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Abstract

Lipopeptides derived from protein kinase C (PKC) pseudosubstrates have the ability to cross the plasma membrane in cells and modulate
the activity of PKC in the cytoplasm. Myristoylation or palmitoylation appears to promote translocation across membranes, as the non-
acylated peptides are membrane impermeant. We have investigated, by fluorescence spectroscopy, how myristoylation modulates the
interaction of the PKC pseudosubstrate peptide KSTYRRGARRWRKL with lipid vesicles and translocation across the lipid bilayer. Our
results indicate that myristoylated peptides are intimately associated with lipid vesicles and are not peripherally bound. When visualized
under a microscope, myristoylation does appear to facilitate translocation across the lipid bilayer in multilamellar lipid vesicles. Translocation
does not involve large-scale destabilization of the bilayer structure. Myristoylation promotes translocation into the hydrophobic interior of the
lipid bilayer even when the non-acylated peptide has only weak affinity for membranes and is also only peripherally associated with lipid

vesicles.
© 2005 Published by Elsevier B.V.
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1. Introduction

There has been considerable interest in developing
methods to deliver peptides and proteins into cells in order
to modulate metabolic activities, which could have potential
therapeutic value [1-3]. The techniques that have been
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employed for delivery include microinjection, carrier-
mediated transfer and permeabilization of plasma mem-
branes [4,5]. However, there are limitations in these
approaches, such as low yield of cargo delivery and
degradation of targeted molecules. Recent approaches to
increase the bioavailability of these peptides and nucleic
acids involve conjugating them to various cell-penetrating
peptides (CPP) [6,7]. CPP are a class of peptides that appear
have the ability to translocate across the plasma membrane
of cells and also, in the process, deliver into the cell any
cargo covalently attached to them [8]. Though CPP have
been used to target various molecules into the cell, the
mechanisms involved in translocation across the plasma
membrane are still unclear [9—13]. Studies directed towards
understanding the mechanism by which CPP translocate
across the lipid bilayer suggests that there is only minimal
perturbation of the lipid bilayer and the process appears to
be energy-independent [9—13]. However, there are also
reports that the internalization of CPP involve endocytosis
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and is inhibited at low temperatures and by the depletion of
cellular ATP pool [14,15]. Another approach that is being
explored to translocate peptides across cell membranes is by
acylating the N-terminal end with fatty acids like myristic and
palmitic acids [16—22]. Lipopeptides derived from interferon
v and pseudosubstrates of PKC, acylated with myristic or
palmitic acids, when added externally to cells, have been able
to modulate activities of their targets in the cytoplasm,
whereas their non-acylated forms were unable to elicit any
biological response. Hence, it appears that acylation with
myristic or palmitic acid promotes translocation of these
otherwise impermeant peptides across membranes.

Myristoylation and palmitoylation are known to target and
anchor proteins with diverse biological functions to mem-
branes [23]. Acylation appears to be essential for membrane
attachment, especially in those proteins which do not have
hydrophobic segments that facilitate membrane-anchorage.
However, translocation of these proteins across membranes
as a consequence of fatty acylation has not been observed.

In the present work, we have investigated by fluores-
cence spectroscopy how myristoylation modulates the
interaction of the PKC pseudosubstrate KSIYRRGAR-
RWRKL (Ppke) with lipid vesicles and possible trans-
location across the lipid bilayer.

2. Materials and methods
2.1. Materials

Fluorenylmethyloxycarbonyl (Fmoc) amino acids used in
peptide syntheses were purchased from Advanced Chem-
Tech (Louisville, KY, USA). All phospholipids, including
those labeled with fluorescent tags, were purchased from
Avanti Polar Lipids (Birmingham, AL, USA). Myristic acid
was from Sigma-Aldrich (St. Louis, MO, USA). 5-(and 6-)-
carboxyfluorescein was from Molecular Probes (Eugene,
OR). All other chemicals were of the highest grade
commercially available.

2.2. Synthesis of KSIYRRGARRWRKL (Ppkc) and
derivatives

Peptides were synthesized and characterized as described
earlier [24] by the Fmoc solid phase synthesis strategy. N-
terminal myristoylation or labeling with CF was achieved
using N-hydroxybenzotriazole (HOBT) and 2-(1H-benzo-
triazol-1-yl)-1,1,3,3-tetramethyluronium hexafluoro-
phosphate (HBTU) and diisopropylethyl amine. The
myristoylated peptide labeled with CF was prepared as
follows: Fmoc-Lys (e-NH,)-OH was treated with HOBT
active ester of myristic acid to obtain Fmoc-Lys (e-Myr)-
OH. The fatty acylated Fmoc amino acid was coupled to the
resin-bound peptide. The free amino group generated after
the removal of the Fmoc group was labeled with CF as
described by Weber et al. [25]. The peptides, after

modifications, were cleaved from the resin using reagent K
[26] containing 82.5% TFA, 5% water, 5% phenol, 5%
thioanisole, and 2.5% ethanedithiol. Peptides were purified
using FPLC on a C18 (PEP RPC) reverse phase column
(Pharmacia) and characterized by matrix-assisted laser
desorption ionization time-of-flight mass spectrometry. The
peptides were dissolved in dimethylsulfoxide, and concen-
tration was estimated by measuring absorbance at 280 nm.
The peptides thus synthesized were KSIYRRGARRW-
RKL(Ppkc), Myr-KSIYRRGARRWRKL (Ppkem), CF-
KSIYRRGARRWRKL (PpkcCF), and CF-K(e-Myr)
KSIYRRGARRWRKL (PpkemCF).

