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ABSTRACT: Cell-penetrating peptides (CPPs) are able to traverse cellular
membranes and deliver macromolecular cargo. Uptake occurs through both
endocytotic and nonendocytotic pathways, but the molecular requirements for
efficient internalization are not fully understood. Here we investigate how the
presence of tryptophans and their position within an oligoarginine influence
uptake mechanism and efficiency. Flow cytometry and confocal fluorescence
imaging are used to estimate uptake efficiency, intracellular distribution and
toxicity in Chinese hamster ovarian cells. Further, membrane leakage and lipid
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membrane affinity are investigated. The peptides contain eight arginine residues

and one to four tryptophans, the tryptophans positioned either at the N-terminus, in the middle, or evenly distributed along the
amino acid sequence. Our data show that the intracellular distribution varies among peptides with different tryptophan content
and backbone spacing. Uptake efficiency is higher for the peptides with four tryptophans in the middle, or evenly distributed
along the peptide sequence, than for the peptide with four tryptophans at the N-terminus. All peptides display low cytotoxicity
except for the one with four tryptophans at the N-terminus, which was moderately toxic. This finding is consistent with their
inability to induce eflicient leakage of dye from lipid vesicles. All peptides have comparable affinities for lipid vesicles, showing
that lipid binding is not a decisive parameter for uptake. Our results indicate that tryptophan content and backbone spacing can
affect both the CPP uptake efliciency and the CPP uptake mechanism. The low cytotoxicity of these peptides and the possibilities
of tuning their uptake mechanism are interesting from a therapeutic point of view.

dvances in molecular and cellular biology have resulted in

new drug targets such as siRNA and different types of
therapeutic proteins. A common feature of these drug leads is
that they target intracellular sites. Hence, a main obstacle is to
transport the bulky and/or charged biomacromolecules across
the cell membrane to their intracellular targets, which requires
efficient and nontoxic cellular internalization. Various vectors
have been developed for the delivery of macromolecular
therapeutics,”> among which the cell-penetrating peptides
(CPPs) stand out as promising candidates because of their
intrinsically rapid and highly efficient internalization, and their
typically low toxicities.”

CPPs have been reported to cross cellular membranes by in
principle two different routes: by endocytotic pathways or by
nonendocytotic, energy-independent direct membrane pene-
tration (transduction) mechanisms.”® Whereas endocytosis is
the predominant pathway for many CPPs, some sequences
(e.g, those rich in arginines) appear to be able to use both
routes in parallel.®”® However, reported results diverge, and the
exact uptake mechanisms or partitioning between different
pathways appear to depend on both peptide sequence and
concentration and seem also to be affected by the nature of the
attached cargo and lpossibly also on cell type or even on cell
culture conditions.”"® This has sometimes led to confusing or
contradicting conclusions complicating attempts to design
optimal CPP sequences. Despite the advantage of peptide-
based delivery vectors being relatively easy to modify with
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respect to chemical properties via variation of the amino acid
composition, few studies have explored systematically how
patterning of amino acid sequence affects CPP properties.
CPPs commonly have a high content of positively charged
residues, e.g., arginines and lysines. The chemical nature of
these positive charges may drastically influence cellular uptake
and membrane interactions.”"'~'* Our group discovered that a
penetratin variant in which all lysine residues were substituted
with arginines had better internalization efficiency than

penetratin itself.'"">

As a result of these findings in addition
to the discovery of the efficiently translocated arginine-rich
domain of Tat and the development of the oligoarginine

15—-17
sequence,

much of the CPP research has been focused on
the functions of pure oligoarginines. Longer polyarginine chains
indeed generally result in more eflicient uptake,*'®'® but the
majority of reports suggest optimal lengths in the range from 8
to 15 :jlrginines.s’ls’19 Octaarginines (Rg) are commonly used as
CPPs as they are sufficiently long to provide high cellular
uptake” but still short enough to be easy and cost-effective to
prepare. In addition, Rothbard et al.'® showed that not only the

number but also the spacing of arginine residues can influence
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uptake by introducing aminocaproic acid as a backbone spacer
into a heptaarginine.

The oligoarginine sequence has also been developed in other
ways, e.g, by the introduction of a tryptophan at the C-
terminus of a heptaarginine.”* Maiolo et al.> have shown that
uptake of R,W is in fact better than that of R, alone.
Tryptophan is a hydrophobic amino acid, but because of its
aromaticity, it also has a strong preference for interactions at
the membrane interface and has important anchoring
functions in most membrane proteins.>>> The exact role of
tryptophans in CPPs is less clear and has mainly been studied
in the context of penetratin where contradictory results have
been reported. As an example, a tryptophan to phenylalanine
substitution has been reported to decrease the rate of cellular
uptake or to have no apparent effect at all.”***” These findings
made us interested in how the number and distribution of
tryptophans in a sequence may influence CPP function.

