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Abbreviations

ATR-FTIR: attenuated total reflection-Fourier transform infrared

BBM: biotechnology-based medicine

CD: circular dichroism

CLSM: confocal laser scanning microscopy

CPPs: cell penetrating peptides

Dansyl-PE: 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-
N-(5-dimethylamino-1-naphthalenesulfonyl)

DPH: 1,6-diphenyl-1,3,5-hexatriene

EPC: egg phosphatidylcholine

EPG: egg phosphatidylglycerol

FAM: 5(6)-carboxyfluorescein

GAG: glycosaminoglycan

HL60: human myeloid leukemia cells

ITC: isothermal titration calorimetry

LUV: large unilamellar vesicle

PLA: poly-L-arginine

PLL: poly-L-lysine

R8: octaarginine

SBPL: soybean phospholipid

TFE: 2,2,2-trifluoroethanol

TMA-DPH: N,N,N-trimethyl-4-(6-phenyl-1,3,5-hexatrien-1-yl)phenylammonium

WMEF: wavelength of maximum fluorescence
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1.  INTRODUCTION

As biotechnologies such as proteomics and genomics give an ever greater understanding of
disease at molecular level, the number of biotechnology-based molecules (BBMs) including
oligonucleotide, plasmids, peptides, and proteins is increasing. In contrast, the rate of drug discovery
based on classical, small-molecule drugs is decreasing. The reason comes from the need to target
protein-protein interactions, reach targets intra-cellular site and achieve specificity for effective
medical treatment of diseases.! Therefore, pharmaceutical companies tend to develop approaches
that enable a rapid rational design of active and specific BBM. Antibodies, peptide mimetics, and
siRNAs are prominent examples. However, for these molecules, success rates in drug discovery are
very low. It is estimated that 90 % of fund for research and development in BBMs go to waste.! One
of the underlying reasons is the presence of the hydrophobic nature of the cell membrane that
protects cells from influx of exogenous BBMs. One of the most potent strategies to deliver such
poorly membrane-permeating BBMs into cells is to use cell-penetrating peptides (CPPs) rich in
arginine residues, e.g. penetratin, pVEC, Tat-peptide, and polyarginine.2® Although CPPs are
considered to be promising drug delivery tools due to their ability to carry various BBMs across cell
membranes in vitro and in vivo,*® the cell entry mechanism of CPPs is still not fully understood.

Two types of mechanisms in CPP’s cell entry are being considered: one is endocytic pathway
and another is energy-independent, non-endocytic pathway, that is, physical membrane penetration
(Fig. 1).7® For the endocytosis uptake of CPPs, more than 90 % of the delivered cargoes become
biologically inactive due to being trapped in endosome compartments.® In contrast, the latter process
circumvents the lysosomal degradation of cargo molecules with CPP. The first step in the membrane
penetration of CPPs is their binding to the membrane phospholipids and/or proteoglycans such as
heparan sulfate at the cell surface.l%* Thus, to design the peptide sequences which have a more

rational cell penetration pathway, the knowledge from physicochemical view about the interactions



of CPPs with lipid membranes and proteoglycans is of fundamental importance.
In this thesis, physicochemical studies are conducted to investigate the mechanism for

non-endocytotic direct membrane penetration of arginine-rich peptides.
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Fig.1. Cellular uptake of cell-penetrating peptides.



2. PHYSICOCHEMICAL MECHANISM FOR
THE ENHANCED ABILITY OF LIPID MEMBRANE
PENETRATION OF POLYARGININE

2.1. Introduction

The roles of arginine residue in CPP sequences have been studied in detail.*>" Arginine
polymers enter cells more efficiently compared to lysine polymers with similar chain length.*® Also,
it was reported that the penetratin analogue in which arginine residues were substituted for lysines
exhibited no cellular uptake at all.'® These results suggest that guanidine moiety attached to the side
chain of arginine is a key structure in the membrane permeation of peptides. In this regard, the
ability of the guanidino group to form strong bidentate hydrogen bonds with phosphate group of
phospholipid molecule seems to play a role for the membrane penetration.?%? In fact, conjugates of
poly- and oligoarginines with amphiphilic anions, such as aliphatic acids, sulphates, or phosphates,
are preferred to distribute into hydrophobic solvents such as octanol and chloroform.?>-?* Due to its
ability to adapt to different environments by anion binding, polyarginine is titled as “molecular
chameleon”. %

Despite of the large interest in such “arginine magic”,?>?® only a few articles are available
dealing with defined model systems to elucidate the detailed translocation mechanism of arginine
polymers into lipid membranes. There are some reports about the polyarginine-membrane interaction
but they only focused on the binding mechanism as the first step for the membrane penetration.?”-%
Because it is reported that none of CPPs are able to translocate across the membranes of large

unilamellar vesicle (LUV) whereas they rapidly traverse the giant vesicles,**3! it seems that a choice

of the model system is crucial for evaluation of the ability of polyarginine to penetrate lipid



membranes.

In this chapter, we examined the effects of chain length of polyarginine on its interaction with
LUV or giant vesicle composed of anionic soybean phospholipids (SBPL) using poly-L-arginine
composed of 69 (PLA69), 293 (PLA293), or 554 (PLA554) arginine residues, together with
octaarginine (R8). To answer the question of how arginine and lysisne residues play a role on
interactions of CPPs with cell membranes, interaction of PLA293 or poly-L-lysine (PLL) composed

of 266 lysine residues with SBPL membrane was also examined.

2.2. Secondary structure of polyarginine in solution or bound to lipid
membrane

It is known that lipid membranes have a dielectric constant, &, gradient of which ~70 at the
membrane surface, 3040 at the membrane interface,® and ~5 at the hydrocarbon center.®** To
examine the effect of the dielectric constant on the secondary structure of polyarginine, we measured
Circular Dichroism (CD) spectra of polyarginine in aqueous buffer/ethanol solutions with different

polarities. & of mixed solutions was calculated from the following equation:

g =183V

water

+25.37V,. 0. 1)

where 78.3 and 25.37 are & of water and ethanol at 25 °C, respectively, Vwater and Vethanol are volume
fraction of aqueous buffer and ethanol, respectively. Fig. 2A shows CD spectra of PLA554 in Tris
buffer/ethanol mixtures with different polarities. In Tris buffer (¢ = 78), PLA554 exhibited a typical
random coil structure (negative peak at ~190 nm and positive peak at ~215 nm). With decreasing the
dielectric constant, the secondary structure of PLA554 changed from random coil to o-helix
(negative peaks at ~208 and ~222 nm, positive peak at ~190 nm). Fig. 2B compares the change in
secondary structure of polyarginines at different dielectric constant environment. This indicates that

the degree of transition from random coil to a-helix in the low & environment is much greater for the



longer polyarginine, especially PLA554.
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Fig. 2. (A) Far-UV CD spectra of PLA554 in aqueous buffer/ethanol mixtures. The volume fraction of
ethanol was (a) 0, (b) 72, (c) 76, (d) 80 and (e) 99%, corresponding to the dielectric constant of 78, 39, 37,
35 and 25, respectively. The concentration of polyarginine was 0.3 residual mM. (B) a-Helix contents of
polyarginine calculated from [f].2 were plotted as a function of the dielectric constant of solvent.

Reproduced in part with permission from Langmuir 2011, 27, 7101. © 2011 American Chemical Society.

We next examined the structural change of polyarginine upon binding to LUV. Fig. 3 shows CD
spectra of polyarginine in the presence of SBPL LUV, demonstrating that the lipid binding induced a
slight, but significant change in secondary structure from random coil to a-helix for PLA293 and
PLA554, whereas R8 and PLAG9 still exhibited random coil or random coil-like structure. The
calculated a-helix content (4.3 and 10.8% for PLA293 and PLA554, respectively) corresponds to 13
and 60 arginines in the a-helical structure for PLA293 and PLAS54, respectively. Interestingly, from
these a-helix contents of PLA293 and PLA554, the dielectric constant environment for PLA bound
to LUV is estimated to be about 35-37 based on the dielectric analysis shown in Fig. 2B. This

suggests that PLA is bound at the membrane interface region.
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Fig. 3. Far-UV CD spectra of polyarginines bound to SBPL LUV. The phospholipid concentration was 0.5
mM. The concentrations of PLA and R8 were 0.1 and 0.4 residual mM, respectively. Reproduced in part

with permission from Langmuir 2011, 27, 7101. © 2011 American Chemical Society.