2.3. Preparation of unilamellar vesicles

Lipids (PC and PC:PG, 1:1 molar ratio) were dissolved in
chloroform and dried as a thin film, first under nitrogen
followed by vacuum for 10 h. Lipid was hydrated in 5 mM
HEPES buffer (pH 7.4) containing 150 mM sodium chloride
for 3 h and then vortexed to obtain lipid suspensions. The
suspension was sonicated at 4 °C for 30 min in a sonicator
to get SUV. The titanium debris was removed by centrifu-
gation. LUV were prepared by extrusion through polycar-
bonate filters with pore size of 100 nm.

2.4. Peptide binding

Peptide—lipid association was studied by monitoring
changes in tryptophan fluorescence intensity of a 2 pM
peptide solution in buffer (5 mM HEPES, pH 7.4, 150 mM
NaCl) upon the addition of lipid vesicles. The emission
spectra were recorded from 300 to 400 nm at 25 °C in
Hitachi F4500 Fluorescence Spectrophotometer, 5 min after
the addition of lipid vesicles. The excitation and emission
band pass were set at 5 nm each. For each measurement,
baseline spectra recorded in the absence of peptide were
subtracted from the peptide spectra.

The fluorescence titration curves were analyzed as
described by Christiaens et al. [27]:

F = (F, + F1Ka[Lot]) /(1 + Ka[Lot])

where F is the fluorescence intensity at a given added lipid
concentration, F is the fluorescence intensity at the
beginning of the titration and F'; is the limiting fluorescence
at infinite lipid concentration. [L,] denotes the total lipid
concentration while K, is the association constant. F'; was
obtained as the reciprocal of the Y intercept of a double
reciprocal plot of 1/F and 1/[L]. K, was then the slope of a
plot between (F — F)/(F;—F) and [L]. The reciprocal of
K, gave the dissociation constant K.

2.5. Fluorescence quenching

The influence of aqueous quencher iodide on the
tryptophan fluorescence of the peptides was studied by the
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addition of increasing amounts of 4M KI (containing 1 mM
Na,S,0; to prevent >~ formation) and monitoring the
quenching of fluorescence. The data was analyzed accord-
ing to the Stern—Volmer equation for collisional quenching:

I,/I =1+ Kyw[O]

where I, and I are fluorescence intensities in the absence
and presence of quencher, respectively. [ O] is the molar
concentration of the quencher and Ky, is the Stern—Volmer
quenching constant. Normalised accessibility factor [28]
(NAF) values were obtained as the ratio of K, values in the
presence and absence of lipid.

2.6. FRET measurements

To a solution of symmetrically labeled SUVs containing
2 mol% DNS PE in buffer (5 mM HEPES, pH 7.5, 150 mM
NaCl), increasing concentration of peptides (P/L 1:50 to
1:11) were added and the energy transfer from tryptophan to
the dansyl fluorophore upon excitation at 280 nm was
monitored at 25 °C.

2.7. Gel filtration assay to assess peptide binding

The tryptophan fluorescence intensity at a given concen-
tration of peptide in buffer (5 mM HEPES, pH 7.4, 150 mM
NaCl) was measured before and after lipid addition. The
peptide—vesicle complex was incubated for 30 min, by
which time changes in the fluorescence intensity stabilized.
The emission scan was recorded (Ae =280 nm; Ae,=300—
400 nm). The peptide—vesicle complex was then passed
through Sephadex G-75 gel filtration column (bed vol-
ume=3.5 ml) and 0.5 ml fractions were collected. Prior to
running the peptide vesicle complex, a vesicle blank of the
lipid alone at the same concentration was run and 0.5 ml
fractions were collected. All the fractions were scanned for
vesicle scatter (Aex and A, =350 nm). The fractions that
showed 90° scatter were then scanned for tryptophan
fluorescence. For each peptide vesicle fraction, the base
line spectra of the corresponding fraction in vesicle blank
was subtracted to yield the spectrum of the peptide that
eluted bound to the vesicle.

2.8. Fluorescence microscopy of lipid vesicles

MLV were prepared from lipid which was dried,
desiccated and hydrated in HEPES buffer (5 mM HEPES
containing 150 mM NaCl) overnight. 15 ul of the solution
was taken and spotted on a cover slip. The vesicles were
imaged using a Zeiss Axioplan 2 microscope.

2.9. Membrane perturbation induced by peptides

LUVs were prepared in buffer containing 5 mM HEPES
and 150 mM KCIl. To a 1 ml buffer containing 5 mM HEPES

and 150 mM NaCl, lipid vesicles (lipid concentration=25
uM) were added. The analysis involved the monitoring of the
recovery of fluorescence of a potential sensitive indicator
3,3’-diethylthiocarbocyanine iodide diS;-5, which is
quenched due to negative diffusion potential inside the
vesicles created by the addition of valinomycin. The
fluorescent probe (1.5 uM) was added to the cuvette
containing lipid, and the fluorescence was monitored with
excitation at 620 nm and emission at 670 nm. After 30 s, 10
nM of valinomycin was added to create a negative diffusion
potential inside the vesicles as a result of the selective efflux
of K. This resulted in the quenching of fluorescence. After
5, gramicidin D (0.5 pM) or peptides at various lipid-to-
peptide ratios were added. An increase in fluorescence
indicated that the diffusion potential was dissipated.