We here explore how uptake and intracellular localization as
well as cytotoxicity of oligoarginine-inspired CPPs may be
tuned by introduction of one or several tryptophan residues
into the sequence. We specifically address the extent to which
the exact primary sequence influences CPP function. For this
purpose, we designed six CPPs all containing eight arginines
but with different numbers and sequence positions of
tryptophans. We investigate how the number of tryptophans
may influence the uptake by comparing octaarginines with one,
two, three, or four tryptophans attached to the N-terminus. To
investigate the role of the exact primary sequence, we compared
the W,Rg peptide to two other peptides with the same amino
acid content, but with the tryptophans placed either as a block
in the middle of the sequence or distributed evenly along the
sequence (Table 1). We have found that our designed CPPs

Table 1. Peptide Sequences

peptide sequence”
WR, WRRRRRRRR

W,R, WWRRRRRRRR
W,Rq WWWRRRRRRRR
W,Rq WWWWRRRRRRRR
RWR RRRRWWWWRRRR
RWmix RWRRWRRWRRWR

“Tryptophans are bold.

can enter cells either by endocytotic, by nonendocytotic
pathways, or by both. Because nonendocytotic entry may be
associated with cytotoxicity, we also examined their toxicity to
cells as well as their ability to induce lipid vesicle leakage and
their affinity for lipid vesicle membranes. Our data show that
the uptake efficiency indeed increases with increased
tryptophan content, but also that uptake is more eflicient if
the tryptophan residues are placed as a block in the middle of
the sequence or distributed evenly along the sequence than if
they are placed as a block at the N-terminus.

B EXPERIMENTAL PROCEDURES

Materials. Peptides (>95% purity) were purchased from
Innovagen (Lund, Sweden) or Alta Bioscience (Birmingham,
U.K.). The fluorescent marker, S-FAM (S-carboxyfluorescein),
was conjugated to the N-terminus via an Ahx linkage. The N-
termini of the nonlabeled peptides were acetylated. All C-
termini were amidated. 1-Palmitoyl-2-oleoyl-sn-glycero-3-phos-
phocholine (POPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-
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phosphoglycerol (POPG) were from Larodan Fine Chemicals
(Malmg, Sweden), and 1,2-distearoyl-sn-glycero-3-phosphoe-
thanolamine-N-[poly(ethylene glycol) 2000] (DSPE-MPEG)
was from BioTrend (K&ln, Germany). 7-Aminoactinomycin D
(7-AAD) and LysoTracker Red DND-99 were from Invitrogen
(Stockholm, Sweden). A Guava Nexin kit (Millipore, Solna,
Sweden) was used for toxicity measurements.

Cell Culture. Chinese hamster ovary cells (CHO-K1) were
cultured in Ham’s F12 medium supplemented with 10% fetal
bovine serum and L-glutamine (2 mM) in a humidified
atmosphere containing 5% CO, at 37 °C. For confocal
microscopy analysis, cells were seeded in glass bottom culture
dishes at a density of 17000 cells/ cm? and cultured for 48 h
prior to experiment. For analysis on the Guava flow cytometer,
cells were seeded in 96-well plates at a density of 7000 cells/
well in 200 4L of growth medium and cultured for 48 h prior to
experiment.

Confocal Laser Scanning Microscopy. The cells were
washed once with Ham’s F12 and then incubated with 5 uM 5-
FAM-labeled peptide diluted in serum free Ham’s F12 medium
for 1 h at either 37 or 4 °C. For experiments performed at 4 °C,
the medium was supplemented with 10 mM HEPES to obtain
CO,-independent medium for incubation outside the incuba-
tor. A confocal laser scanning microscopy system (Leica TCS
SP, Wetzlar) equipped with 488 nm Ar and 543 nm He/Ne
lasers and a HCX PL APO CS 63 X 1.32 oil immersion
objective was used for acquisition of confocal fluorescence
images. 5-FAM-labeled peptides were excited at 488 nm, and
emission was recorded between 500 and 550 nm. 7-AAD (1
uM) was added immediately before confocal analysis to stain
nuclei of dead cells. 7-AAD was excited at 543 nm, and
emission was measured at 640—700 nm. To examine potential
colocalization between peptide and acidic compartments, 50
nM LysoTracker Red was added to the cell culture at the same
time as the 5-FAM-labeled peptides. Cells were imaged after
incubation for 1 h at 37 °C. LysoTracker Red was excited at
543 nm, and emission was recorded between 590 and 710 nm.

