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ABSTRACT: Many cell-penetrating peptides (CPPs) bind to
glycosaminoglycans (GAG) located on the extracellular side of
biological tissues. CPP binding to the cell surface is intimately
associated with clustering of surface molecules and is usually
followed by uptake into the cell interior. We have investigated
the uptake mechanism by comparing CPPs which bind, but
cannot induce, GAG clustering with those which do induce
GAG clustering. We have synthesized the tryptophan-labeled
CPP nona-L-arginine (WRy) and its monodispersely PEGylated
derivate (PEG,,—WRy) and have compared them with respect
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to glycan binding, glycan clustering, and their uptake into living cells. Both CPPs bind to the GAG heparin with high affinity (Kp ~
100 nM), but the PEGylation prevents the GAG clustering. Thus, it is possible to uncouple and analyze the contributions of GAG
binding and GAG clustering to the biological CPP uptake. The uptake of PEG—WRy into CH-K1 cells is confined to intracellular
vesicles, where colocalization with transferrin attests to an endocytic uptake. Transfection experiments with plasmid DNA for GFP
revealed poor GFP expression, suggesting that endocytic uptake of PEG—WR, is compromised by insufficient release from
endocytic vesicles. In contrast, WRy shows two uptake routes. At low concentration (<5 4M), WR, uptake occurs mainly through
endocytosis. At higher concentration, WRy uptake is greatly enhanced, showing a diffuse spreading over the entire cytoplasm and
nucleus—a phenomenon termed “transduction”. Transduction of WRy leads to a higher GFP expression as compared to
PEG—WR, endocytosis but also damages the plasma membrane as evidenced by SYTOX Green staining. The results suggest that
GAG binding without and with GAG clustering induce two different pathways of CPP uptake.

pproximately 60% of currently FDA-approved drugs bind to
embrane proteins as their molecular target" inducing their
biological activity either directly (e.g., anesthetics) or indirectly
via signaling across the cell membrane (e.g., receptor blocker).
Future drug technologies will address intracellular targets which
emerge from recent discoveries in genomics, proteomics, and
glycomics. These molecular pathways can be temporarily ma-
nipulated at several levels, such as gene expression with plasmids,
siRNA, and intracellular antibodies.” The applicability of these
technologies will depend critically on transporting the rather
large therapeutic molecules across intact cell membranes, a major
hurdle for their clinical use.

While the lipid bilayer is impermeable to large macromole-
cules, such as tailored DNA/RNA strands, because of their size
(Lipinski’s rule)® and high charge (Born energy barrier) ¥ their
cellular uptake can be enhanced by uptake promoting com-
pounds (“vectors”) such as viral peptides, lipofectants, synthetic
polymers (polybrene, polyethylenimine), amino acid homo-
polymers,® and cell-penetrating peptides (CPPs).%”

Among these vectors, CPPs are of particular interest because
of their rapid uptake into the cytoplasm and the cell nucleus, their
biodegradability, and the responsiveness of many diverse cell
lines to CPPs. For example, the uptake of CPPs has been
observed not only in various mammalian cell lines but also in
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bacterial, yeast, insect, and plant cells that differ considerably in
their membrane composition and, especially, in their capacity for
endocytosis.® The CPP uptake into biological cells proceeds
typically within minutes at a low micromolar CPP concentration.
The potential cargos can be bound either covalently or electro-
statically to the CPP. Apart from numerous CPPs studied on cells
in culture and occasionally in rodents, first clinical trials on
humans are currently in progress for drugs like AVI-5126,"°
ANG1005,"" KAI-9803,"> Syn1001,"* and CGC1072"* that are
based on CPPs.