3. Results
3.1. Binding of peptides to lipid vesicles

The emission spectra of the Ppkc and Ppkem in buffer and
in the presence of SUV with varying lipid composition and
variation of fluorescence intensities as a function of lipid
concentration at a fixed peptide concentration are shown in
Fig. 1A, B. In buffer, the peptides exhibit a 4,,,x of 355 nm,
indicating that the tryptophan is exposed to aqueous environ-
ment. Blue shift of 4., and enhancement in intensity is
observed only in the presence of PC:PG vesicles for Ppke,
whereas changes are observed with both PC and PC:PG
vesicles in the case of Ppkcm. However, the enhancement in
intensities are considerably greater for Ppkem, suggesting
strong association with PC and PC:PG vesicles. The data also
suggest that in the presence of lipid vesicles, the tryptophan is
localized in a relatively more hydrophobic environment. The
increase in F/F as a function of lipid concentration (Fig. 1B)
suggests that Ppkc associates with PC:PG vesicles but not
with PC vesicles. However, on myristoylation, the increase in
fluorescence is substantial both in the presence of PC and
PC:PG vesicles. An initial rapid increase in F/F up to a lipid
concentration of 20 uM followed by a fall and subsequent
increase is observed for Ppkem in the presence of PC:PG
vesicles. While the data shown in Fig. 1B represents a single
experiment, this pattern was consistent in 5 independent
experiments. Both the myristoylated and non-acylated
peptides show emission A, 0f 355 nm in buffer, indicating
that the tryptophan environment is similar in both the
peptides, suggesting that acylation does not cause peptide
aggregation or “micelle” formation. The dissociation con-
stants calculated as described in Materials and methods was
86 uM for the binding of Ppkc to PC:PG vesicles. The values
for the binding of Ppkcm to PC and PC:PG vesicles were 59
and 63 uM, respectively. The presence of a single myristic
acid clearly favours binding of the acylated peptides to PC
and PC:PG vesicles with similar binding affinities. The
binding constant obtained from our data agrees with the
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Fig. 1. Binding of peptides to lipid vesicles. (A) Fluorescence emission spectra of Ppkc and Ppkem in buffer (indicated by b above the trace) and in the presence
of small unilamellar vesicles composed of PC and PC:PG (1:1) (indicated by 1 and 2 above the traces respectively). Data presented are maximal changes
observed. (B) Relative increase of tryptophan fluorescence intensity on titration with lipid vesicles (A-A), Ppkem; PC:PG (1:1) vesicles (H-H), Ppkcm; PC
vesicles (A-A), Ppke; PC:PG (1:1) vesicles (0-0), Ppke; PC vesicles. Peptide concentration=2 pM.

binding data observed for similarly charged acylated pep-
tides/proteins (e.g., Src with +5 net charge) to zwitterionic
vesicles using different assays [29]. These peptides were
shown to bind to PC vesicles with a K4 of ~1 mM. However,

the same peptides have been shown to bind to PC:PG vesicles
with K4 in nM range. This appreciable increase in binding has
been attributed to the ‘synergistic’ effect as a result of
hydrophobic contributions from myristic acid and electro-

A
2571 pc 257 pepa (1:1)
2 2
% 15 15-
= 5 .5
1 1
0.5 T T 1 0.5 T T 1
0 0.02 0.04 0.06 0 0.02 0.04 0.06
[lodide] M [lodide] M
B
1.2
1
0.8
<
= 0.6
0.4+
0.2+
. 1 |
Ppkc Ppkcm

Fig. 2. Quenching of tryptophan fluorescence by iodide (A) Stern—Volmer plots in the presence (dark symbols) and absence (light symbols) of lipids. (A, A)
Ppkc; (O, W) Ppkem. (B) Plots of NAF values: (black bar) PC vesicles; (gray bar) PC:PG vesicles. Peptide concentration was 2 pM and peptide—lipid ratios

were 1:100.
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static contributions from the cationic amino acids in the
peptide. Our binding data for the interaction of Ppkecm with
PC:PG vesicles do not suggest synergy.

3.2. Localization of tryptophan by iodide quenching

The accessibility of tryptophan to the aqueous quencher
I” was examined next in order to get an idea regarding the
location of tryptophan when peptides were associated with
lipid vesicles. The Stern—Volmer plots (Fig. 2A) indicate
that the tryptophan is inaccessible to I in Ppkem in the
presence of PC and PC:PG vesicles. The accessibility of
tryptophan in Ppke suggests that the peptide does not bind
to PC vesicles but is associated with PC:PG vesicles. The
NAF plot (Fig. 2B) also indicates that myristoylation
favours the association of Ppkcm with lipid vesicles so that
the tryptophan residue is inaccessible to I . Considering that
the tryptophan is located in the midst of cationic residues in
the peptide, the results suggest that myristoylation “forces”
the peptide chain into the bilayer. Although Ppkc does bind
to PC:PG vesicles, it is evident that the tryptophan is
considerably more accessible to I than in the myristoylated
peptide.