Quantification of Cellular Uptake. Cellular uptake was
quantified using a Millipore Guava 8HT (Millipore) flow
cytometer. The cells were washed with Ham’s F12 medium and
then treated with S-FAM-labeled peptide (0.5—10 M) and
dissolved in serum free Ham’s F12 medium for 1 h at 37 °C.
The cells were washed twice with a 20 mM HEPES/150 mM
NaCl mixture (pH 7.4) in the first wash supplemented with
heparin (100 ug/mL) to sequester extracellular and externally
bound peptide.”® The cells were detached by trypsin treatment
(10 min), which also aids digestion of any remaining externally
bound peptide. Analysis of cellular uptake was performed using
Millipore Guava Incyte software. The cells were gated using
forward/side scatter, to measure uptake in only live cells. The
mean cellular fluorescence (S000 analyzed cells per sample)
was plotted as a function of peptide concentration.

Measurement of Peptide Toxicity. Cell toxicity was
measured on a Millipore Guava 8HT flow cytometer using two
different methods. First, the number of dead cells after
incubation with S or 10 #M unlabeled peptide for 1, 2, and 3
h was measured by just prior to measurement adding 1 yM 7-
AAD, which is a cell-impermeable DNA stain that detects dead
cells. As a negative control, cells incubated with Ham’s F12
medium only were used, and as a positive control, cells were
incubated with ethanol (final concentration of ~15%) for 15
min. Second, cells were stained with reagents with a Millipore
Guava Nexin assay kit according to the manufacturer's

dx.doi.org/10.1021/bi300454k | Biochemistry 2012, 51, 5531-5539
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Figure 1. Confocal imaging of live cells incubated with S uM S-FAM-labeled peptides for 1 h at 37 °C (A) and 4 °C (B) and at 37 °C with
LysoTracker Red (C), showing intracellular localization. In panels A and B, the peptides are visualized in green above the transmission images. All
scale bars are 10 ym. In panel C, merged images are shown for colocalization between the peptide and LysoTracker Red. The cells were washed prior
to imaging. The laser intensity and photomultiplier settings have been adjusted to yield the best visualization of each image, and the intensities are

thus not directly comparable.

instructions. This assay contains Annexin-V PE (Annexin-V
conjugated with Phycoerythrin), which binds to phosphatidyl-
serine lipids that are presented at the outer leaflet of the plasma
membrane in an early stage of apoptosis, and 7-AAD (as
above). Cells were incubated with S or 10 pM unlabeled
peptide for 1 h at 37 °C. Cells incubated in Ham’s F12 medium
only and cells incubated with 1 yM staurosporin, for 3 h at 37
°C, were used as negative and positive controls, respectively.
The fraction of cells positive for Annexin-V PE but negative for
7-AAD was determined.

In Vitro Membrane Leakage. Large unilamellar lipid
vesicles (liposomes) were prepared by extrusion.”” A POPC/
POPG solution (80/20 molar ratio) dissolved in chloroform
was mixed in a round bottom flask. The solvent was evaporated
under reduced pressure using a rotary evaporator, and the
remaining lipid film was placed under vacuum for 2 h to
remove any traces of solvent. Vesicles were formed by
dispersion of the lipid film in a 50 mM carboxyfluorescein/
HEPES solution under vortexing (S min), followed by six
freeze—thaw cycles (liquid nitrogen to S0 °C) and extrusion 21
times through Nucleopore polycarbonate filters with a pore
diameter of 100 nm using an extruder (LiposoFast-Pneumatic,
Avestin). The liposomes were separated from nonencapsulated
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material by gel filtration on a Sephadex G-50 column (GE
Healthcare) and eluted in HEPES buffer [10 mM HEPES, 107
mM NaCl, and 1 mM EDTA (pH 7.4)] prepared to match the
osmolarity of the carboxyfluorescein buffer, thereby preventing
leakage effects caused by osmotic pressure.”” Liposomes were
diluted in buffer to a final lipid concentration of 25 uM.
Peptides were added at peptide/lipid ratios of 0.04 and 0.08.
The bee venom peptide melittin was used as a positive control,
but because of its potency, at a significantly lower peptide/lipid
ratio (0.004). Leakage was monitored as a function of time by
measuring the increase in fluorescence of dequenched dye
using a Spex Fluorolog 7-3 spectrofluorometer (Jobin Yvon
Horiba). Carboxyfluorescein was excited at 490 nm, and the
emission intensity was recorded at 520 nm. Complete leakage
was obtained by adding Triton-X to a final concentration of 0.1
vol % at the end of each experiment. The percentage of leakage
was calculated according to eq 1:

leakage (%) = [I(t) — I)/ Itgtonx-100 — Lo) X 100 (1)
where Iy and Iy, x.100 are the average of 10 succeeding data
points taken prior to addition of peptide and after complete
leakage induction by Triton X-100, respectively.

