors of the peptides to SUVs or heparin were tracked
by the change in the ratio of fluorescence intensities at wavelengths
associated with hydrophobic (335 nm) and hydrophilic (355 nm) tryp-
tophan environments [26]. The binding parameters of peptides to SUVs
or heparin were determined as follows [27]. The concentration of
bound peptide (P}) is calculated by P, = Pt (Isss/Is3s5 — I3ss/Is3s, 0) /
(Iss5/I335, min — I3ss/Is3s, o), Where Pr is total peptide concentration,
and I3ss/I335 and Isss/Isss, o are the ratios of fluorescence intensity at
355 nm to that at 335 nm for peptide in the presence and absence of
SUVs or heparin, respectively, and I3ss/I33s, min represents the Iss/Izss
when peptide completely binds to SUVs or heparin. Assuming that
binding of peptide to the SUV surface or heparin is described by a one-
site binding model, Py,/[Lipid or heparin] = By.x P¢/ (1/K + Py), where
P; is unbound peptide concentration (Pf = P+ — Py), [Lipid or heparin]
is the concentration of phospholipid of SUVs or heparin added, and K
and By are the binding constant and the maximal binding capacity,
respectively. Binding data were analyzed by linear regression based on
the Hanes-Woolf equation, [Lipid or heparin] P¢/P, = (1/K)/
Bmax + Pf/Bmax-

2.7. Cell culture

Wild type CHO (CHO-K1) cells and the GAG-deficient CHO cells
(pgsA-745) were cultured in nutrient F-12 Ham (Sigma, St. Louis, MO)
supplemented with 10% heat-inactivated fetal bovine serum (FBS;
Lonza Group, Basel, Switzerland), which is referred to as “culture
medium” hereafter, at 37 °C in an atmosphere containing 5% CO,.

2.8. Confocal laser scanning microscopy (CLSM) observation

CLSM observation by z-stack imaging mode was performed using an
LSM 800 (Carl Zeiss, Oberkochen, Germany) with a C-Apochromat
40 x /1.20 W Korr objective at an excitation wavelength of 488 nm (Ar
laser) for the visualization of FAM-labeled peptide. The nuclei of cells
counterstained with Hoechst were excited at an excitation wavelength
of 405 nm. In the CLSM experiment, the detection pinhole diameter was
set to be 1.0 times of the diameter of the Airy Disk, resulting in a
thickness of the optical sections of < 1.0 um. This optical thickness was
sufficiently small relative to the thickness of the cells used in this study.
In addition, the z-stack imaging acquires a number of optical slice
images from the periphery of the cells attached onto glass bottom dish
toward the opposite periphery by scanning every 0.38 uym. These con-
ditions ensured that the detected fluorescence of FAM-labeled peptides
is at the same plane of focus as the nuclear stain, validating that the
peptides remain within the cell (Fig. S1). Cells (2.0 x 10° cells) were
plated in 35mm glass-bottom dishes coated with poly(i-lysine)
(Matsunami Glass, Osaka, Japan) and were incubated in culture
medium. After incubation for 24 h (37 °C, 5% CO.,), the cells were in-
cubated with FAM-labeled peptides for 30 min at 4 °C or for 10 min at
37 °C in FBS-free F12-Ham medium. Regarding the cells incubated with
FAM-Rev at 37 °C, the incubation time was extended to 30 min. After
the incubation, the cells were washed 3 times with phosphate-buffered
saline (PBS) on ice, and kept in PBS, followed by confocal microscopic
imaging. The nuclei were labeled with Hoechst 33342 (Life
Technologies, Waltham, MA) by following the manufacturer's instruc-
tions. For the GUV observations, GUV suspension was incubated with
0.1 uM of FAM-labeled peptides in 10 mM Tris buffer (pH7.4) con-
taining 10 mM glucose at room temperature for 10 min on a bovine
serum albumin-coated glass bottom dish (Matsunami Glass).
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2.9. Quantification of cell membrane penetration of peptides by flow
cytometric analysis