3.3. Gel filtration assay to assess peptide binding

In order to determine whether the peptides were tightly
associated with lipid vesicles, gel filtration was carried out
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after incubating lipid vesicles with peptides and fluores-
cence of the eluted vesicles recorded.(Fig. 3A—D). No
fluorescence corresponding to the peptide is observed when
Ppkc is incubated with PC:PG vesicles and the eluted
vesicles analyzed after gel filtration (Fig. 3B). However,
when Ppkcm is incubated with PC:PG vesicles, fluorescence
was observed after gel filtration (Fig. 3D). The position of
Amax ~335nm suggests that the tryptophan residue is
located in the hydrophobic interior of the lipid bilayer.
The scatter profiles indicate that there is no vesicle lysis by
Ppkem.

These results indicate that though Ppkc binds to PC:PG
vesicles, the peptide can actually be “stripped off™ from the
vesicle upon passing through a gel filtration column. The
recovery of fluorescence when Ppkem is associated with
PC:PG vesicles indicates that the peptide is very tightly
bound to the vesicle and cannot be “stripped off” even on
gel filtration. The data shown in Fig. 3 are at a peptide—lipid
ratio of 1:50. Similar results were obtained at ratios of 1:25
and 1:100.

3.4. Fluorescence resonance energy transfer (FRET)
experiments

FRET experiments involving energy transfer from a
donor to an acceptor have been used to study the spatial
relationship between the donor and the acceptor in a given
environment [30,31]. In order to assess the location of the
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Fig. 3. Gel filtration assay to assess the strength of binding of peptides to lipid vesicles. Scatter (90°) profiles of lipid vesicles in the absence (thin lines) and
after incubation with peptides (thick lines) after gel filtration. (A) Ppke, (C) Ppkem. Emission spectra of peptides in buffer in the presence of lipid vesicles prior
to gel filtration and after gel filtration. (B) Ppkc, (D) Ppkem. Spectra labeled 1, 2, and 3 correspond to fractions indicated in panels (A) and (C). The peptide—
lipid ratio was 1:50. P and P+L denote spectra of peptides in buffer and in the presence of lipid vesicles before gel filtration.
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Fig. 5. Detection of translocation of peptides by FRET between tryptophan and DNS. (A) Ppkem+PC vesicles; (B) Ppkem+PC:PG (1:1) vesicles; (C)
Ppkc+PC:PG (1:1) vesicles. Increasing concentrations of peptides were added to a fixed lipid concentration (50 uM) and spectra were recorded with /., at 280
nm. Spectra labeled 1 were obtained at the highest peptide—lipid ratio. Spectra after unlabeled vesicles (400 pM) were added to peptides bound to DNS labeled
vesicles are represented by 2. Spectra obtained when peptides were added to lipid vesicles containing both labeled and unlabeled vesicles are labeled 3.
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tryptophan of the peptide in the lipid bilayer, we used FRET
to monitor energy transfer to an acceptor dansyl group
present in the membrane. The experiment would also help in
detecting population of peptides that are intimately asso-
ciated with lipid vesicles, as challenge with a large excess of
unlabelled vesicles would result in the extraction of
peripherally bound peptides. The FRET of peptide trypto-
phan to the dansyl group in the membrane of first population
of vesicles allows the determination of unremovable
fraction. We monitored FRET by adding increasing con-
centration of peptides to a fixed concentration 50 uM of 2
mol% DNS PE-labeled vesicles in buffer. The peptide—lipid
ratios were varied from 1:100 to 1:12 or 1:11. The data
show appreciable FRET only when Ppkem is added to lipid
vesicles (Fig. 4A,B). Considerably reduced FRET is
observed when Ppkc is added to PC:PG vesicles (Fig.
4C). FRET was maximum when the peptide—lipid ratio was
approximately 1:10 for both PC and PC:PG vesicles. At this
ratio, a large excess (400 pM final concentration) of
unlabeled vesicles was added to the vesicle population
doped with DNS PE. A decrease in FRET (Trace 2, Fig.
SA-C) was observed. In a separate experiment, the same
concentration of vesicles (400 pM containing similar ratios
of labeled to unlabelled vesicles premixed) was added to the
same concentration of peptide as in previous experiment (4
uM) and the amount of FRET was monitored after 10 min
(Trace 3, Fig. 5A—C). The data indicate considerably
reduced FRET when Ppkcem is added to a mixture of labeled
and a large excess of unlabeled vesicles composed of PC:PG

(1:1) (Fig. 5B). The difference in FRET is relatively less
when Ppkcem is added to PC vesicles (labeled +unlabeled,
Trace 3). The data suggest that myristoylation favours the
translocation of Ppkem to the hydrophobic core region of the
lipid bilayers particularly in PC:PG (1:1) vesicles.