2.3. Effects of binding of polyarginine on structure of lipid membrane
To investigate the effects of binding of polyarginine on the structure of the hydrocarbon region in
SBPL membranes, we measured fluorescence anisotropy of membrane probes,
1,6-diphenyl-1,3,5-hexatriene (DPH) and N,N,N-trimethyl-4-(6-phenyl-1,3,5-hexatrien-1-yl)phenyl-
ammonium (TMA-DPH) embedded in LUV. Because DPH and TMA-DPH are located around 7.8
and 10.9 A from the hydrophobic center of lipid bilayer, respectively, the fluorescence anisotropy of
these probes reflects the fluidity of the hydrocarbon region in membrane.® As shown in Fig. 4A,
the finding that the fluorescence anisotropy value, r, of DPH and TMA-DPH in LUV was not
affected by binding of polyarginine indicates that there is no detectable interaction between

polyarginine and the hydrocarbon region of SBPL membranes in the equilibrium state.
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Fig. 4. (A) Effects of PLA binding on fluorescence anisotropy of DPH and TMA-DPH in SBPL LUV. (B)
Effects of polyarginine binding on D,O/H,O fluorescence intensity ratio and wavelength of maximum
fluorescence of dansyl-PE in SBPL LUV. Phospholipid concentration was 0.1 mM and the concentrations
of PLA and R8 were 0.1 and 0.003 residual mM, respectively. Reproduced in part with permission from
Langmuir 2011, 27, 7102. © 2011 American Chemical Society.

We next used dansyl-PE as a membrane probe for the interface region as its dansyl group is
located around 19 A from the bilayer center.¥” The wavelength of maximum fluorescence (WMF)
and deuterium isotope exchange of dansyl-PE were used to assess the degree of hydration and
packing in the interface region of LUV. The dansyl fluorophor with an exchangeable hydrogen such
as dansyl-PE is known to have a greater quantum yield in D20 relative to H2O due to a reduced rate
of proton transfer. An increase in fluorescence intensity of dansyl-PE in D,O compared to that in
H.0, therefore, indicates exposure of the probe to water, and the D,O/H20 intensity ratio reflects the
hydration or lipid packing in the interface region.®“° As shown in Fig. 4B, the binding of
polyarginine to LUV induced the decreases in the D,O/H,O fluorescence intensity ratio and WMF of
dansyl-PE, and this trend was more significant for the longer polyarginine: the order of decrease in
the D20/H20 fluorescence intensity ratio and WMF was R8 ~ PLA69 < PLA293 ~ PLA554. These
results suggest that polyarginine binds to the membrane interface region, with the degree of

membrane insertion being greater for the longer polyarginine.



2.4. ITC measurements for binding of polyarginine to lipid membrane

To further compare the interaction of polyarginine with lipid membranes, isothermal titration
calorimetry (ITC) measurements were employed. First, we measured the enthalpy of binding by
injecting polyarginine into SBPL LUV at a low arginine/lipid molar ratio (< 1/2000). Fig. 5A shows
the result of PLAS554 injections into SBPL LUV. Because of the large lipid-to-arginine ratio, the
injected PLA is likely to be almost completely bound to the membrane surface, and in fact the heats
of consecutive injections were virtually identical. The obtained binding enthalpies, AH®, expressed
as kcal per mol or residual mol of polyarginine are summarized in Table. 1. In addition that the
longer PLA exhibited much larger exothermic heat when compared per polymer molar basis, AH®
values per arginine residue of PLA were still larger than R8. This indicates that the binding of PLA
with longer chain to lipids is more exothermic process than the shorter polyarginine such as R8.

To obtain a comprehensive set of thermodynamic parameters for binding of polyarginine to lipids,
further titration calorimetry for PLA554 injected into SBPL LUV was performed (Fig. 5B). In this
condition, the enthalpy change of PLA554 binding to vesicles decreased with increasing the molar
ratio of arginine to lipid, and the binding become saturated at high arginine-to-lipid ratio.

The binding isotherm of PLA554 to SBPL LUV was derived from the results in Fig. 5B as
described.** In brief, the fraction of bound polyarginine for each injection, fy, i, was calculated

according to:

fb,i :nb,i/ni :AHi/AH (Eq. 2)

where ny,i and n; are the bound and injected molar amount of polyarginine, respectively, and AH; is
the i th enthalpy change for each titration. Then, the free polyarginine concentration, Ps, is expressed
by

R =P —R =P~ f,,xn x1000/1.3507



where Pt and Py, are total and bound polyarginine concentrations after the i th injection, respectively.
Now, binding of polyarginine to lipid vesicles is expressed by one-site binding model assuming that
polyarginine binds to discrete, equivalent, and non-interacting binding sites on the membrane

surface,

X, = R, /[outer phospholipid] = B,., P, /(K, +P;) (Eq. 9

where [outer phospholipid] was taken as 54 % of the total phospholipid concentration, which
corresponds to the theoretical fraction of lipid in the outer monolayer of spherical vesicles with a
diameter of 100 nm and a bilayer thickness of 4 nm,*! based on the assumption that polyarginine
attaches only the outer leaflet of the SBPL bilayer due to the lack of evidence showing translocation
of polyarginine across the LUV membranes.®*3! Ky and Bmax are the dissociation constant and the

maximal binding capacity, respectively. Binding data were analyzed by the Hanes-Woolf equation:

Pf/xszd/Bmax_'_Pf/Bmax (Eq.5)

From the linear regression line shown in Fig. 5C, Kq and Bmax Values for polyarginine were obtained
(Table 1). As shown in Fig. 5D, there was a good agreement between the experimental data and the

theoretical binding isotherm calculated from the obtained Ky and Bmax values.
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Fig. 5. (A) Isothermal titration calorimetry for PLA554 (5 residual mM) injected into SBPL LUV (10
mM). Each peak in heat flow chart corresponds to the injection of 5 uL aliquots of PLA554 at 25 °C.
(B) Isothermal titration calorimetry for PLA554 (20 residual mM) injection into SBPL LUV (10 mM).
Each peak in heat flow chart corresponds to the injection of 10 pL aliquots of PLA554 at 25 °C. (C)
Hanes-Woolf plot for the binding data of PLA554 to LUV. (D) Binding isotherm of PLA554 to SBPL
LUV from ITC data. The solid line is the theoretical binding isotherm calculated using Eq. 4 and
parameters listed in Table 1. Reproduced in part with permission from Langmuir 2011, 27, 7102-7103.
© 2011 American Chemical Society.
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Table 1. Thermodynamic parameters for binding of polyarginine to SBPL LUV. Reproduced in part
with permission from Langmuir 2011, 27, 7103. © 2011 American Chemical Society.

Bmax
: Ka AG® AHP TAS®
(residual mol/
. (uM) (kcal/mol) (kcal/mol) (kcal/mol)
mol outer lipid)
6.4+0.28 -95+0.1 -7.4+02 20+0.2
R8 0.13 +£0.006
(51+£2.2) (-82+0.1) (-0.90 £0.03) (7.3+0.05)
1.1+0.01 -105+01 -11x10*°£27 -1.0x10°%27
PLAG9 0.16 £ 0.002

(73 +1.0) (-80+0.1)  (-1.7+0.03) (6.4 +0.04)

0.26+0.005 -114+01 -6.9x10°+23  -6.8x10%+23
(75+ 1.6) (-8.0+0.1) (—2.4 +0.06) (5.6 +0.07)

PLA293 0.15+0.003

0.093+0.001 -12.0+0.1  -1.3x10°+38  -1.2x10°+38
(52 + 1.0) (-8.2+0.1) (-2.3+0.05) (6.0 + 0.06)

PLA5S54 0.16 + 0.002

Values in parenthesis are represented per arginine residue in polyarginine.