dx.doi.org/10.1021/bi300454k | Biochemistry 2012, 51, 5531-5539
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Affinity of the Peptide for Lipid Membrane Vesicles.
Tryptophan fluorescence was used to monitor the binding of
the peptide to lipid vesicles, as its intrinsic emission shows both
a blue shift and an increase in quantum yield when a peptide is
transferred into a less polar environment.’® POPC, POPG, and
DSPE-MPEG lipids, dissolved in chloroform, were mixed at a
molar ratio of 16/3/1. DSPE-MPEG was added to reduce
peptide-induced vesicle aggregation occurring at high peptide/
lipid ratios. The liposomes were produced as described above,
but the lipid film was dispersed in HEPES buffer [10 mM
HEPES, 100 mM NaCl, and 1 mM EDTA (pH 7.4)]. The
vesicles were extruded 21 times through two polycarbonate
filters with a pore size of 100 nm using a hand-held syringe
extruder (Avestin); SO uL of peptide (100 uM) was added to
3000 uL of HEPES buffer, and the tryptophan emission was
monitored using a Spex Fluorolog 7-3 spectrofluorometer
(Jobin Yvon Horiba). Samples were excited at 280 nm, and
fluorescence spectra were recorded between 315 and 400 nm.
The samples were thereafter titrated with lipid vesicles (1 uL
aliquots of a 10 mM stock solution), and a spectrum was
recorded for each step in the titration. Because it is known that
cationic peptides have a tendency to adsorb to quartz, we
modified the surface of the cuvette walls with 1% (w/v)
polyethylenimine as previously described, and mixing was
carefully performed three times by plunging a custom-made
metallic cuvette mixer to minimize peptide adsorption.** The
fractions of free and bound peptide were calculated from each
spectrum in the titration series by projection onto reference
spectra recorded on free and bound peptide, respectively, and
the apparent binding constant and the number of lipids in a
binding site, K,,, and n, respectively, were calculated as

app
described in the Supporting Information.

B RESULTS

Uptake and Intracellular Localization of a Peptide. To
explore how incorporation of tryptophan residues into an
octaarginine sequence may influence uptake and intracellular
localization of the CPP and to then further explore how the
tryptophan/arginine sequence patterns influence CPP proper-
ties, we first investigated their interaction with and internal-
ization into live CHO-K1 cells using confocal laser scanning
microscopy. Figure 1 shows the intracellular distribution of the
six peptides [WR,, W,Rg, W3Ry, W, Ry, RWR, and RWmix (see
Table 1)] following a 1 h incubation at 37 or 4 °C. The staining
pattern varies substantially among the different peptides. We
observe punctuate staining for WRg, W;Rg, W,Rg, and RWmix
at 37 °C, showing that the internalized peptide is, at least in
part, confined to intracellular vesicles. This suggests that
endocytosis contributes to peptide internalization. WRg shows
mainly punctuate staining, whereas W;Rg, W,Rg, and RWmix in
addition show diffuse staining throughout the cytoplasm in a
majority of the cells. For W, Ry, the punctuate staining is mostly
localized close to the plasma membrane or in the cytosol but
clearly excluded from the nucleus. W,Rg and RWR display both
weak punctuate uptake and diffuse homogeneous staining
throughout the cytoplasm and interestingly also stronger
intensity in cellular structures that are morphologically
identified as the cell nucleus and nucleoli. The diffuse
intracellular staining indicates either direct membrane trans-
duction or efficient escape from endocytotic vesicles and is seen
in most cells for RWR and in ~20% of the cells for W,Rq. None
or very few cells (approximately two to five cells per dish) were
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positive for 7-AAD at 37 °C (data not shown), indicating that
the peptides are not highly toxic.

To examine whether uptake into the cytoplasm occurs
directly through plasma membrane transduction or via
endosomal escape, we performed the same experiment
described above at 4 °C to eliminate contributions from
endocytosis. Figure 1B shows that uptake occurs at 4 °C, with
diffuse staining for most of the peptides, but that the punctuate
staining is absent. Especially W, Ry shows very low levels of
uptake at 4 °C, with very little intracellular staining but with
evident localization of the peptide at the cell membrane,
indicating that its main route of internalization is via
endocytosis. WRg shows, in contrast to the punctuate staining
seen at 37 °C, weak staining of the cytoplasm in a minority of
the cells, whereas the remaining peptides give much clearer
staining of the cytoplasm, and to some extent also the nucleus.
Nuclear staining with W,Rg and RWR is similar to what was
observed at 37 °C, suggesting that trafficking to the nucleus
follows direct membrane transduction. No cells were stained
with 7-AAD (data not shown).