3.5. Localization of CF labeled peptides in MLV

In order to visualize the translocation/translocated pep-
tide, the peptides were labeled at the N-terminus with CF
and their localization in MLV was observed by fluorescence
microscopy. The data are presented in Fig. 6. Fluorescence
in the inner bilayers is observed only in the case of vesicles
incubated with Ppkcm labeled with CF (Fig. 6, BI-BS5). It
was observed that dilution strips away only the non-acylated
peptide but not the myristoylated peptide. Along with the
results of the gel filtration assay, where only the non-
acylated peptide can be easily stripped off the membranes,
the localization experiments suggest that myristoylation
promotes translocation across the lipid bilayer.

3.6. Perturbation of the lipid bilayer

Whether the association of myristoylated peptides with
PC and PC:PG unilamellar vesicles leads to the destabiliza-
tion of the lipid bilayer was examined next. The dissipation
of diffusion potential induced by peptides was monitored
(Fig. 7). As compared to gramicidin D, the dissipation is
minimal particularly in PC:PG (1:1) vesicles. At a peptide—

Fig. 6. Detection of translocation of CF labeled peptides across lipid bilayers composed of PC:PG (1:1) by fluorescence microscopy. Panels A and B,
PpkemCF; panels C and D, PpkcCF. (A, C) Imaged under bright field. (B, D) Fluorescent images. Panels 1-5 show different fields. The black line in Al

represents 10 um. The magnification was same in all the other panels.
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Fig. 7. Dissipation of diffusion potential in vesicles induced by peptides. (A) PC, (B) PC:PG (1:1). The emission of cyanine dye at 670 nm (4, of 620 nm) was
monitored over a period of time. At 30 s, to a solution of cyanine dye and lipid vesicles, valinomycin was added resulting in the setting up of a diffusion
potential. At 5 min, the peptides are added and dissipation of diffusion potential was monitored. G, gramicidin D 0.5 uM; 1 and 2, Ppkem at peptide: lipid ratios
of 1:25 and 1:50 respectively; 3 and 4, Ppkc at peptide: lipid ratios of 1:25 and 1:50 respectively.

lipid ratio of 1:25, Ppkcm does appear to destabilize PC
vesicles to a small extent.

4. Discussion

The PKC pseudosubstrate peptide, which has a net
positive charge, does not associate with zwitterionic vesicles
and associates with anionic vesicles only peripherally. On
myristoylation, the peptide is intimately associated with
lipid vesicles as evident from the gel-filtration experiments,
where the eluted vesicles retain the myristoylated peptide.
The similar Ky values obtained for Ppkem and Ppkc for
binding to PC:PG vesicles may be a reflection on the
method of assay used for calculating the binding constant.
The FRET experiments clearly indicate that the myristoy-
lated peptides are strongly bound and not peripherally
associated. The considerably decreased FRET observed
when Ppkcm is added to a mixture of labeled and unlabelled
vesicles (Fig. 5B, Trace 3) suggests translocation into the
lipid bilayer. Difference in FRET (Fig. 5B, Traces 2 and 3)
arises when membrane-active peptides are translocated into
the inner leaflet of the lipid bilayer in lipid vesicles doped
with dansyl lipid such as dansyl phosphatidyl ethanolamine
[30]. It is unlikely that the myristoylated peptide co-elutes
with the vesicles, as the peptide alone does not elute under
the conditions employed and appears to bind to the gel
matrix. When visualized under a microscope, myristoylation
does appear to facilitate the translocation of the peptide
across the lipid bilayer into the vesicles. The translocation of
Ppkem does not appear to involve large-scale destabilization
of the lipid bilayer structure as indicated by the absence of
pore formation. No membrane destabilization is seen even at
a peptide—lipid ratio of 1:25, where a large fraction of the
peptide is strongly membrane-bound as indicated by gel
filtration and FRET data. Our results with model membranes
are consistent with experiments with cultured cells incubated
with acylated PKC peptides wherein no loss of viability is

observed [18,22], as membrane damage would have led to
cell death. Myristoylation appears to translocate a hydro-
philic peptide into the hydrophobic interior of the lipid
bilayer without perturbation of the bilayer structure very
similar to CPPs [5,11,12]. The initial rise followed by a fall
and subsequent increase when F/F in Ppkc is monitored as a
function of lipid concentration (Fig. 1B) could arise as a result
of peptide translocation into the lipid bilayer. The fluores-
cence spectra for monitoring the binding of peptides to lipid
vesicles were recorded after incubation for 5 min. Longer
incubation times did not yield spectra different from the ones
presented. It is likely that there is an ensemble of peptides in
different locations in the lipid vesicles. While we are unclear
about the exact mechanism of translocation, our results
indicate that myristoylation can transfer a cationic peptide
like Ppke into the hydrophobic interior of the lipid bilayer,
particularly in anionic lipid vesicles such as PC:PG, even
when the non-acylated peptide is only peripherally associated
with lipid vesicles. While myristoylation clearly facilitates
transfer of the hydrophilic peptide chain into the hydrophobic
interior of the lipid bilayer, it is not clear whether the
myristoylated peptide has crossed the lipid bilayer. In fact,
several reports indicate that CPPs bind to lipid vesicles and
are located in the hydrophobic region of the bilayer in
unilamellar lipid vesicles [37—44]. They translocate across
the lipid bilayer only in GUV of diameter (1-300 pum) or
MLVs [12]. In the present study too, the myristoylated
peptide appears to translocate across the bilayer in MLV but
not in small unilamellar vesicles.