The Gibbs free energy AG® and entropy AS° for binding of polyarginine to LUV were calculated by

the following equations:

AG®=—-RT In555(1/K,) 0.6

TAS®=AH°-AG° (Eq.7)
where the factor 55.5 represents the molar concentration of water and corrects for the cratic
contribution to the binding event.*? The resultant all thermodynamic parameters are summarized in
Table 1. Although the binding parameters per polymer molar unit were quite different among
polyarginines, the binding affinity (Kq) and the binding maximal capacity (Bmax) per arginine residue
unit are almost similar even including R8. In addition, the binding of polyarginine to lipids is
enthalpically driven in which the AH® value greatly increases with increase in the chain length when
analyzed by polymer molar unit. However, based on the analysis per arginine residue unit, the

binding of polyarginine to SBPL LUV was found to be entropically driven in which the contribution

11



of enthalpy to the free energy of binding of polyarginine to lipids increases with increasing the chain

length of polyarginine.

2.5. Translocation of polyarginine into giant vesicles

Confocal laser scanning microscopy measurements were performed to monitor the ability of
polyarginine to translocate across SBPL membranes in giant vesicles. Fig. 6A shows the confocal
laser scanning images of 5(6)-carboxyfluorescein (FAM)-labeled PLA293, 60 min after being
added to giant vesicles, together with histograms of the relative fluorescence intensity between the
periliposomal membrane region and the liposome inner phase (Fig. 6B). Fig. 6C summarizes the
result of the statistical analyses for the differences in fluorescence intensity of FAM-labeled
polyarginines between the inner and outer phases of giant vesicles. These results demonstrated that
all polyarginines translocate into giant vesicles and the tendency of polyarginine to translocate
membranes is on the order of R8 ~ PLAG9 < PLA293 ~ PLAS54. Interestingly, this order is
consistent with the tendency to form a-helical structure upon lipid binding (Fig. 3) and the degree of

insertion into the membrane interface region (Figure 4B) for polyarginine.

12
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Fig. 6. (A) Confocal laser scanning images of FAM-labeled PLA293 added to SBPL giant vesicles (0.5
mM) at 60 min. (B) Histograms showing the relative fluorescence intensity between the periliposomal
membrane region and the liposome inner phase. (C) The difference in FAM fluorescence intensity
between the inner and outer phases of giant vesicles. The statistical analyses were taken from 5-10
vesicles. The concentrations of PLA and R8 were 0.3 and 0.015 residual mM, respectively. Reproduced in

part with permission from Langmuir 2011, 27, 7104. © 2011 American Chemical Society.

2.6. Mechanism of membrane penetration of polyarginine

Given that such structural changes of polyarginine from random coil to a-helix tend to occur for
the longer chain polyarginines (Fig. 2B), the insertion of PLA293 or PLA554 into lipid membranes
is expected to be more significant compared to R8 or PLAG9 since the formation of intra- or
inter-molecular hydrogen bonding of peptides drives the insertion of peptides into the interface or
hydrocarbon regions of lipid membranes.”® Supporting this, the hydration and packing of the

membrane interface region is strongly affected by polyarginines (Fig. 4B), indicating that

13



polyarginine interacts with the membrane interface region. In addition, the finding that this
interaction is greater for the longer polyarginine (Fig. 4B) suggests that the a-helix formation upon
lipid binding facilitates the insertion of polyarginine into the membrane interface and causes the
dehydration in this region.

Interestingly, there is same trend between the membrane perturbation and the ability of
polyarginine to translocate lipid membranes in the order of R8 ~ PLA69 < PLA293 ~ PLA554 (Figs.
4B and 6). The free energy of transfer of PLA554 from water to the zwitterionic lipid bilayer
interface is estimated to be 0.81x554 ~ 449 kcal/mol of PLA since the Gibbs free energy of transfer
of arginine residue from water to lipid bilayer interface is ~0.81 kcal/mol by the Wimley-White
scales.*** This indicates that despite of the large cost of the free energy of transfer to the
hydrophobic environment polyarginine can translocate across the lipid membranes such that it binds
to the lipid surface via electrostatic interactions, followed by the change in the secondary structure
and the perturbation of the membrane structure. As a direct penetration mechanism of arginine-rich
CPPs, recent experimental and molecular modeling analyses have proposed that the interaction of
arginine-rich CPPs with lipid membranes induces the negative membrane curvature, leading to the
formation of transient membrane pores.**>! It is possible that polyarginine moves across SBPL
membranes via such a process, but the longer polyarginine such as PLA554 may have stronger
effects on the membrane curvature than shorter polyarginine such as R8. In addition, it should be
noted that despite small increases in a-helix content of PLA293 and PLA554 upon lipid binding, the
a-helical residues of both PLA (13 and 60 arginines) are likely to be enough for the minimum length
required for transmembrane helices.

ITC measurements demonstrated that binding of polyarginine to SBPL LUV is accompanied by a
large exothermic heat (Fig. 5), indicating that the binding of polyarginine molecule to anionic lipid

vesicles is enthalpically favorable (Table 1). Interestingly, based on the analysis per arginine residue

14



unit, the contribution of the enthalpy of the lipid binding of polyarginine to the free energy of
binding increases with increasing the chain length of polyarginine whereas the free energy and the
maximal capacity of binding are almost similar among all polyarginines (Table 1). In addition, the
finding that the favorable enthalpy of binding of polyarginine to lipids increases from —0.9 to —2.4
kcal/mol of arginine residue depending upon the chain length of polyarginine (Table 1) suggest that
the greater insertion of polyarginine into the membranes is enthalpically favorable process perhaps
because it increases van der Waals interaction between polyarginine and membrane lipids.

To estimate the contribution of non-electrostatic interactions, i.e. hydrogen bonding, van der
Waals interaction, hydrophobic interaction, to the binding of polyarginine to anionic vesicles, we
treated the data with the surface partition equilibrium model (see Appendix).>? Based on the data
listed in Table 1, the non-electrostatic contribution to the binding free energy of polyarginine to
SBPL LUV was estimated to be about —6 kcal/mol of arginine residue, corresponding to ~75 % of
total free energy of binding of polyarginine: such a relatively large contribution of the
non-electrostatic interaction to the binding of polyarginine to anionic vesicles has been also reported
by other groups.>*** One possible explanation for the large non-electrostatic component in the lipid
binding of polyarginine is the special hydrogen bonding properties of the guanidino group of
arginine residue with phosphate group, which would facilitate a greater non-electrostatic interaction
with the membrane interface layer. In this regard, in addition to the electrostatic interaction,
non-electrostatic interactions such as hydrogen bonding, van der Waals interaction, and hydrophobic
interaction, appear to play a role in the lipid binding and the membrane translocation processes of

polyarginine as well as secondary structure of the polypeptides (Fig. 7).
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Fig.7. Proposed mechanism for membrane penetration of polyarginine. Positively charged polyarginines
electrostatically bind to negatively charged lipid membrane, followed by non-electrostatic interaction
with the lipid membrane in which hydrogen bonding, van der Waals interaction, and hydrophobic
interactions occur. Such lipid interactions induce the transition from a random coil to the a-helix structure
of the longer polyarginine, whereas no structural change was observed for the shorter polyarginine. As a
result, the formation of a-helical structure upon lipid binding drives the insertion of polyarginine into the
membrane interior, which enhances the membrane penetration of polyarginine. Reproduced in part with

permission from Langmuir 2011, 27, 7099. © 2011 American Chemical Society.

2.7. Stronger membrane interaction of polyarginine than polylysine

In this section, we made a comparative study of the interaction of PLA and PLL having similar
chain length with lipid membranes. Described as previous section 2.6, the formation of intra- or
inter-molecular hydrogen bonding of peptides drives the insertion of peptides into the interface or
hydrocarbon regions of lipid membranes. CD measurements using 2,2,2-trifluoroethanol (TFE),
which is used to examine the propensity to form a-helix structure of polypeptides,>>* clearly
demonstrated that PLA293 has a greater propensity to form a-helix structure than PLL (Fig. 8A). In
addition, ATR-FTIR (Fig. 9) spectral analyses indicate that the binding of PLA293 or PLL from the
aqueous phase to the SBPL membrane results in the conformational transition to the a-helix structure
in which the change in secondary structure of PLA293 is prior to PLL (Table 3). From these results,

it is likely that PLA293 has a greater tendency to change the secondary structure upon lipid binding

16



than PLL. These results suggest that the degree of membrane insertion (or binding behavior) of
polypeptides is dominated by not only electrostatic interactions but also the secondary structural
change of polypeptides. It is plausible that the stronger interaction of arginine residue with
negatively charged phospholipid membranes compared to lysine residue facilitates the

conformational change in polypeptide, resulting in the peptide insertion into lipid membrane interior

and the perturbation of the membrane structure.