The amount of membrane penetration of peptide was quantified by
a modified version of the flow cytometric method established in pre-
vious studies [28,29]. Cells were seeded into 24-well plates at a density
of 1.0 x 10° cells/well and incubated in culture medium. After in-
cubation for 24 h (37 °C, 5% CO.), the cells were washed with PBS and
incubated with 0.5-2.0 pM FAM-labeled peptides for 30 min at 4 °C in
250 uL/well FBS-free F12-Ham medium. The cells were then washed
with PBS and incubated for 5min at 37 °C with 0.25% trypsin-EDTA
(250 pL/well) purchased from Life Technologies. Subsequently, 250 pL
of PBS containing FBS was added and the cells were gently suspended
and the supernatant after centrifugation at 2500 rpm for 2 min was
carefully removed. By the centrifugation, the supernatant was removed
2 times. The resultant cell pellet was then further washed 3 times with
500 pL of PBS containing 2% FBS, and was resuspended in 500 pL of
PBS containing 2% FBS, followed by a 25 pm-meshed filter (BD Falcon).
As a control, cells that were not incubated with FAM-labeled peptides
were also analyzed. FAM fluorescence was detected at an excitation
wavelength of 488 nm and monitored with 530/30 bandpass filter on a
FACS-Calibur flow cytometer (BD Biosciences). Each sample was run in
triplicate (3 x 10,000 events). Events corresponding to cellular debris
were removed by gating on forward and side scatter. Mean fluorescence
values were determined from the histograms using Cell Quest Pro
software.

2.10. Statistical analysis

The statistical differences in the collected data were evaluated using
one-way analysis of variance followed by Dunnett's test (Fig. 4B, Fig.
S9) or Bonferroni's test (Fig. 6B), by means of Prism software
(GraphPad Software, La Jolla, CA). We set the level of significance at
P < 0.05.

3. Results
3.1. Design of amphipathic arginine-rich peptides

A newly designed amphipathic arginine-rich peptide, A2-17, is
shown in Fig. 1. To investigate the effect of arginine residues on the cell
membrane penetration ability of A2-17, we also designed an A2-17
derivative, A2-17KR, by substituting all lysine residues in A2-17 with
arginine residues (Fig. 1). The value for the hydrophobic moment in
each peptide with a-helical structure, <uH», as a measure of the am-
phipathicity, was calculated by the Eisenberg scale [30,31], showing
that the amphipathicity of A2-17 and A2-17KR is much larger than that
of Rev.

3.2. GAG interaction

First we examined the secondary structure of A2-17 variants bound
to heparin by Far-UV CD measurements because of the possibility that
the a-helix formation of arginine-rich peptide influences its cell mem-
brane penetration efficiency [15,32]. Far-UV CD spectra of A2-17 and
A2-17KR as well as Rev in the presence of heparin are shown in Fig. 2A.
In contrast to the CD spectra corresponding to a predominant random
coil structure in the absence of heparin (Fig. S2A), typical CD spectra of
a-helical structure with double minima near 208 and 222 nm were
observed for all peptides bound to heparin. The calculated a-helix
contents for Rev, A2-17, and A2-17KR bound to heparin were 40%,
54%, and 78%, respectively, indicating that A2-17 variants, especially
A2-17KR have greater tendency to form a-helical structure than Rev
upon binding to GAGs.

We previously showed that the favorable enthalpy gain of arginine-
rich peptides upon binding to GAGs provides energetic source to
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A2-17
LRKLRKRLLRLWKLRKR

A2-17KR
LRRLRRRLLRLWRLRRR

Rev
TRQARRNRRRRWRERQR

Fig. 1. Helical wheel diagrams for amino acid sequences of A2-17, A2-17KR,
and Rev arranged as an ideal a-helix (100° rotation per residue) seen down the
long axis from the amino terminal end. The hydrophobic moment <uH)», as a
measure of amphipathicity of a-helix, for A2-17, A2-17KR, and Rev is calcu-
lated to be 0.567, 0.570, and 0.245, respectively, on the Eisenberg scale. The
arrows indicate direction of polarization of residues in the hydrophobic mo-
ment.