Based on our results, we suggest a new physiological
function for fatty acylation. Covalently linked fatty acids
could facilitate hydrophilic peptide segments to be associ-
ated with the hydrophobic interior of the lipid bilayers and
possibly translocate across the membrane barrier. The
turnover of fatty acid might be a way for trapping them in
membrane compartments. Ghrelin, a hormone modified
with an octanoyl fatty acid moiety, is known to exist in cells
in both the fatty acylated and the des acylated form [32,33].
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The exact role of this hormone is still being unraveled but it
has been demonstrated that the acylated and non-acylated
versions have different biological activities. The acylated
hormone is known to bind very strongly to receptors and is
also known to cross the blood—brain barrier by an unknown
mechanism. Fatty acylation could conceivably play role in
the ability of ghrelin to translocate the blood—brain barrier.
Two other well-known proteins that are fatty acylated are
morphogens, namely Wnt and Hedgehog [34—36]. These
proteins are fatty acylated with palmitic acid and are known
to be membrane anchored. They are also known to act as
long range diffusible signals by an unknown mechanism. In
case of human sonic hedgehog protein, it has been shown
that N-terminal modification with myristic acid confers
maximum activity to the protein in a cell-based signaling
assay [36]. Surprisingly, fatty acylation did not seem to
confer increased membrane binding of the protein to its
receptor, and thus the other role of fatty acylation apart from
membrane anchorage is not clear. Intriguingly, it has been
shown that a major fraction of the patched protein which is
the receptor for hedgehog is present in intracellular vesicles
and not on the cell surface [45]. It is tempting to speculate
that fatty acylation in hedgehog protein might also allow
hedgehog to translocate the membrane and interact with its
receptor. A recent report suggests that N-terminal myris-
toylation does indeed facilitate translocation of the peptide
chain across membranes [46]. Hence, role of fatty acylation,
especially when only one fatty acid is present, may not be
restricted to membrane anchorage alone and may also
facilitate the translocation of protein segments into the
hydrophobic interior of the lipid bilayers.

References

[1] J.B. Opalinska, A.M. Gewirtz, Nucleic-acid therapeutics: basic
principles and recent applications, Nat. Rev., Drug Discov. 1 (2002)
503-514.

[2] A. Sehgal, Recent developments in peptide-based cancer therapeutics,
Curr. Opin. Drug Discov. Dev. 5 (2002) 245-250.

[3] LE. Gallouzi, J.A. Steitz, Delineation of mRNA export pathways by
the use of cell-permeable peptides, Science 294 (2001) 1895-1901.

[4] D.J. Stephens, R. Pepperkok, The many ways to cross the plasma
membrane, Proc. Natl. Acad. Sci. U. S. A. 98 (2001) 4295—4298.

[5] M. Lindgren, M. Hallbrink, A. Prochiantz, U. Langel, Cell-penetrating
peptides, Trends Pharmacol. Sci. 21 (2000) 99—103.

[6] S.R. Schwarze, S.F. Dowdy, In vivo protein transduction: intracellular
delivery of biologically active proteins, compounds and DNA, Trends
Pharmacol. Sci. 21 (2000) 45—48.

[71 K.G. Ford, B.E. Souberbielle, D. Darling, F. Farzanch, Protein
transduction: an alternative to genetic intervention? Gene Ther. 8
(2001) 1-4.

[8] D. Derossi, G. Chassaing, A. Prochiantz, Trojan peptides: the
penetratin system for intracellular delivery, Trends Cell Biol. 8
(1998) 84—87.

[9] M. Pooga, C. Kut, M. Kihlmark, M. Hallbrink, S. Fernaeus, R. Raid,
T. Land, E. Hallberg, T. Bartfai, U. Langel, Cellular translocation of
proteins by transportan, FASEB J. 15 (2001) 1451—1453.

[10] D. Terrone, S.L. Sang-Wai, L. Roudaia, J.R. Silvius, Penetratin and
related cell-penetrating cationic peptides can translocate across lipid

bilayers in the presence of a transbilayer potential, Biochemistry 42

(2003) 13787-13899.

S. Deshayes, A. Heitz, M.C. Morris, P. Charnet, G. Divita, F. Heitz,

Primary amphipathic cell-penetrating peptides: structural requirements

and interactions with model membranes, Biochemistry 43 (2004)

1449—1457.

[12] P.E.G. Thorin, D. Persson, E.K. Esbjorner, M. Goksor, P. Lincoln, B.
Norden, Membrane binding and translocation of cell-penetrating
peptides, Biochemistry 43 (2004) 3471—3489.

[13] R.A. Veach, D. Liu, S. Yao, Y. Chen, X.Y. Liu, S. Downs, J.
Hawiger, Receptor/transporter-independent targeting of functional
peptides across the plasma membrane, J. Biol. Chem. 279 (2004)
11425-11431.

[14] M. Tyagi, M. Rusnati, M. Presta, M. Giacca, Internalization of HIV-1
Tat requires cell surface heparan sulfate proteoglycans, J. Biol. Chem.
276 (2001) 3254-3261.