>
70 =
= cof TPLA g 20000
< — T
= 50 PLL C 2 10000
- ©
£ 4l = 55 J
o " ISR T S-S Nt
% 5 25 o000
X " . .
3 204 e 28
' - 2 = 20000+
3 101 (A) rl E:E = (B)
0 r r - - £ -30000 r r ' T T
0 75 80 99 190 200 210 220 230 240 250
TFE (%) Wavelength (nm)

Fig. 8. (A) a-Helix contents of PLA293 (PLA) and PLL calculated from [ )22 were plotted as a function
of volume fraction of TFE. (B) Far-UV CD spectra of PLA293 (PLA) and PLL in the presence of SBPL
LUV. The phospholipid concentration was 0.33 mM. The concentrations of PLA293 and PLL were 0.1
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Fig. 9. ATR-FTIR spectra of PLA293 (PLA) or PLL bound to SBPL LUV.
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Table 3. Frequencies and assignments of amide I component for PLA293 and PLL bound to SBPL LUV.

Assignment to secondary Frequency Amide | component (%)
structure element (cm?) PLA293 PLL

a-helix 1655-1657 26 15
1624-1642

B-sheet 6 6 21 31
1691-1696

Contributions such as 1667-1685 38 7
B-turn and side chain 1600-1618

random coil 1646-1650 15 47

ITC measurements demonstrated that the binding of PLA293 and PLL to SBPL LUV are

accompanied by a large exothermic heat (Fig. 10), indicating that the binding of the positively

charged polypeptides to anionic lipid membranes is enthalpically driven (Table 4). In addition, the

contribution of the enthalpy of lipid binding of peptides to the free energy of binding was larger for

PLA293 than PLL, whereas the free energy and the maximal capacity of binding are similar between

PLA293 and PLL. Thus, compared to PLL, it is considered that the insertion of PLA293 into the

membranes is more enthalpically driven through non-electrostatic interactions between PLA293 and

membrane lipids, whereas this process is more entropically inhibited by the conformational

constraint of PLA293 and lipid molecules on the membrane surface. Such an enthalpy-driven

partitioning, referred to as the “non-classical” hydrophobic effect, appears to be a unique feature of

solute-bilayer interactions and this behavior of arginine to lipid membranes was reported by other

groups.
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Fig. 10. ITC for PLL injection into SBPL LUV. Each peak in heat flow chart corresponds to the
injection of 10 pL aliquots of PLL (20 residual mM) at 25 °C. The phospholipid concentration of
SBPL LUV was 10 mM.

Table 4. Thermodynamic parameters for the interaction of PLA or PLL with SBPL LUV obtained by ITC

measurements?

Bmax Kd AG° AH° TAS®

(residual mol/

o (uM) (kcal/mol) (kcal/mol) (kcal/mol)
mol outer lipid)

026+0.005 -114+01 -69x10°+23  —6.8x102+ 23
(75+16)  (-8.0+0.1) (-24+006)  (5.6+0.07)

PLA293P 0.15+0.003

0.12+0.017 -11.8+0.1 -3.1x10°+16 —3.0x10%+20
(33+4.4) (-8.5+0.1) (-1.2 £0.07) (7.3+0.08)

PLL 0.15£0.001

@Values in parenthesis are represented per amino acid residue in polypeptide.
®Data from Table 1.

Our finding of the more favorable enthalpy change in membrane interaction of PLA293 than
PLL provides insights into the cell entry mechanism of CPPs, not only in the direct penetration, but
also in the biological uptakes (i.e. endocytosis). To obtain therapeutic activity of delivered
macromolecules using CPPs, the macromolecule-CPP complex has to be escaped from endosome by
the CPP-lipid membrane interactions. The stronger enthalpy-driven partitioning of PLA293 with

negatively charged lipids would induce the perturbation and destabilization of lipid membranes,
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leading to the endosome disruption. Indeed, it is reported that the surface modification of lipid
nanoparticles with octaarginine has a greater ability to escape from endocytic vesicles after cellular

uptake compared to octalysine.’

2.8. Appendix

The surface partition equilibrium model considers that the charged peptide such as polyarginine
partitions into the lipid membrane from the membrane surface without assuming a specific
interaction between peptide and lipids. Therefore, the binding of polyarginine is described as the

following equation:

X, = K,P, =K P exp(-Z,Foy/RT) (A1

where K; is the chemical partition coefficient, Z, is the effective charge of the peptide, ¥ is
membrane surface potential, Fo is the Faraday constant, and RT is the thermal energy. The advantage
of this model is that by replacing the bulk concentration of polyarginine (Ps) by its interfacial
concentration (Ps), it can account for the enhanced surface concentration of polyarginine induced by
the negative electrostatic potential of the lipid membrane. At the point of charge reversal (that is,
potential of the lipid membrane reaches zero), the surface concentration is identical to the bulk
equilibrium concentration, which allows a straightforward estimation of the binding constant, Ky, as

following equation®*:

_ sat sat
Kp - Xb /Ps (Az)

where Xp® and P are the X, and Ps when ¢ potential equals zero, respectively. Subsequently, we
can approximate the nonelectrostatic free energy of binding of polyarginine to lipids using the
equation,

AG, g =—RT In55.5K

nonel

(A3)
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3.  KINETICS OF NON-ENDOCYTOTIC
MEMBRANE TRANSLOCATION OF
OCTAARGININE BY REAL TIME IN-CELL NMR
SPECTROSCOPY

3.1. Introduction

So far, no reports have succeeded in the quantitative observation of membrane translocation
processes of CPPs in situ.® How much and how fast CPPs translocate into cell inside remains still
unsolved. To well understand the translocation mechanism, it is crucial to establish the
quantificational method without perturbing the system.

Almost all previous studies have relied upon the fluorescent labeling of CPPs or delivered cargo.
Despite the high sensitivity, fluorophores strengthen the interaction of CPPs with lipid
membrane,®®%! induce photodamage of lipid bilayer membranes,®® facilitate the uptake into the
cell,® and modify the cellular distribution of the CPP.°%2 Fluorophores change the structural
flexibility and conformation of CPP.®® Recently, an innovative MALDI TOF-MS quantification
method using biotin-avidin interaction has been devoloped.®*% Although the biotinylated CPP as
low as femtomole order has been quantified after incubation with cells, the method has missed the
information about the real time processes of CPP uptake, rendering the kinetics of membrane
translocation not available.

In this chapter, we develop a new methodology to quantify the Kkinetics of non-endocytotic
membrane translocation of R8 peptide as CPP into natural living cells by using real time in-cell
solution NMR spectroscopy. By introducing 4-trifluoromethyl-L-phenylalanine (4CFs-Phe) to N

terminus of R8, the direct membrane translocation of °F-labeled R8 (*°F-R8) into human myeloid
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leukemia cells (HL60) is observed by **F NMR with a time resolution of minute-order. *F NMR is
advantageous because it is sensitive and no backgrounds are present in the cell. It enables us to make
a quantitative (concentration) analysis in relation to the molecular dynamics of biological interest
without perturbing the system.®”~’° To validate our NMR Kinetics study, we also confirmed the

19F-R8 uptake to the HL60 cytosol using membrane solubilization and centrifugation techniques.