promote their cell penetration [15]. Thus, the interaction of A2-17
variants with heparin was next investigated by ITC measurements. Si-
milarly to the case of Rev binding to heparin [15], large exothermic
heats upon binding of A2-17 to heparin were observed (Fig. 2B), and
the heats of reaction were analyzed according to the one-site binding
model (Fig. 2C). The resultant thermodynamic parameters were sum-
marized in Table 1. The binding enthalpy (AH° = — 6.3 kcal/mol) and
the binding constant (K = 3.3 x 10’ M~ ') of A2-17 were found to be
about half of the corresponding values for Rev (Table 1). Given the
numbers of arginine residues in A2-17 and Rev peptides are 6 and 10,
respectively, this result is consistent with the previous finding that the
enthalpic contribution to the strong affinity of arginine-rich peptides for
heparin is largely derived from the favorable electrostatic interaction
between arginine residues of peptide and anionic sulfate/carboxyl
groups of heparin [15]. Indeed, the binding enthalpy and binding
constant of A2-17KR (the number of arginine residues is 10) in which
all lysine residues in A2-17 are substituted with arginine residues to
heparin were much larger than those of A2-17 (Fig. 2C and Table 1). It
should be noted that the heparin-binding nature of cationic peptides
would be largely derived from the electrostatic interaction between
arginine/lysine residues of peptide and anionic sulfate/carboxyl groups
of heparin [10,15,24,33,34]. Consistently, the binding stoichiometry in
charge neutralization for all peptides is around 8-11 peptides per
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Fig. 2. (A) Far-UV CD spectra of Rev (black line), A2-17 (blue line), and A2-
17KR (red line) in the presence of heparin. Peptide and heparin concentrations
were 0.1 and 0.16 mg/ml, respectively. (B) ITC thermogram for heparin
(100 uM) injection into A2-17 (45 uM) in 10 mM Tris buffer containing 150 mM
NaCl. Each peak in heat flow chart corresponds to the injection of 1.0 uL ali-
quots of heparin. (C) The heats of reaction for the binding were plotted as a
function of the heparin/peptide molar ratio. The lines are the best fit curves to
the experimental data using one-site binding model. The result of Rev is from
our previous study [15]. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

heparin (mol/mol) (Table 1), indicating that negative charges in the
heparin molecule used was neutralized by binding of 8-11 peptides that
have 10 arginine/lysine positive charges in the peptide molecule. We
note that such charge neutralization would induce the formation of
large peptide-heparin complexes/aggregates, as actually seen in the
light scattering measurements (Fig. S3, inset).
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Table 1
Thermodynamic parameters for binding of peptides to heparin at 25 °C.
Binding stoichiometry K AG™ AH TAS®®
(peptide/heparin, mol/mol) (M’l) (kcal/mol) (kcal/mol) (kcal/mol)
Rev® 9.8 = 0.5 (7.0 = 3.0) x 107 —-10.6 = 0.25 —-139 = 0.76 —-3.3 = 0.94
A2-17 7.7 + 0.25 (3.3 + 0.64) x 107 -10.2 = 0.11 —-6.3 = 0.20 3.9 + 0.11
A2-17KR 11.4 = 0.25 (7.3 £ 1.6) x 107 —-10.7 = 0.13 —-8.1 *= 0.50 2.6 = 0.13
2 Gibbs free energy of binding was calculated according to AG° = —RT In K.
> The entropy of binding was calculated from AG® = AH® — TAS".
¢ Data are from our previous study [15].
(A) (A)
40000 =5 s
30000 —Rev 2
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=35 20000 A2-17 2 EPC/EPG SUV
2 E —A2-17KR 2 10004
2 3 £
o £ ©
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()] s 500+
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o
2 c L) L) L) L) L)
-40000 T T ¥ v T w 300 320 340 360 380 400 420
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100+ i
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[ ] 0
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8 40 T 0.84 ok Kok I
: T [
X 0.7
° 20 T Rev A2-17 A2-17KR
T -
Fig. 4. (A) Trp fluorescence spectra for A2-17 in buffer (black line) and in the
0 T[] = presence of EPC/EPG (4/1) SUVs (blue line). Peptide and phospholipid con-
centrations were 0.05 and 1.0 mg/ml, respectively. (B) Comparison of fluores-
Rev A2-17 A2-17KR

Fig. 3. (A) Far-UV CD spectra of Rev (black line), A2-17 (blue line), and A2-
17KR (red line) in the presence of EPC/EPG (4/1) SUVs. Peptide and phos-
pholipid concentrations were 0.05 and 1.0 mg/ml, respectively. (B) The a-helix
content of peptide in the absence (black column) and the presence of EPC SUVs
(red column) or EPC/EPG SUVs (blue column). (For interpretation of the re-
ferences to color in this figure legend, the reader is referred to the web version
of this article.)