[15] J.P. Richard, K. Melikov, E. Vives, C. Ramos, B. Verbeure, M.J. Gait,

L.V. Chernomordik, B. Lebleu, Cell-penetrating peptides. A reevalua-

tion of the mechanism of cellular uptake, J. Biol. Chem. 278 (2003)

585-590.

T. Eichholtz, J. Alblas, M. van Overveld, W. Moolenaar, H. Ploegh,

A pseudosubstrate peptide inhibits protein kinase C-mediated

phosphorylation in permeabilized Rat-1 cells, FEBS Lett. 261 (1990)

147-150.

[17] K. Thiam, E. Loing, D. Zoukhri, C. Rommens, R. Hodges, D. Dartt,
C. Verwaerde, C. Auriault, H. Gras-Masse, C. Sergheraert, Direct
evidence of cytoplasmic delivery of PKC-alpha, -epsilon and -zeta
pseudosubstrate lipopeptides: study of their implication in the
induction of apoptosis, FEBS Lett. 459 (1999) 285-290.

[18] K. Thiam, A. Delanoye, C. Verwaerde, C. Auriault, H. Gras-Masse,
IFN-gamma derived lipopeptides: influence of the lipid modification
on the conformation and on the ability to induce MHC class II
expression in murine and human cells, J. Med. Chem. 42 (1999)
3732-3736.

[19] C. Klinguer, D. David, M. Kouach, J.M. Wieruszeski, A. Tartar, D.
Marzin, J.P. Levy, H. Gras-Masse, Characterization of a multi-
lipopeptides mixture used as an HIV-1 vaccine candidate, Vaccine 8
(1999) 259-267.

[20] M. Andrieu, E. Loing, J.F. Desoutter, F. Connan, J. Choppin, H. Gras-

Masse, D. Hanau, A. Dautry-Varsat, J.G. Guillet, A. Hosmalin,

Endocytosis of an HIV-derived lipopeptide into human dendritic cells

followed by class I-restricted CD8(+) T lymphocyte activation, Eur. J.

Immunol. 30 (2000) 3256—3265.

T. Eichholtz, D.B. de Bont, J. de Widt, R.M. Liskamp, H.L. Ploegh, A

myristoylated pseudosubstrate peptide, a novel protein kinase C

inhibitor, J. Biol. Chem. 268 (1993) 1982—1986.

[22] D. Bonnet, K. Thiam, E. Loing, O. Melnyk, H. Gras-Masse, Synthesis
by chemoselective ligation and biological evaluation of a novel cell-
permeable PKC-zeta pseudosubstrate lipopeptide, J. Med. Chem. 44
(2001) 468—471.

[23] M.D. Resh, Fatty acylation of proteins: new insights into membrane
targeting of myristoylated and palmitoylated proteins, Biochim.
Biophys. Acta 1451 (1999) 1-16.

[24] A. Harishchandran, B. Pallavi, R. Nagaraj, A synthetic strategy for on-
resin amino acid specific multiple fatty acid acylation of peptides,
Prot. Pept. Letters 9 (2002) 411—-417.

[25] P.J. Weber, J.E. Bader, G. Folkers, A.G. Beck-Sickinger, A fast and
inexpensive method for N-terminal fluorescein-labeling of peptides,
Bioorg. Med. Chem. Lett. 8 (1998) 597—-600.

[26] C.A. Guy, G.B. Fields, Trifluoroacetic acid cleavage and deprotection
of resin-bound peptides following synthesis by Fmoc chemistry,
Methods Enzymol. 289 (1997) 67-83.

[27] B. Christiaens, S. Symoens, S. Vanderheyden, Y. Engelborghs, A.
Joliot, A. Prochiantz, J. Vandekerckhove, M. Rosseneu, B. Vanloo,
Tryptophan fluorescence study of the interaction of penetratin
peptides with model membranes, Eur. J. Biochem. 269 (2002)
2918-2926.

[1

—

[16

=

[21

—



82

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

A. Harishchandran, R. Nagaraj / Biochimica et Biophysica Acta 1713 (2005) 73—82

A.L De Kroon, M.W. Soekarjo, J. De Gier, B. De Kruijff, The role of
charge and hydrophobicity in peptide—lipid interaction: a comparative
study based on tryptophan fluorescence measurements combined with
the use of aqueous and hydrophobic quenchers, Biochemistry 29
(1990) 8229—-8240.

C.T. Sigal, W. Zhou, C.A. Buser, S. McLaughlin, M.D. Resh, Amino-
terminal basic residues of Src mediate membrane binding through
electrostatic interaction with acidic phospholipids, Proc. Natl. Acad.
Sci. U. S. A. 91 (1994) 12253—-12257.

K. Matsuzaki, O. Murase, N. Fujii, K. Miyajima, Translocation of a
channel-forming antimicrobial peptide, magainin 2, across lipid
bilayers by forming a pore, Biochemistry 34 (1995) 6521-6526.
K. Matsuzaki, S. Yoneyama, O. Murase, K. Miyajima, Transbilayer
transport of ions and lipids coupled with mastoparan X translocation,
Biochemistry 35 (1996) 8450—8456.