3.2. Real time in-cell **F NMR spectra measurement

Fig. 11A shows the real time in-cell **F NMR spectra of °F-R8 in PBS (0 min) and 4, 6, 8, 10,
12, 14 and 16 min after the addition to the HL60 cell at 4 °C, at which no endocytosis occur.”* The
signal at -62.20 ppm is assigned to the '°F nucleus of 4CFs-Phe at the N terminus of R8. It is found
that the signal is broadened and moves to the low magnetic field within the first 4 min. We call it the
state I. After 6 min, the signal comes back to the high field and becomes sharper (the state I). This is
due to that the low field component gradually decreases in intensity during the period from 4 to 6
min. After 8 min, however, the peak top of the signal slightly moves to the lower field again (the
state I11). No further change is observed in the °F-R8 signal after 10 min and later.

As mentioned above, the time-dependent spectral changes in Fig. 11A imply that at least three
different states of '°F-R8 are present after the addition to the cell. It is convenient to see the
difference spectrum to distinguish the states I, I, and I1I clearly. The difference spectrum analysis is
useful in the present study because the integral intensity of °F-R8 is conserved all the time, meaning
no degradation of '°F-R8 occurred by the presence of HL60. By subtracting the spectrum of °F-R8
in PBS (0 min) from each spectrum after 4, 6, 8, 10, 12, 14 and 16 min with cell, we obtain the
respective difference spectrum as shown in Fig. 11B.

The time course of the difference spectra shows that, actually, three components of °F-R8

appear after 1°F-R8 is added to the cell, in addition to the free component at -62.20 ppm. At first, the
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two peaks are observed at -62.19 and -62.21 ppm after 4 min. These are finally assigned to '°F-R8
that are bound to GAG (GAG) and °F-R8 interacting with the cell membrane (Membrane) in Fig.
11B. Afterwards, the third peak appears at -62.205 ppm after 6 min and increases in intensity after 8
min; see asterisk in Fig. 10B. We assign this peak to '°F-R8 in cytosol (Cytosol) after crossing the
membrane. It is noted that the above-mentioned peak assignments are reasonable in view of the
following *°F NMR observation. The first 1°F NMR result is that the chemical shift of °F-R8 moves
toward the low magnetic field as compared to °F-R8 in PBS when *°F-R8 is mixed with heparin; see
Fig. 12A. Because heparin is frequently used as a model of GAG,”>”" it is reasonable to assign the
broad component at -62.19 ppm to *°F-R8 that is bound to GAG. The assignment corresponds well
with the previous consensus that R8 at first contacts GAG at the cell surface by the electrostatic
interaction.®® The second *°F NMR observation is that the *°F NMR signal moves to a high magnetic
field where *°F-R8 interacts with the lipid bilayer membrane, in contrast to the electrostatic °F-R8
binding to GAG. As illustrated in Figure 12B, we find that the °F-R8 signal shifts to a high field
after the binding to large unilamellar vesicle of egg phosphatidylcholine (EPC) and egg
phosphatidylglycerol (EPG). The result is consistent with the observation that the chemical shift of
the F NMR signal moves to the higher magnetic field when °F molecules are in a hydrophobic
environment.”®8 Thus we assign the peak at -62.21 ppm to '°F-R8 in the membrane. Finally, it is
reasonable to assign the third peak at -62.205 ppm (*) as '°F-R8 in cytosol, considering that the peak
comes back to the lower magnetic field because cytosol is a rather hydrophilic environment as

compared to the cell membrane.
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Fig. 11. Real time in-cell *°F NMR (A) and difference spectra (B) of 80 uM *°F-R8 in PBS (0 min), and 4,
6, 8, 10, 12, 14 and 16 min after the addition to HL60 at 4 °C. The top spectrum (Free) in (B) shows the
F NMR spectrum of °F-R8 in PBS (0 min). In (B), 4 components of *°F-R8 in cell outside (Free),
bound to GAG, bound to cell membrane (Membrane), and in cytosol (Cytosol) are designated by the
dotted lines. Real time in-cell °F NMR (C) and difference spectrum (D) of 100 uM °F-T6 in PBS (0
min), and 16 min after the addition to HL60 at 4 °C. The upper spectrum in (D) shows °F-T6 in PBS (0

min).
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To verify the reliability of the analysis, the real time in-cell °F NMR spectra of
membrane-impermeable human lens aA-crystallin fragment called PE-T6
(TV-(4CF3-Phe)-DSGISEVR) were also observed. As shown in Fig. 11C and 11D, no changes were
found in the *°F NMR spectrum nor the significant difference spectrum of *°F-T6 even 16 min after
the addition to HL60. The situation is a sharp contrast to °F-R8 where the translocation is already
under equilibrium. The spectrum of *°F-T6 was not changed even after 46 min (data not shown). The
result demonstrates that no interaction occurs for °F-T6 in the presence of HL60. This is also
supported by no spectral change of °F-T6 in the presence of heparin (Fig. 12C), indicating no

binding to GAG at the HL60 cell surface.
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Fig. 12. F NMR spectra of 80 uM °F-R8 in the presence and absence of 80 uM heparin (A) and 40 mM
EPC/EPG hilayers (B) at 4 °C. The spectra of 100 uM °F-T6 in the presence of 200 uM heparin is also

shown in (C) for comparison.
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3.3. Kinetics of direct membrane translocation of !F-labeled
octaarginine

In this section, we develop the kinetically-based procedure to analyze the non-endocytotic cell
membrane translocation of °F-R8 in situ. By using the signal intensities of the real time °F NMR
difference spectra (Fig. 11B), the quantities of four °F-R8 components, Free, GAG, Membrane, and
Cytosol can be evaluated as a function of time. Fig. 13 quantifies how the concentration of each

19F-R8 component varied after the addition to HL60.

80
A A A
A

= 60 - A
E
c
°
T
c 40
[«}}
Q
c
)
Q

20

®
]
m= & € = &
‘7_4/"—'_—‘_ﬁ
0 € & *—0 ‘
0 5 10 15 20
Time (min)

Fig. 13. Real time changes of "F-R8 concentrations in cell outside (Free, triangle), bound to GAG
(circle), bound to cell membrane (square), and in cytosol (diamond) of HL60 at 4 °C. Symbols
represent the experimental values. Solid lines are the calculated ones from the improved Euler method,

by using the obtained rate constants K, k.1, Ko, K2, ksand k.3 in Table 5.
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Here, the kinetic model for the direct membrane translocation of 1°F-R8 could be written as,

ky k, ks
[Free] & [GAG] & [Membrane] & [Cytosol]
k, k, k.,

where ki, ki, ko, ko, ks and ks are the rate constants of the °F-R8 binding to GAG (ki), the
dissociation from GAG (k.1), entry from GAG to cell membrane (k2), from membrane to GAG (k-),
from membrane to cytosol (ks), and from cytosol to the membrane (k). According to this model, the

respective fractions of 1°F-R8 should be given by the set of differential equations as,

% — _k[Free] + k,[GAG]
% =k [Free] -k, [GAG]-k,[GAG] + k ,[Membrane]
d [Mer:jl:)rane] =k,[GAG] -k_,[Membrane] - k;[Membrane] + k_,[Cytosol]
d[Cytosol] _ k;[Membrane] -k _,[Cytosol]
dt (Eq. 8)

where [Free], [GAG], [Membrane] and [Cytosol] are the concentrations of °F-R8 in PBS, bound to
GAG, in membrane, and in cytosol, respectively. On the other hand, d[Free]/dt, d[GAG]/dt,
d[Membrane]/dt, and d[Cytosol]/dt are given by derivation of the fitting curves in Fig. 13. Here, the
fitting curves were calculated by using 4th to 6th-order polynomial equations with the range of

0<t<16min. Also, we used the relations between ki, k1, ks, and k.3 at equilibrium as

- 1[Free]eq + k—l[GAG]eq =0 (Eq. 9)

and

ks[Membrane],, —k 3[Cytosol],, =0 (Eq. 10),

where [Freeleq, [GAG]eq, [Membrane]eq and [Cytosol]eq are the concentrations of the respective
components in the equilibrium state (t >12min ). The rate constants ki, k-1 k2, k-2, ks, and k.3 thus

calculated are listed in Table 5.