3.3. Lipid membrane interaction

To investigate the ability of A2-17 variants to form a-helical
structure upon binding to lipid membranes, we further performed CD
measurements of peptides in the presence of anionic EPC/EPG (4/1)
SUVs. As shown in Fig. 3A, both A2-17 and A2-17KR exhibited typical
CD spectra for o-helical structure upon binding to EPC/EPG SUVs,
whereas Rev exhibited a random coil structure. Similar but less pro-
nounced effects of lipid binding on the CD spectra of peptides were seen
in the binding to neutral EPC SUVs (Fig. S2B). Fig. 3B summarizes the
a-helix contents of peptides upon binding to SUVs. A2-17 and A2-17KR
have a great ability to form a-helical structure upon binding not only to
EPC/EPG SUVs but also to neutral EPC SUVs. In contrast, Rev exhibited
no such a-helix formation in the presence of any SUVs, indicating that
Rev does not form a-helical structure upon binding to lipid membranes
[15,35]. Thus, these results imply that A2-17 and A2-17KR have the
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cence intensity ratios at 355/335 nm for peptides in the absence (black column)
and the presence of EPC SUVs (red column) or EPC/EPG SUVs (blue column).
** P < 0.01 versus “in buffer”; **** P < 0.0001 versus “in buffer” by
Dunnett's test. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

strong affinity for lipid membranes.

Next, we examined the change in Trp fluorescence spectra of argi-
nine-rich peptides upon binding to SUVs since all peptides have one Trp
residue at position 12 (Fig. 1). A significant blue shift of wavelength of
maximum fluorescence together with an increase in fluorescence in-
tensity of Trp fluorescence spectra was observed for A2-17 in the pre-
sence of EPC/EPG SUVs (Fig. 4A), indicating the transfer of Trp residue
in peptide from aqueous phase to a more hydrophobic environment in
lipid membranes. As shown in Fig. 4B, both A2-17 and A2-17KR ex-
hibited marked decreases in I355/I335 upon binding to EPC/EPG SUVs,
and even to neutral EPC SUVs, in contrast to the case of Rev. These
results clearly indicate that A2-17 and A2-17KR have the greater ability
than Rev to bind to the membrane surface with inserting into the hy-
drophobic interiors of lipid membranes. In agreement with this, FAM-
labeled A2-17 and A2-17KR exhibited strong fluorescence signals in the
membrane regions of EPC/EPG GUVs compared to FAM-labeled Rev in
the CLSM observations (Fig. S4).

We further analyzed the membrane binding nature of A2-17 and A2-
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Fig. 5. (A) Changes in fluorescence intensity ratio at 355/335 nm of Trp residue
in A2-17 (black circle) and A2-17KR (red circle) as a function of weight ratio of
total lipids of EPC/EPG (4/1) SUVs to peptide. (B) Hanes-Woolf plot analysis for
the binding data of A2-17 (black circle) and A2-17KR (red circle). The solid
lines represent the linear regression. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this
article.)

Table 2
Thermodynamic parameters for binding of peptides to EPC/EPG (4/1) and EPC
lipid membranes at 25 °C.

Lipid Peptide Binding K AG™
membrane stoichiometry ™ (kcal/mol)
(peptide/lipid,
mol/mol)
EPC/EPG Rev” 0.013 + 0.0010 (1.2 = 0.40) x 10*  —5.0 * 0.20
A2-17 0.088 + 0.013 (5.2 + 1.86) x 10° —9.1 + 0.21
A2-17KR 0.10 = 0.013 (4.2 * 1.41) x 10° —9.0 = 0.21
EPC A2-17 0.064 + 0.016  (0.91 * 0.35) x 10° —8.1 * 0.22
A2-17KR  0.064 * 0.017 (1.5 = 0.27) x 10° —8.4 + 0.10

@ Gibbs free energy of binding was calculated according to AG° = —RT In K.
> Data are from our previous study [15].