To further investigate the mechanisms of uptake of six
peptides into cells, colocalization between peptide and acidic
compartments (late endosomes and lysosomes) was monitored,
using LysoTracker Red DND-99. Colocalization was seen for
RWmix (Figure 1C), which suggests that this peptide is
internalized via endocytosis and thereafter transported to
lysosomal compartments. The other peptides do not colocalize
significantly with vesicles in the late endosomal—lysosomal
system.

Quantification of Cellular Uptake. While the confocal
imaging experiments show uptake and intracellular localization
of peptides, it is not feasible to extract quantitative information
regarding the amount of internalized peptide from statistical
analysis of confocal images. To obtain a quantitative measure of
their efficiency, we instead used flow cytometry to determine
the relative amounts of internalized peptide after incubation for
1 h. Figure 2 shows the mean cellular fluorescence as a function
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Figure 2. Cellular uptake of S-FAM-labeled peptides in live CHO-K1
cells after incubation for 1 h at 37 °C. The highest uptake intensity is
seen for RWmix (leftward-pointing triangle), followed by, in order of
decreasing intensity, RWR (@), W;R; (A), W,R; (V), W,R; (@),
and WR; (M). The uptake is measured as the mean cellular
fluorescence from flow cytometric analysis of all live cells positive
for the fluorophore. The background level (mean cellular fluorescence
for untreated cells) is 10—15 au, which means that the values for both
0.5 and 1 uM are hard to detect. Error bars are standard errors of the
mean (n = 6).
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of peptide concentration. The mean cellular fluorescence
increases with increasing concentration for all tested peptides,
and the effect is relatively linear in the tested concentration
regime. There is an increase in fluorescence intensity for
peptides with increasing tryptophan content up to three
tryptophans at the N-terminus of the peptide. The W,Rg
peptide interestingly shows lower levels of intracellular
fluorescence than W;Rg. The main differences are observed
upon comparison of the three peptides that contain four
tryptophans and eight arginines (W,Rs, RWR, and RWmix).
The RWR peptide has considerably higher intracellular
fluorescence than W,Rg, and RWmix displays a fluorescence
intensity at 10 uM almost 10-fold higher than that of W Ry,
indicating that the distribution of amino acids within the
peptide is decisively important for their uptake efficiency.

Cytotoxicity in Cell Culture. For a CPP to be a functional
vector, its uptake efficiency must be high and it must be well
tolerated and therefore exhibit low levels of cytotoxicity. The
absence of 7-AAD staining in the confocal imaging experiments
(see above) indicates that the peptides are not acutely toxic or
immediately causing necrosis due to membrane leakage.
However, to examine toxicity in further detail and to obtain
quantitative information, we performed two flow cytometric
experiments. As a first approach, the amount of 7-AAD-stained
cells after treatment with two different concentrations of
peptide for 1—3 h was monitored. Figure 3A shows that WRg
and W,Rg do not induce cell death at levels significantly above
the negative control (Ham’s F12 medium). For the peptides
with three and four tryptophans, a slight increase in the number
of dead cells is seen, both with an increasing peptide
concentration and with an increasing incubation time.
Especially W,Rg shows a conspicuous time-dependent increase
in toxicity, with >20% dead cells, ~4 times higher than the
values seen for the other two peptides containing four
tryptophans, after incubation for 3 h.

As a next approach, even if the number of dead cells was
relatively low for all peptides except W,Rg, we wanted to
explore whether the peptides induce apoptosis. We used an
apoptosis kit based on Annexin-V and 7-AAD to stain cells with
surface-exposed phosphatidylserine and/or with permeabilized
membranes. Annexin-V, which binds to externalized phospha-
tidylserine, is a marker of early apoptosis, whereas 7-AAD stains
the nuclei of cells with permeabilized membranes, ie., late
apoptotic cells and necrotic cells. In Figure 3B, the percentages
of cells positive for Annexin-V but negative for 7-AAD are
presented, identifying only the fraction of early apoptotic cells.
The results show that the peptides cause relatively low levels of
early apoptosis, not much higher than for the cells treated with
Ham’s F12 medium only. However, a slight increase in early
apoptosis is seen with an increasing amount of tryptophans in
the peptide sequence, with a minor difference among the three
peptides containing four tryptophans being distinguishable.
W,R; and RWmix may be slightly more toxic than RWR, but
the difference is not statistically significant.