G. Baldanzi, N. Filigheddu, S. Cutrupi, F. Catapano, S. Bonissoni, A.
Fubini, D. Malan, G. Baj, R. Granata, F. Broglio, M. Papotti, N.
Surico, F. Bussolino, J. Isgaard, R. Deghenghi, F. Sinigaglia, M. Prat,
G. Muccioli, E. Ghigo, A. Graziani, Ghrelin and des-acyl ghrelin
inhibit cell death in cardiomyocy and endothelial cells through
ERK1/2 and PI 3-kinase/AKT, J. Cell Biol. 159 (2002) 1029—-1037.
M. Kojima, H. Hosoda, Y. Date, M. Nakazato, H. Matsuo, K.
Kangawa, Ghrelin is a growth-hormone-releasing acylated peptide
from stomach, Nature 402 (1999) 656—660.

K. Willert, J.D. Brown, E. Danenberg, A.W. Duncan, I.L. Weissman,
T. Reya, J.R. Yates, R. Nusse, Wnt proteins are lipid-modified and can
act as stem cell growth factors, Nature 423 (2003) 448—452.

R.B. Pepinsky, C. Zeng, D. Wen, P. Rayhorn, D.P. Baker, K.P.
Williams, S.A. Bixler, C.M. Ambrose, E.A. Garber, K. Miatkowski,
F.R. Taylor, E.A. Wang, A. Galdes, Identification of a palmitic acid-
modified form of human Sonic hedgehog, J. Biol. Chem. 273 (1998)
14037—-14045.

F.R. Taylor, D. Wen, E.A. Garber, A.N. Carmillo, D.P. Baker, R.M.
Arduini, K.P. Williams, P.H. Weinreb, P. Rayhorn, X. Hronowski, A.
Whitty, E.S. Day, A. Boriack-Sjodin, R.I. Shapiro, A. Galdes, R.B.
Pepinsky, Enhanced potency of human Sonic hedgehog by hydro-
phobic modification, Biochemistry 40 (2001) 4359—4371.

[37] M. Magzoub, L.E. Goran Eriksson, A. Graslund, Conformational

[38

[39

]

]

[40]

[41

[42

[43

[44

[46

—

]

—

]

—

[}

states of the cell-penetrating peptide penetrain when interacting with
phospholipid vesicles: effects of surface charge and peptide concen-
tration, Biochim. Biophys. Acta 1563 (2002) 53—-63.

M. Magzoub, L.E. Goran Eriksson, A. Graslund, Comparison of the
interaction, positioning, structure induction and membrane perturba-
tion of cell-penetrating peptides and non-translocating variants with
phospholipid vesicles, Biophys. Chemist. 103 (2003) 271-288.

D. Persson, E.G. Per Thoren, M. Herner, P. Lincoln, B. Norden,
Application of a novel analysis to measure the binding of the
membrane-translocating peptide penetratin to negatively charged
liposomes, Biochemistry 42 (2003) 421-429.

D. Persson, E.G. Per Thoren, P. Lincoln, B. Norden, Vesicle
membrane interactions of penetratin analogues, Biochemistry 43
(2004) 11045-11055.

S. Deshayes, A. Heitz, M.C. Moris, P. Charnet, G. Divita, F. Heitz,
Insight into the mechanism of internalization of the cell-penetrating
carrier peptide Pep-1 through conformational analysis, Biochemistry
43 (2004) 1449—-1457.

S.T. Henriques, M.A.R.B. Castanho, Consequences of nonlytic
membrane perturbation to the translocation of the cell penetrating
peptide Pep-1 in lipidic vesicles, Biochemistry 43 (2004) 9716—9724.
S. Deshayes, T. Plenat, G. Aldrian-Herrada, G. Divita, C.L. Grimellec,
F. Heitz, Primary amphipathic cell-penetrating peptides: structural
requirements and interactions with model membranes, Biochemistry
43 (2004) 7698—7706.

B. Christiaens, J. Grooten, M. Reusens, A. Joliot, M. Goethals, J.
Vandekerckhove, A. Prochiantz, M. Rosseneu, Membrane interaction
and cellular internalization of penetratin peptides, Eur. J. Biochem.
271 (2004) 1187-1197.

T. Tabata, T.B. Kornberg, Hedgehog is a signaling protein with a
key role in patterning Drosophila imaginal discs, Cell 76 (1994)
89-102.

T. Utsumi, H. Ohta, Y. Kayano, N. Sakurai, Y. Ozoe, The N-terminus
of B96Bom, a Bombyx mori G-protein-coupled receptor, is N-
myristoylated and translocated across the membrane, FEBS J. 272
(2005) 472.



	Interaction of a pseudosubstrate peptide of protein kinase C and its myristoylated form with lipid vesicles: Only the myristoylated form translocates into the lipid bilayer
	Introduction
	Materials and methods
	Materials
	Synthesis of KSIYRRGARRWRKL (Ppkc) and derivatives
	Preparation of unilamellar vesicles
	Peptide binding
	Fluorescence quenching
	FRET measurements
	Gel filtration assay to assess peptide binding
	Fluorescence microscopy of lipid vesicles
	Membrane perturbation induced by peptides

	Results
	Binding of peptides to lipid vesicles
	Localization of tryptophan by iodide quenching
	Gel filtration assay to assess peptide binding
	Fluorescence resonance energy transfer (FRET) experiments
	Localization of CF labeled peptides in MLV
	Perturbation of the lipid bilayer

	Discussion
	References