17KR from the change in I355/I335 of Trp fluorescence according to the
one-site binding model (Fig. 5; see also Materials and Methods). This
approach is useful to obtain binding parameters when ITC analysis is
difficult to be conducted due to the complicated behavior of heat re-
action caused by the interaction of amphipathic peptides with lipid
membranes such as vesicle aggregation. By using the titration data of
A2-17 variants with EPC/EPG SUVs (Fig. 5A), the binding constant, K
and the maximal binding capacity, Bn.x values were obtained from the
linear regression (Fig. 5B). As summarized in Table 2, A2-17 and A2-
17KR exhibited similar binding constant of ~5 x 10°M ™!, which are 2

546

BBA - Biomembranes 1861 (2019) 541-549

orders of magnitude larger than that of Rev (1.2 X 10*M™1) [15]. We
also conducted Trp fluorescence analysis for binding of A2-17 to he-
parin (Fig. S3 and Table S1), confirming that Trp fluorescence mea-
surements give the comparable binding parameters to those obtained
by ITC measurements (Table 1).

It should be noted that if the binding of peptides to the lipid
membrane surface is only driven by the electrostatic interaction be-
tween the positively charged residues of peptide and the negatively
charged PG molecules in the membrane surface, the value of binding
stoichiometry is expected to be 0.01, which corresponds to the
equivalent ratio of the positively charged residues of peptide (10 of
arginine and lysine residues) to the negatively charged PG molecules in
the outer leaflet of EPC/EPG (4/1) SUVs (10 mol% of total lipids).
Indeed, the binding stoichiometry for Rev is almost the same to the
expected value of 0.01 (Table 2), indicating that the binding of Rev to
the membrane surface is mainly driven by electrostatic interaction. In
contrast, the binding stoichiometry values for A2-17 and A2-17KR
(molar ratio of peptide/lipid ~0.1) are much greater than that for Rev
(Table 2). This indicates that the stronger binding of A2-17 and A2-
17KR than Rev to the lipid membranes is derived not only from elec-
trostatic interaction but also from van der Waals and hydrophobic in-
teractions between amphipathic a-helix of peptides and hydrophobic
interior of lipid membranes. To support this idea, A2-17 and A2-17KR
exhibited notable binding to neutral EPC SUVs (Figs. 4B and S5), and
the resulting binding parameters indicated that A2-17 and A2-17KR
have comparable binding constants and stoichiometries to EPC SUVs
compared to those to EPC/EPG (4/1) SUVs (Table 2).

3.4. Cell membrane penetration

Cell membrane penetration of peptides was examined in CHO-K1
cells at 4 °C, at which cellular uptake by endocytosis is inhibited [36].
CLSM images clearly demonstrated that at a low concentration (2 uM)
of added peptides, A2-17 and A2-17KR efficiently penetrated cell
membranes, whereas Rev exhibited little cell membrane penetration
(Fig. 6A). Consistently, flow cytometric analysis quantified approxi-
mately 10 times larger amount of cell-associated and internalized
peptides for A2-17 and A2-17KR compared to that of Rev (Fig. 6B). It
should be noted that high peptide concentrations (typically > 10 uM)
are usually prerequisite for efficient cell membrane penetration of ar-
ginine-rich cell-penetrating peptides [37]. Indeed, a significant cell
membrane penetration of Rev was observed at 10 uM of peptide con-
centration (Fig. S6). These results indicate that the increase in amphi-
pathicity with a-helix-forming ability can enhance the cell membrane
penetration even at low concentration of arginine-rich peptide. Inter-
estingly, A2-17KR tends to exhibit lower efficiency for cell membrane
penetration compared to A2-17 (Fig. 6A and B) despite of their similar
amphipathicity.