In Vitro Membrane Leakage. Because it appears that
several of our designed CPPs can enter cells via direct
membrane penetration mechanisms yet appear not to give rise
to acute levels of cytotoxicity associated with membrane
leakage, we decided to explore further their interactions with
lipid membranes. We measured the leakage of carboxyfluor-
escein, encapsulated at a self-quenching concentration in lipid
vesicles prepared from synthetic lipids, to detect if the peptides
have a tendency to disrupt membrane integrity, which would
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Figure 3. Cytotoxicity measurement showing the percentage of cells
positive for 7-AAD and Annexin-V after incubation with S and 10 yuM
unlabeled peptide at 37 °C. (A) Cells positive for 7-AAD are depicted.
As a positive control, cells were incubated with 70% ethanol for 15 min
rendering 84% cells positive for 7-AAD with a standard deviation of
5.7 (not shown). As a negative control, cells were incubated with
Ham’s F12 medium. The diagram shows an average of three replicates
on three different occasions, with error bars being the standard
deviation. After incubation for 1 h, the difference in toxicity between
the peptides points at the toxicity being higher for the peptides with
three and four tryptophans than for those with one and two
tryptophans. However, after incubation for 2 and 3 h with 10 uM
peptide, an evident increase in toxicity is seen for peptide W,Rg. At the
same time, WRg and W,Rg are not more toxic than cell medium. (B)
Cells positive for Annexin-V and negative for 7-AAD are depicted. As a
positive control, cells were incubated with 1 yM staurosporin for 3 h,
and as a negative control, cells were incubated with Ham’s FI12
medium. The diagram shows an average of two or three replicates on
four different occasions, with error bars being the standard error of the
mean. The difference between the percentage of cells positive for
Annexin-V, thus being in an early apoptotic stage, for the respective
peptide is not significant.

result in content leakage. This could occur due to pore
formation or related membrane disruptive mechanisms. Figure 4
shows the increase in carboxyfluorescein fluorescence as a result
of dequenching of released dye as a function of time after
addition of peptide. The experiments were performed at
peptide/lipid ratios of 0.04 and 0.08. All peptides give rise to
relatively low levels of leakage, but the kinetics are typical of
peptide-induced leakage (i.e., with a fast initial component and
at least one second slower component). Unspecific leakage
usually results in a linear increase in fluorescence and occurs on
much longer time scales. Interestingly, RWmix and W,R give
rise to higher leakage levels, consistent with the relative
frequencies of early apoptosis but not with the occurrence of
dead cells. RWmix and W,Rq cause ~6% leakage, RWR ~3%,

dx.doi.org/10.1021/bi300454k | Biochemistry 2012, 51, 5531-5539
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Figure 4. Peptide-induced leakage of carboxyfluorescein from lipid
vesicles represented as a percentage compared to complete lysis
(100%). The leakage was recorded as a function of time after addition
of peptide at a peptide/lipid ratio of 0.08. The highest leakage was
seen for W,R; (green) and RWmix (blue), followed by RWR
(turquoise), W3R (red), and W,Rg (black).

and W;Rg and W,Rg ~2% (Table 2). As a comparison, melittin
(a strongly Iytic peptide) shows as much as 29% leakage, even if
added at a 10—20-fold lower peptide/lipid ratio.

Table 2. Leakage Data and Binding Constants®

peptide leakage (%) leakage (%)° K, (x10° M) n
WR, — — _ _
W,Rq 2.0 2.1 - -
W,R, 32 29 10 19
W,R, 5.7 6.7 5 16
RWR 3.3 3.6 14
RWmix 5.5 6.4 13 24
melittin 29.0 29.0 - -

“Induced leakage of liposomes consisting of an 80/20 POPC/POPG
mixture. Peptide/lipid ratios are 0.04 and 0.08 for the RW peptides
and 0.004 for melittin. The apparent binding constant and the number
of lipids in a binding site for peptides binding to 16/3/1 POPC/
POPG/DSPE-PEG vesicles are presented. bRatio of 0.04. “Ratio of
0.08.

Affinity of the Peptide for Lipid Membrane Vesicles.
Because binding to the cell membrane is likely to be the first
step in the internalization of CPPs and because we see a
difference between the peptides, with regard to both uptake and
toxicity, we wanted to investigate if there is also any
discrepancy between the binding affinities of the peptides for
lipid membranes. The peptides were titrated with aliquots of
liposomes, and the fraction of bound peptide was calculated on
the basis of the wavelength shift and intensity change in
tryptophan fluorescence. Singular-value decomposition analysis
of the recorded tryptophan emission spectra showed that only
two components are significant for the system (data not
shown), which validate the assumption that there are only two
states in the system, free and membrane-bound peptide. In
Figure 5, the fraction of bound peptide is plotted versus the
total lipid concentration. The magnitude of binding is similar
with binding saturation being reached at a peptide/lipid ratio of
~1/25 for the four peptides that could be examined in this
assay (W;Rg, W R, RWR, and RWmix). For WRg and W,Rg,
no reliable results were obtained, which might have been
caused by insufficient shifts in tryptophan emission. Further,
only minor differences in the steepness of the binding curves
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Fraction bound peptide