27



Table 5. Rate constants (ki), equilibrium constants (Ki), and Gibbs energy changes (AG;) in the
membrane translocation processes of 1°F-R8 to HL60. Here i stands for the processes of 1°F-R8 binding to
GAG (i = 1), from GAG to membrane (i = 2), and from membrane to cytosol (i = 3), respectively. The

probability P; of finding the i th system with the energy E; at thermal equilibrium in canonical ensemble is

also listed.
.1 A(-;I P|><100
Process K.i (min™) K; E; (kJ/mol)
(kJ/mol) (%)
Ky
Bound to 0.19+0.04
K: 0.059 AG; 6.5 E 6.5 P, 5.6
GAG K4
3.2+0.6
k2
GAG to 7.5+2.0
K, 1.8 AG, -1.4 E 5.1 P, 99
membrane K.,
4.1+1.0
ks
membrane 0.31+0.06
Ks; 1.0 AG; 0.0 E 5.1 P; 9.9
to cytosol ks
0.31+0.06

From the results, it is found that the binding of °F-R8 to GAG is the slowest, with the rate
constant k; at 0.19 mint. Although the binding to GAG is rate-limiting, the uptake to the lipid
membrane proceeds most rapidly (k. at 7.5 min™). This is because the positive charge of R8 will be
cancelled by the anionic GAG at the cell surface. In contrast, the entry into cytosol from the
membrane is more than one order of magnitude as slow as the penetration into the membrane, as
demonstrated by the rate constant ks at 0.31 min. It should be noted that the reverse movement
from cytosol to the membrane occurs as frequently as the entry into the cytosol; notice that the rate
constants k-3 and ks are found to be equal within the experimental error. The plausible mechanism of

R8 entry into cytosol across the membrane will be described later in detail.
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To confirm the validity of the obtained rate constants, we attempted to calculate the time course
of the concentrations of each R8 component numerically by using the obtained rate constants ki, k.1,
ko, k-2, ksand k.3 in Table 5. For the numerical calculation, the improved Euler method was applied.
In Fig. 13, the calculated variations of the respective R8 concentrations are also shown as the solid
lines. Each line is found to approximately reproduce the experimental values of R8 concentrations as
a function of time, by which the reliability of the present analysis is shown.

For a better understanding of the mechanism of °F-R8 translocation into HL60, the equilibrium
constants, Ki= ki/k.i and the Gibbs energy changes, AG; for the ith process (i = 1, 2, and 3) are
estimated and listed in Table 5. Obviously, the uptake of °F-R8 from GAG to membrane is
energetically favorable (AG, = -1.4 kJ/mol). The neutralization of cationic °F-R8 by the negatively
charged GAG accelerates the insertion into the cell membrane via non-electrostatic interactions such
as hydrogen bonding, van der Waals force, and the hydrophobic effect as discussed in chapter 2.

Table 5 also shows that no energy is required for the translocation from membrane to cytosol (i=
3). No energy difference was found between °F-R8 in the membrane and in the cytosol. This is
closely related to the translocation mechanism that R8 spontaneously induces the negative
membrane curvature to enter cytosol easily through the water-abundant part of the membrane, the
detail of which will be discussed later.

The kinetic results are further validated by using the Boltzmann population formula (Eq. 11):

exp(-E; /RT)
J. =
D exp(-E; /RT) (Eq. 11)

This equation expresses the probability P; of finding the j th system with the energy of E; at thermal
equilibrium in canonical ensemble. The denominator is called as the partition function. With the free

state of 1°F-R8 outside HL60 as the reference, Eq. 11 can be rewritten as
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_ exp(-E;/RT)
' 1+ exp(-E, /RT)

(Eq. 12)

In Eq. 12, the statistical weight of the °F-R8 outside HL60 is 1, that means E = 0, and i (= 1, 2, and
3) corresponds to the process of 1°F-R8 translocation as listed in Table 5. Under these conditions, E;
is derived from the values of AG; (Table 5). Moreover, we can calculate the amounts of °F-R8
bound to GAG, bound to membrane, and in cytosol of HL60 at equilibrium by assigning i = 1, 2 and
3to Eq. 12, respectively.

It is found that the probabilities of °F-R8 lying in the respective processes of translocation, Py,
P, and P3 are 5.6, 9.9, and 9.9%, respectively (Table 5). Since the total amount of °F-R8 is 80 uM,
this means that 4.5 pM of °F-R8 is bound to GAG, 7.9 uM of '°F-R8 is penetrated into the
membrane, and 7.9 pM of '°F-R8 is translocated into cytosol under equilibrium. These values are in
good agreement with the experimental ones in Fig. 13 in the equilibrium state (t >12 min).

Our findings suggest that the direct translocation probability of °F-R8 is low due to impaired
membrane fluidity at 4 °C. In fact, we have recently clarified that the protrusion of phospholipids,
which is the fluctuation of the molecules in the vertical direction to the membrane lipid bilayer
surface, is inhibited in the fluid phase at low temperature. From this point of view, the membrane
fluctuation is crucial for the direct membrane translocation of CPPs, and the membrane perturbation

such as transient toroidal pore generation in cell membrane for the mechanism is feasible.

3.4. Distribution of °F-labeled octaarginine after cell membrane
solubilization and centrifugation

In the previous section, we have succeeded in analyzing the kinetics of the non-endocytotic
translocation of °F-R8 to the cell inside. It is crucial, however, to confirm that '°F-R8 is actually

transferred to the HL60 cytosol across the cell membrane. For this purpose, the final distribution of
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19F-R8 was evaluated after equilibrium was attained in the real time NMR measurement. Membrane

solubilization and centrifugation techniques were combined in accordance with the scheme 1.

Sample )
after real-time NMR +Lysis buffer A
(containing 1% TritionX-100)
1500xgat4 C ISmmonlce 15, 000><g at4°C
=)
F-NMR
(supernatant, I) geJ pellet, i Solubilization
supernatant, Il
supernatant, Il .
100000xg at 4 °C 19F_NMR
(Cytosol)
Pellet, Pellet, iii
ellet, ii +Lysis buffer A
+Lysis buffer A & B 19|= NMR ¥
- - (Lysate)
19F_NMR 19F-NMR
(DNA & cytoskeleton) (Membrane)

Scheme 1. Solubilization and centrifugation procedures for steady-state NMR measurements.

First, we examined how much of *°F-R8 was finally bound to the cell. In Fig. 14A, the *F NMR
spectra of °F-R8 in the supernatant | after the centrifugation is compared with total °F-R8 as a
control. The *°F NMR signal intensity of the supernatant corresponds to °F-R8 that is still in a free
(unbound) state under equilibrium. It is found that 77 % of °F-R8 was in a free state. The value is
consistent with the result of the real time in-cell NMR spectra showing about 75% (60 uM) of
1%F-R8 is remaining in a free state after the equilibrium is attained (Fig. 13). Next, to confirm that
1%F-R8 is actually bound to HL60 cell, the cell pellet i was solubilized by lysis buffer containing 1%
Triton X-100. After the centrifugation, the supernatant Il was subject to *°F NMR measurement. The

spectrum is shown in Fig. 14B as Lysate, and 13% of the initial *°F-R8 was detected.
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Fig. 14. (A) °*F NMR spectra of °F-R8 in PBS (Control) and the supernatant | after the real time in-cell
F NMR measurement. (B) *°F NMR spectra of °F-R8 fractions separated by solubilization and

centrifugation in accordance with Scheme 1.

It is considered that 3 components of °F-R8 are contained in the Lysate. They include '°F-R8
bound to GAG, F-R8 bound to lipid membrane, and °F-R8 in cytosol. We selected these
components as the supernatant 111 and the pellet iii by centrifuging the Lysate at 100,000 X g. The
former consists of *°F-R8 in cytosol, and the latter °F-R8 bound to GAG or the lipid membrane; see
Scheme 1. The **F NMR spectrum of the supernatant 111 shows that the signal of '°F-R8 is observed
in the cytosol fraction; see Fig. 14B. The result is valuable because it demonstrates the permeation of
1%F_R8 to the cytosol through the HL60 membrane. On the other hand, the '°F-R8 in the membrane
fraction is found to be within the experimental error at an equilibrium state.