4. Discussion

We have previously proposed a physicochemical process for the
direct cell membrane penetration of arginine-rich peptides: the peptides
bind to GAGs on the cell surface, followed by the transfer to the lipid
membranes, and consequently penetrate into cells across the mem-
branes [15,38]. To support the model, we have recently succeeded in
observing the process of a fluorinated arginine-rich peptide in cells by
means of real-time *’F-NMR spectroscopy [39]. To achieve the effective
cell membrane penetration, arginine-rich peptides bound to GAGs on
the cell surface have to partition to the lipid membranes. However,
since arginine-rich peptides usually have much greater binding affinity
for GAGs than that for lipid membranes in a charge-density dependent
manner, they are most likely to bind to GAGs on the cell surface rather
than to lipid membranes [40]. In addition, the concentration gradient
of peptides between the outer and inner leaflets of the membranes has
to be achieved as a driving force for the membrane penetration [41].
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Fig. 6. (A) Confocal fluorescent images of CHO-K1 cells treated with 2 uM of
FAM-labeled Rev (upper panels), A2-17 (middle panels), and A2-17KR (lower
panels) at 4°C. FAM fluorescence and Hoechst fluorescence counterstaining
nuclei were shown in green and blue, respectively, together with the merged
image. Scale bars represent 20 um. (B) Flow cytometric quantification of the
amount of cell-associated and internalized peptides in CHO-K1 cells at 4°C
when CHO-K1 cells were incubated with low peptide concentrations
(0.5-2 uM). **** P < 0.0001 versus Rev; ##, P < 0.01 versus A2-17; ####,
P < 0.0001 versus A2-17 by Bonferroni's test.

These facts may explain why relatively high peptide concentrations are
required for their efficient cell membrane penetration as reported in
many studies [10,15,33,41-44], in which the peptide concentrations
were usually over 10 uM. Indeed, Rev hardly penetrated cell mem-
branes at 2 uM or less of peptide concentrations (Fig. 6), whereas the
efficient cell membrane penetration was observed at 10 uM (Fig. S6). It
should be noted that although the lipid membrane interaction is es-
sential for the cell membrane penetration of arginine-rich peptides,
their binding nature to GAGs is still critical as their initial step for the
cell membrane penetration [15]. Indeed, the internalizations of A2-17
and A2-17KR into pgsA-745 cells that are CHO mutant defective in GAG
biosynthesis were largely inhibited (Fig. S7), indicating the critical role
of GAGs in the cell membrane penetration of the A2-17 variants [45].

A significant finding in this study is that A2-17 variants efficiently
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penetrate cell membranes at much lower peptide concentrations of
1-2 uM compared to Rev (Fig. 6). Despite A2-17 and Rev have the si-
milar binding affinity for heparin, A2-17 exhibits much higher affinity
and capacity for binding to lipid membranes compared to Rev, with
formation of amphipathic a-helix and greater insertion into lipid
membrane interiors (Tables 1 and 2, Figs. 3 and 4). Upon binding to
lipid membranes, the circumferential distribution of arginine residues
in Rev is likely to interfere a-helix formation because of charge repul-
sion (Fig. 1). In contrast, such charge repulsion from arginine residues
in amphipathic A2-17 can be compensated by the free energy reduction
upon lipid binding [46]. Such enhanced lipid-binding properties of A2-
17 would facilitate the transfer of peptides from GAGs to lipid mem-
branes, resulting in the efficient cell membrane penetration (Fig. 6).
Alternatively, the formation of large aggregates upon binding of A2-17
to GAGs (Fig. S3) may facilitate the internalization of the peptide-GAG
complexes [47].

At physiological temperature, arginine-rich peptides are thought to
be uptaken into cells via endocytosis as well as the direct cell membrane
penetration mechanism [8]. Indeed, we confirmed that A2-17 and A2-
17KR exhibited efficient cell uptake when incubated at 37 °C (Fig. S8),
indicating the ability of the A2-17 variants to penetrate cell membranes
efficiently at physiological temperature. For Rev, in contrast, punctuate
fluorescence pattern in the cells was observed (Fig. S8), indicating
predominant endocytic uptake and remaining in endosomes, consistent
with the notion that typical arginine-rich peptides are likely to be en-
docytosed at low peptide concentrations [37]. These results suggest
that although the direct membrane penetration and endocytic uptake of
arginine-rich peptides are likely to occur simultaneously at physiolo-
gical temperature, the predominant mechanism is controlled depending
upon the physicochemical property of the peptides [36].