Lipid concentration (uM)

Figure S. Binding curves for the association of RWR (%), W,R, (@),
W;R; (H), and RWmix (V) with POPC/POPG/MPEG liposomes.
The fraction of bound peptide compared to the nontitrated reference
value for maximal binding is shown as a function of lipid
concentration.

are noticed. The slope in the region of half-maximal binding,
ie, at ~15 uM lipid, is almost identical for W;Rg and W R,
whereas it is slightly higher for RWR and slightly lower for
RWmix. From the fitting of a quadratic equation to the least-
squares projection of the bound peptide, the apparent binding
constant and the number of lipids in a binding site were
calculated. All peptides were shown to have apparent binding
constants of the same magnitude (see Table 2) that are
comparable to binding constants previously obtained for
penetratin (1.5 X 10° M™' for an 80/20 DOPC/DOPG
mixture).’* These results indicate that the specific peptide
sequence rather than the binding constant is the crucial factor
in these peptides’ chemical physical properties.

B DISCUSSION

Arginine-rich peptides have been well studied because of their
efficient cell internalization properties. They have been
characterized in terms of their routes of uptake into cells,
their interaction with membranes, and how amino acid spacing
influences both of these properties.''>'® However, the impact
of introducing other amino acids into an arginine-rich sequence
has not been extensively explored. On the basis of the finding
that addition of one tryptophan to a heptaarginine increases its
uptake efficiency,”’ we wanted to explore systematically how
tryptophan content and the distribution of tryptophan within
an oligoarginine sequence would affect its CPP properties. We
found that increasing tryptophan content has a positive effect
on uptake efficiency but that the effect is not trivial as we
observe a decrease in efficacy when introducing a fourth
tryptophan at the N-terminus of octaarginine. Interestingly,
altering the spacing of tryptophans within the oligoarginine
sequence has a much stronger effect on uptake efficiency, and
we also observed major differences in intracellular distribution.
Our results suggest that introduction of tryptophans into
arginine-rich peptides can improve uptake and that it might be
possible to tailor tryptophan/arginine CPPs with particular
sequence patterns to gain control of their subsequent
intracellular localization. We will discuss this as well as
implications of peptide design for endocytosis and direct
translocation mechanisms.

The RWmix sequence has the highest uptake level of the
peptides in our study and is up to 10 times as efficient as the

corresponding peptide with all tryptophans in a block at the N-
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terminus. The even distribution of the tryptophan residues
along the extension of the peptide opens up the possibility that
it might realize secondary amphipathicity when interacting with
the cell surface. The helical wheel projection in Figure 6 shows
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Figure 6. Helical wheel projection of three peptides containing four
tryptophans. Arginine residues are colored blue and tryptophan
residues red. Membrane Protein Explorer MPEx 3.2 free software from
the the S. White laboratory at the University of California (Irvine, CA)
was used.

that all tryptophans would assemble on one face of the Ipeptide
if it adopts a helical conformation. Takechi et al."” have
indicated that a-helix-forming polyarginines have greater
uptake in cells, and it might also be possible that RWmix
adopts an a-helical structure, which could explain the superior
uptake.

Having all four tryptophans at the N-terminal end of the
peptide sequence, as in W,Rq, obviously decreases its uptake
efficiency compared to those of RWmix and RWR. This amino
acid distribution gives the peptide primary amphipathicity with
a distinctly charged part and a highly hydrophobic part.
Interestingly, W,Rg uptake appears to be more dependent on
endocytosis than that of the other 12-mer peptides or the
shorter versions with two and three tryptophans. In addition,
we observed punctuate staining closely localized to the cell
membrane (presumably endosomes filled with peptide) at 37
°C. The in vitro experiments with lipid vesicles suggested that
this peptide had a strong tendency to aggregate vesicles in
solution, and we therefore speculate that this peptide may
disturb the process by which endosomes are pinched off from
the plasma membrane because of its primary amphipathicity
where the tryptophans can anchor the peptide strongly in the
lipid membrane and the arginine “tail” may stick out and adhere
to other negatively charged cell membrane components. This
could also explain its relatively poor uptake.

A comparison of the intracellular localizations for the six
peptides at 37 °C, at 4 °C, and with stained late endosomes
demonstrates that the uptake routes differ depending on
tryptophan content and backbone spacing, with endocytosis
having varying levels of importance. We show that several of
the designed peptides are able to cross cellular membranes and
gain access to the cytosol and even the cell nucleus. This
transduction occurs also at 4 °C and can therefore not be
considered to be any form of active transport. The RWmix
peptide is the only peptide for which colocalization with late
endosomes and lysosomal compartments is seen. The other
peptides that were internalized via endocytosis may either
escape endosomes at an earlier stage, disturb the endosome
maturation process, or prevent trafficking to late endosomal
compartments.