As °F-R8 is cationic, it is possible that °F-R8 is finally bound to DNA in the HL60 nucleus. We
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explored whether °F-R8 was bound to DNA or cytoskeleton by solubilizing the pellet ii in
accordance to Scheme 1. As shown in Fig. 14B, the F NMR signal of 1°F-R8 was undetectable in
the DNA & cytoskeleton. This may be due to that the binding of '°F-R8 to cellular component is too
tight to solubilize by Triton X-100. In such case, the intensity of the NMR signal is underestimated
by the signal broadening. Now, our theoretical calculation for the amount of the translocation into
cytosol of °F-R8 is validated with experimental quantification by HL60 membrane solubilization
and centrifugation technique. Our findings also suggest that direct translocation probability of
1F-R8 is low due to impaired membrane fluidity at 4 °C. In fact, we have recently clarified that the
protrusion of phospholipids, which is the fluctuation of the molecules in the vertical direction to the

membrane lipid bilayer surface, is inhibited in the fluid phase at low temperature.5!

3.5. Mechanism of non-endocytotic translocation of octaarginine

In this chapter, the real time in-cell NMR spectroscopy was applied to quantify kinetics of
non-endocytotic membrane permeation of R8 as a CPP into natural living cells. The °F NMR
successfully detected the real time R8 translocation: the binding to glycosaminoglycan (GAG) at the
cell surface, followed by the penetration into the cell membrane, and the entry into the cytosol after
crossing the membrane. The Kkinetics showed the slow binding of R8 to GAG with the rate constant
at 0.19 min. Once the cationic nature of R8 was cancelled by anionic GAG, however, the uptake to
the lipid membrane proceeded most rapidly (7.5 min™). In contrast, the rate constant of the entry into
cytosol was 0.31 min, more than one order of magnitude as slow as the penetration into the
membrane. Almost no energy was required, however, for the entry of cationic R8 into cytosol across
the hydrophobic membrane. These results suggest that the mechanism for non-endocytotic
membrane translocation of cell-permeable octaarginine is transient toroidal pore model (Fig. 15).

Note that, the lifetime of the transient pore formed by CPPs is much lower than that of toroidal pore
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formed by cytotoxic amphiphatic antimicrobial peptides.®2®* Thus, it is known that CPPs do not
exhibit the cytotoxicity.2®>#® Consistent with this, no cell cytotoxicity, assessed by the trypan blue

staining after the NMR measurement, was observed as descried in section 6.9.
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Fig. 15. The kinetic model and proposed mechanisms for the non-endocytotic direct membrane
translocation of °F-R8. The mechanism of *°F-R8 translocation into cell is considered as: the binding to
glycosaminoglycan (GAG) at the cell surface, followed by the penetration into the cell membrane, and the
entry into the cytosol with transient destabilization of lipid membrane to enter cytosol easily through the

water-abundant part of the membrane.
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4.  CONCLUSIONS

Although non-endocytotic direct cell membrane translocation is considered as an alternative to
endocytosis, the internalization mechanism of cationic CPPs across hydrophobic cell membranes is
still controversial. In this thesis, the mechanism of membrane penetration of polyaginine was
investigated from physicochemical aspects.

The results in chapter 2 demonstrated that polyarginine binds to the membrane interface region,
with the degree of insertion being greater for the longer polyarginine. Such lipid interaction induces
the transition from a random coil to the a-helix structure of the longer polyarginine whereas no
structural change was observed for the shorter polyarginine. In addition, favorable enthalpic
contribution to the energetics of lipid binding of polyarginine increases with the increase in the
polymer chain length. On the basis of these observations, it appears that the enhanced ability of the
longer polyarginines to translocate lipid membranes is due to their greater perturbation of the
membrane structure. Thus, the formation of a-helical structure upon lipid binding drives the
insertion of polyarginine into the membrane interior, which enhances the membrane penetration of
polyarginine.

To our best knowledge, real time in-cell NMR study in chapter 3 is the first report demonstrating
the quantitative physical parameters for the direct translocation process of cell penetrating °F-R8 in
cells in situ. Our methodology quantitates the rate constant, equilibrium constant, change in Gibbs
energy, and even the amount of transmitted CPP into cytosol of HL60 cells. Our theoretical
calculation for the amount of the translocation into cytosol of °F-R8 is also consistent with
experimental quantification. Based on these results, the mechanism of octaarginine translocation into
cell is considered as follows: octaarginine binds to glycosaminoglycan at the cell surface, followed
by the penetration into the cell membrane with transient destabilization of membrane structure,

resulting in entry into cytosol easily through the water-abundant part.
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5. MATERIALS

Poly-L-arginine (PLA) hydrochloride with averaged degree of polymerization determined by
viscosity measurements of 69, 293, or 554 (averaged molecular weight is 13,300, 56,400, or 106,800,
respectively), Poly-L-lysine hydrobromide with averaged degree of polymerization determined by
viscosity measurements of 266 (averaged molecular weight is 55,600), soybean phospholipid
(SBPL) and dipalmitoylphosphatidylglycerol (DPPG) were purchased from Sigma-Aldrich (Japan).
SBPL contains phosphatidylcholine (40%), phosphatidylethanolamine (30%), phosphatidic acid
(15%), phosphatidylinositol (4%), cardiolipin (5%), and others. Egg phosphatidylcholine (EPC,
>96% pure) and egg phosphatidylglycerol (EPG, >95% pure) were obtained from NOF
CORPORATION (Tokyo, Japan). Heparin sodium salt (from porcine intestinal mucosa; average
molecular weight, 18,000 Da) was purchased from SIGMA (St. Louis, MO).
Diphenyl-1,3,5-hexatriene (DPH), 1-[4-(trimethylamino]phenyl]-6-phenylhexa-1,3,5-triene
(TMA-DPH), and dansyl-PE were purchased from Molecular Probes (Eugene, OR).
2,4-Bis-(N,N’-di(carboxymethyl)aminomethyl)fluorescein (calcein) and 5-(and
6-)-carboxyfluorescein (FAM) succinimidyl ester were purchased from Invitrogen (Carisbad, CA).
Octaarginine (R8), FAM-labeled R8, and '°F-labled R8 were synthesized manually by Fmoc
solid-phase  chemistry ~as  described® A fragment  peptide, called °F-T6
(TV-(4CF3-Phe)-DSGISEVR), from human lens oA-crystallin® was synthesized by Fmoc
solid-phase chemistry using an automated solid-phase synthesizer (PSSM-8; Shimadzu, Kyoto,
Japan). The purity of each peptide was confirmed to be >95% by reversed-phase high-performance
liqguid chromatography and mass spectrometry. All other reagents were special grade and used

without further purification.
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6. METHODS

6.1. FAM Labeling Procedure

PLA was labeled with FAM according to the protocol as below. 10 mg/mL of PLA solution
in 10 mM sodium bicarbonate buffer (pH 9.0) was coupled with FAM overnight. The resultant
FAM-PLA was separated from the free FAM by exclusion chromatography using a Sephadex

G-25 column by eluting in 10 mM Tris-HCI buffer (pH 7.4).

6.2. Liposome Preparation

SBPL was dissolved in chloroform in a round-bottomed flask and dried under a stream of N
gas to produce a thin, homogeneous lipid film. For giant vesicle preparation, the dried lipid film
was gradually hydrated with 10 mM Tris-HCI buffer for more than 24 h at 4 °C to be stripped
off the glass surface. The obtained giant vesicle suspensions were centrifuged at 13,000 rpm for
10 min to remove contaminating multilamellar vesicles.®* For LUV preparation, the lipid film
was voltexed in Tris buffer to obtain multilamellar vesicle suspension. The resultant suspension
was subjected to five cycles of freeze-thawing and was then passed through a Mini-extruder
equipped with two stacked 0.1 um polycarbonate filters (Avanti, Alabaster, AL). The
phospholipid concentration was determined by the Bartlett method.®® Averaged particle size of
110-120 nm and ¢ potential of —25 mV for LUV were confirmed using NICOMP 380ZLS

potential/particle sizer (NICOMP, Santa Barbara, CA).