It has been suggested that the secondary structure of cell-pene-
trating peptides on lipid membranes controls the lipid membrane in-
teraction and insertion, thereby enhancing their cell membrane pene-
tration [35,48]. It is known that the formation of a-helical structure
decreases the polarity and the free energy cost of transfer to the hy-
drophobic membranes for peptide bonds in the peptide molecule
[49,50]. In addition, amphipathic a-helical structure is favorable to the
insertion of peptides into the lipid membrane interiors (Fig. 4), causing
a membrane curvature stress with thinning and lateral compression of
the membranes [51-54]. In this situation, the membrane curvature
stress is likely to be eliminated by the deeper penetration of peptides
into the membrane interiors with the formation of transient pores
[4,55-571, resulting in the efficient membrane penetration as seen for
A2-17 variants (Fig. 6). We note that although Rev and A2-17 have no
cytotoxicity to CHO-K1 cells, A2-17KR exhibits cytotoxicity to some
extent (Fig. S9), consistent with a recent finding that substitution of
arginine residues in amphipathic peptides with lysine residues greatly
reduces the cytotoxicity of peptides [58]. Although the mechanism by
which arginine residue increases the cytotoxicity of amphipathic ca-
tionic peptides is unclear, strong interactions of A2-17KR with both
GAGs and lipid membranes (Tables 1 and 2) might derive to disrupt cell
membranes [59,60].

Interestingly, A2-17KR penetrates cell membranes less efficiently
than A2-17 (Fig. 6) despite their similar binding affinity for lipid
membranes (Fig. 5 and Table 2). It is possible that the membrane
partitioning of A2-17KR after the GAG binding can be impeded due to
the increased binding affinity for GAGs compared to A2-17 (Table 1). In
addition, increased numbers of arginine residues in A2-17KR (10 argi-
nine residues) compared to A2-17 (6 arginine residues) would enhance
the enthalpic interaction of peptides with GAGs [15]. Therefore, the
optimal balance between the bindings to GAGs and lipid membranes is
likely to be important for the efficient cell-penetrating ability of argi-
nine-rich peptides. It should be noted that the optimal number of ar-
ginine residues in arginine-rich peptide for the efficient cell penetration
was shown to be 8-15 according to the previous studies [15,42,44,61].

In conclusion, we have developed a novel amphipathic cell-
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penetrating peptide, A2-17, based on the N-terminal GAG binding re-
gion of human apolipoprotein E. Our results demonstrated that A2-17
has a strong ability to bind to GAGs as well as lipid membranes with
formation of amphipathic a-helix, resulting in the efficient cell mem-
brane penetration even at low peptide concentrations. Thus, design of
amphipathic a-helical structure that increases the affinity for lipid
membranes with controlling the affinity for GAGs, would be a pro-
mising strategy to enhance the cell membrane penetration of arginine-
rich peptides. Although the cell internalization mechanism can be al-
tered by the presence of cargo substances, resulting in complicated
obstacles for the delivery of peptide—cargo complexes [62], we believe
that the understanding of the mechanism for the cell membrane pene-
tration of arginine-rich peptides will contribute to development of in-
novative strategy for delivering drug molecules [2,60,63].
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Appendix A. Supplementary data

Thermodynamic parameters for binding of A2-17 to heparin de-
termined by Trp fluorescence measurement (Table S1). Ortho image
assembled from CLSM observation by z-stack imaging mode (Fig. S1).
Far-UV CD spectra of Rev, A2-17, and A2-17KR in the absence or pre-
sence of EPC SUVs (Fig. S2). Analyses of Trp fluorescence and light
scattering intensity for binding of A2-17 to heparin (Fig. S3). Confocal
fluorescent images of EPC/EPG GUVs incubated with FAM-labeled Rev
and A2-17 variants (Fig. S4). Trp fluorescence analysis for binding of
A2-17 variants to EPC SUVs (Fig. S5). Confocal fluorescent images of
CHO-K1 cells treated with 10uM of FAM-labeled Rev (Fig. S6).
Confocal fluorescent images of pgsA-745 cells treated with 2puM of
FAM-labeled A2-17 variants at 4°C (Fig. S7). Confocal fluorescent
images of CHO-K1 cells treated with 2 pM of FAM-labeled Rev and A2-
17 variants at 37 °C (Fig. S8). Cytotoxicity of Rev and A2-17 variants in
CHO-K1 cells (Fig. S9). Supplementary data to this article can be found
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