We found that most of our designed CPPs are relatively
nontoxic, which is promising from a therapeutic application
perspective, yet we may ask whether high uptake coincides with
high toxicity. Interestingly, this does not seem to be the case.
When 7-AAD is added to the cells, no, or only very few, cells
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were stained. The cytotoxicity assays point to toxicity for these
peptides being only slightly higher than for cell medium only,
except for W Rg, which shows a clear increase in cytotoxicity
with time, possibly explained by its primary amphipathicity that
might induce a disturbance of the endosome maturation
process as a result of endosome aggregation or adherence of
endosomes to the cell membrane. This higher toxicity for W,Rq
could possibly also explain its apparent low intracellular uptake
because dead cells were excluded in the flow cytometry analysis.
In addition, in the early apoptosis assay, a certain variation in
toxicity between the peptides is seen, coinciding with the results
from the leakage measurement. It might be possible that the
low levels of early apoptosis seen could be caused by membrane
leakage resulting in depolarization.

Octaarginine does not induce content leakage in liposomes,
but it is still possible that an accumulation of tryptophan could
be a triggering factor as it introduces hydrophobicity into the
peptide sequence. However, oligoarginines can disturb
membranes, and the formation of small transient pores, as for
Arg9,” cannot be ruled out. We show that leakage is
substantially lower than for the potent leakage-causing peptide
melittin, but we can still discriminate variation between the
peptides, with W,Rg and RWmix inducing somewhat higher
levels of leakage. This together with the higher toxicity
monitored for W,Rg points to the fact that not only tryptophan
content but also tryptophan backbone spacing may influence
the degree of toxicity.

The results suggest that the peptides in this study, especially
RWmix and RWR, may be efficient vectors for intracellular
transport because of their high uptake efficiency and relatively
low toxicity in mammalian cells. The uptake efficiency of
RWmix is superior to that of RWR and those of all of the other
peptides. However, RWmix is to a large extent found in
vesicular structures within the cell, whereas RWR exhibits a
higher level of uptake into the cytosol and the nucleus. Also, the
toxicity of RWR is somewhat lower than for RWmix. These
results suggest that CPPs with an accumulation of tryptophans
in the middle of the sequence are superior as vectors for
transport to the cytosol and the nucleus. Placing the
hydrophobic tryptophans at the N-terminus instead impairs
the efficiency. It is, however, possible that the cargo, in this case
a hydrophobic 5-FAM, will influence the result and that the
optimal sequence may need to be adjusted according to the
cargo of interest.

Interestingly, our designed peptides also show similarity in
sequence to certain types of antimicrobial peptides (AMPs),
which may also have a high content of arginines and
tryptophans. It has been suggested that these two amino
acids can contribute to antimicrobial properties because of the
tryptophan’s preference for the lipid membrane interfacial
region and the arginine’s facilitation of peptide—membrane
interactions at anionic lipid surfaces through hydrogen bond
formation and electrostatic attraction.>> However, our results
suggest that the RW peptides are in fact relatively benign in
mammalian cells, which is also in accord with the dual
properties recently described for the human antimicrobial
peptide LL-37, which has potent activity against bacteria, while
behaving like a typical CPP in the vicinity of mammalian cells.**
Further, it is possible that subtle variation in the amino acid
sequence may, as demonstrated here, affect the physicochem-
ical interactions between the peptide and cellular membranes in
such a way that uptake efficiency as well as uptake pathways
and cytotoxicity will be modulated. Further investigation may
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thus not only result in the identification of better CPPs or
better AMPs but also help to shed light on the fundamental
differences and similarities between these two classes of
functional membrane-interacting peptides.

B CONCLUSIONS

In conclusion, this study importantly indicates that the
tryptophan content and backbone spacing of CPPs is a
determinant for both uptake efficiency and routes of uptake
into CHO-K1 cells. The uptake pattern differs between
peptides with different tryptophan contents and compositions,
showing both endocytotic and nonendocytotic uptake mech-
anisms. In addition, several of the peptides that we designed
show direct uptake into the cytoplasm in combination with
intracellular localization in the nucleus. Interestingly, the uptake
efficiency clearly differs between peptides having same amino
acid content but with an altered tryptophan distribution.
Furthermore, the peptides, with one exception, show high
bioavailability, with relatively low levels of cytotoxicity and
liposome leakage, making these peptides promising for future
applications as vectors for intracellular transport.

B ASSOCIATED CONTENT
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Flow cytometry histogram of uptake, plot of gated cells from
the Nexin assay, tryptophan emission spectra for binding of the
peptide to titrated liposomes, and calculation of binding
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