6.3. Circular Dichroism (CD) Spectroscopy
Far-UV CD spectra were recorded from 190 to 250 nm at 25 °C using a J-600 CD
spectropolarimeter with a 2 mm quartz cuvette. Polyarginine sample was diluted to 0.3 residual

mM in 10 mM Tris-HCI buffer to obtain the CD spectrum. For the polyarginine- or
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polylysine-LUV mixture, the polypeptides were incubated with LUV for 1 h prior to
measurements. The spectrum was corrected by subtracting the buffer baseline or a blank sample
containing an identical concentration of LUV. The a-helix content (%) of polypeptide was

determined from mean residue ellipticity [f] at 222 nm as described by Scholtz et al.**:

[0]222 — [e]coil %100

a-helix content (%) =
[Q]helix - [g]coil

(Eq. 13)

[0],, = —40000(L— 2.5/n) +100t
[0].., = 640— 45t

where [6]222is the measured mean residue ellipticity at 222 nm expressed in degree cm? dmol™,
[A]netix and [O]coir are the mean residue ellipticities of the completely helical and coiled forms of
the polypeptide (at 222 nm, expressed in degree cm? dmol™), respectively, n is the number of

amino acid residues, and t is the temperature in °C.

6.4. Attenuated total reflection-Fourier transform infrared (ATR-FTIR)
spectroscopy

Samples prepared by adding PLA293 or PLL to SBPL LUV at ~0.1 amino acid/lipid molar
ratio were centrifuged at 15,000 rpm for 1 h to remove the free peptides and deposited on
germanium used as the waveguide. ATR-FTIR spectra were recorded over the wave number
range of 1,000-3,500 cm™ at a resolution of 4 cm™ and 256 readings using a FTIR spectrometer
FT/IR-4200 (JASCO). Secondary structure of PLA or PLL bound to SBPL LUV was analyzed

by a Spectra Manager Software (JASCO).
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6.5. Fluorescence Study

All fluorescence measurements were carried out using a Hitachi F-4500 fluorescence
spectrophotometer. For steady-state fluorescence measurements, LUV was labeled with DPH or
TMA-DPH by adding small aliquots of stock solution of probes in DMF to yield
phospholipid:probe molar ratio of 200:1 or 100:1, respectively. For the sample labeled with
dansyl-PE, SBPL and dansyl-PE were mixed in chloroform at a phospholipid:probe molar ratio
of 200:1 before preparation of LUV. For the fluorescence anisotropy experiments, we measured
fluorescence intensity (I) of lo.o, lo-go, lso-0, @and lgo-00, Where the affixing character in the lower
right of | indicates the direction of the plane of polarization of the polarizer and the analyzer.
For example, lo.o and lo-go are the fluorescence intensities detected through a polarizer oriented
parallel and perpendicular to the direction of polarization of the excitation beam. Fluorescence
anisotropy, r, is given by

Io-o -G |0—9o

r=—m— Eq. 14
|070+2G|0790 (619

where G = lgo.o/leo-9o. DPH and TMA-DPH were excited at 360 nm and the fluorescence was
detected at 430 nm. Dansyl-PE was excited at 336 nm and the fluorescence was detected at 513
nm. To evaluate water penetration into the membrane interface, the deuterium isotope exchange
measurements were performed by monitoring emission spectra of dansyl-PE in D,O buffer and
comparing it to that in H,O buffer from 450 to 600 nm at the excitation wavelength of 336 nm.
The D,O/H,0 fluorescence intensity ratio is calculated from integrated intensity of emission

spectra from 500 to 550 nm in D20 and H,0 buffer.
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6.6. Isothermal Titration Calorimetry (ITC) Experiment

ITC measurements were carried out on a Microcal MCS ITC calorimeter. SBPL LUV was
placed in the 1.3507 mL reaction cell, and a solution of polypeptide placed in a 250 pL titration
syringe was injected into the LUV in cell. Prior to the measurements, the peptide solution and
vesicle suspension were degassed under vacuum for 10 min. The injections were performed
automatically at 25 °C under 400 rpm stirring. Binding enthalpies of polypeptide to LUV were
corrected for heats of polypeptide dilution and dissociation; these values were determined by

titrating polypeptide into buffer alone.

6.7. Confocal Laser Scanning Microscopy

The laser scanning confocal imaging system (Zeiss, LSM-410) equipped with an argon laser
was used for confocal laser scanning microscopy. The fluorescence of FAM-labeled
polyarginine was excited at 488 nm and the emission was observed through a band filter
(515-565 nm). Samples were prepared by mixing giant vesicles and FAM-labeled polyarginine
in a glass bottom dish (Matsunami Glass Ind., Osaka, Japan) at a ratio of PLA or R8 to lipid
(arginine residue/mol of phospholipid) of 0.6 or 0.03, respectively. To prevent photo bleaching,
the confocal microscope was operated under conservative laser intensity and time exposure

conditions.

6.8. Real time in-cell **F NMR measurement

One-dimensional (1D) in-cell *°F NMR measurements were carried out at 376.2 MHz by using a
JEOL ECA400 NMR spectrometer equipped with a superconducting magnet of 9.4 T. A multinuclear
probe (JEOL, NM40T10A/AT) for the 10-mm diameter tube was used. Detailed procedures of the

measurement are described elsewhere (37). Briefly, HL60 from human promyelocytic leukemia (the
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final concentration, 1 X 107 cells/ml, generous gift of Dr. Tohyama) was suspended in
phosphate-buffered saline (PBS, pH 7.4) at 4 °C and put into a NMR tube. To avoid the cellular
toxicity, D.O amount used for the signal lock was decreased to 10%. The sample was gently rotated
to prevent the sedimentation of the cell. The field-gradient shimming was applied before the addition
of the peptide, to quickly attain the spectral resolution. The measurements started immediately after
the thermal equilibrium is attained, 1.5 min after the addition of the '°F-labeled peptides. The final
concentrations of °F-R8 and °F-T6 were 80 uM and 100 pM, respectively, high enough to observe
non-endocytotic translocation. Free induction decays (FIDs) were accumulated at 16 time/2 min
intervals. The spectra were processed by the JEOL DELTA software. Chemical shift of the °F NMR
signal was obtained by referring to the absorption frequency of the trifluoroacetic acid in the solvent.
Cell viability, assessed by the trypan blue staining after the NMR measurement, was 92-93% for

1F-R8 and 93-95% for °F-T6 with respect to the control value, 93-94%.

6.9. Steady state °F NMR measurement

The amount of '°F-R8 finally delivered to the cytosol was quantified by F NMR under
equilibrium in combination with the cell membrane solubilization and centrifugation. The
procedures are summarized in Scheme 1. After the real time *F NMR measurement, 4 ml of the
sample were centrifuged at 1,500 X g for 5 min at 4 °C. The pellet, i was washed again with 4 ml of
PBS and centrifuged again. The 8 ml of supernatant, | was totally collected and subject to *°F NMR
measurement to qunatify free 1°F-R8. Then, 4 ml of lysis buffer A (1% Triton X-100, 50 mM Tris, 50
mM EDTA, 150 mM NaCl, 10% D,0) was added to the pellet, i, and left for 15 min on ice to
complete the cell membrane solubilization. The solution was centrifuged at 15,000 X g for 15 min at
4 °C, to separate the pellet, ii and the supernatant, Il. Then the supernatant, 11 was collected and

subjected to °F NMR measurement (called Lysate). After the measurement, 50 ml of lysis buffer A
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was added and centrifuged at 100,000 X g for 3 hours at 4 °C. The pellet, iii and the supernatant, 111
separated consist of cell membrane and cytosol fractions, respectively.®? The pellet, iii was
resuspended in 4 ml of lysis buffer A and subject to the *°F NMR measurement (called Membrane).
On the other hand, the supernatant, 111 was lyophilized and resuspended in 4 ml of lysis buffer A,
and subject to *F NMR measurement (called Cytosol). The pellet, ii was incubated in 1 ml of lysis
buffer A containing 0.5 M NaCl for 15 min on ice, and added to 3 ml of lysis buffer B (0.05% SDS,
0.5% deoxycholic acid, 50 mM Tris-HCI, 5 mM EDTA, 150 mM NaCl, 10% D0, pH 7.5). The
DNA and cytoskeleton fractions were solubilized and subjected to *°F NMR measurement (called

DNA and cytoskeleton). The FIDs were accumulated 10,000-60,000 times to obtain good S/N ratio.
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