With a few exceptions, most CPPs have a high content of
arginine and lysine residues, so that their isoelectric point (pI) is
typically >10, which leads to a net positive charge at physiological
pH and facilitates electrostatic interactions with anionic cargos
(e.g, DNA) and cellular targets (e.g, cell-surface glycans).
Polycationic characteristics are also found for other, non-peptide
transfection vectors such as Lipofectamine, polyethylenimine,
polybrene, chitosan, or DEAE-dextran. It is believed that their
polycationic property facilitates the cellular uptake of elongated
anionic cargos, such as plasmid DNA, by at least six additive
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processes: noncovalent binding to the cargo, compaction of the
large cargo, resulting protection against enzymatic digestion
(e.g, ubiquitous RNases), charge (over)neutralization (defeating
the Born energy barrier), sedimentation of the compact aggre-
gates onto cell layers, and increase of the cell surface concentra-
tion through residual positive charges by electrostatic interaction
with anionic cell-surface molecules like sulfated or sialylated
glycans.

The residual positive charge of the vector—cargo complex
appears to be mandatory for optimum plasmid expression, where
a charge ratio (cationic N/anionic P) of 2—S5 typically yields
best transfection efficiency'® by providing contact to anionic
cell-surface molecules. The involvement of anionic cell-surface
glycans in the CPP uptake is also supported bgr enzymatic
removal of diverse glycans from the cell surface'® '® and the
observation that D-isomers and retro-inverso derivatives of CPPs
enter cells with a similar efficiency as their L-isomers."” In
contrast, a purely protein-based receptor would be stereospecific
due to its natural L-isomer composition.

The biological cell response after the initial cell-surface contact
of CPPs is discussed controversially, not only because of large
structural differences among CPPs but also because of different
experimental conditions, different cell lines used (differing in
endocytic capacity), different cargo sizes,” and potential artifacts
during cell handling. For example, the high cell-surface accumu-
lation of CPPs has occasionally been mistaken as intracellular
uptake when using FACS.*" Also, the cell fixation with aldehydes
or methanol used in microscopy leads to leaky cell membranes,
so that the cell surface-bound CPP diffuse “artificially” into the
cytosol postmortem.”” Such artifacts accidentally suggested that
the uptake of nonamghipathic CPPs was independent of cellular
energy consumption.” This early view was corrected later, and in
order to clarify, it was necessary (i) to divide the CPPs at least
into two classes, i.e., amphipathic and nonamphipathic CPPs,***
and (ii) to consider various uptake pathways for one and the
same CPP as a function of concentration or other conditions. As
a result of their physicochemical properties, CPPs might indeed
produce membrane leakage in the absence of cellular fuels. The
classes of CPPs are thus distinct with respect to leakage on model
membranes, toxicity on cells in culture, and cellular uptake routes
(for a review see ref 8).

Amphipathic CPPs, such as transportan and pep-1, have
detergent-like properties.”® They insert into the lipid bilayer
core, and the threshold for causing energy-independent mem-
brane leakage has been found to be as low as 1 UM.*® Im-
portantly, the membrane partitioning and leakage of amphipathic
CPPs can be produced in model membrane systems devoid of
glycans or related core proteins.”® Their membrane destabiliza-
tion is thus in close similarity to antimicrobic peptides.”” Their
partitioning into the lipid bilayer and resulting membrane
leakage does not exclude the possibility for a parallel endocytic
uptake, and it seems that the CPP concentration affects both the
uptake route and the toxicity.® Their diffuse intracellular distribu-
tion has been referred as to “transduction”, i.e., peptide passage
across a membrane.”® At that time, the designation “transduc-
tion” was not restricted to “cytosolic” appearance in particular
but to intracellular appearance in general including entrapment in
endocytic vesicles. Entrapment of fluorescently labeled CPPs in
the endosome typically produces a punctuate intracellular stain-
ing of the cells especially in the time frame of our experiments.
We use the term “transduction” in the present article thus for the
diffuse cytosolic CPP localization, indicating that the CPP has

crossed a cellular membrane without specifying the location of
the membrane leak (see also Discussion).

In contrast, nonamphipathic CPPs, such as oligoarginines, are
polyelectrolytes that have no detergent-like or pore-forming
property. They have a poor aflinity for lipids that are typical
for the outer membrane leaflet of the eukaryotic plasma mem-
brane; they do not insert into model lipid bilayers and do not
produce membrane leakage of lipid vesicles at low micromolar
concentration.® Their membrane leakage on model membranes
has been only observed at very special conditions, such as lipid-
phase transition cycling, unnatural counterions, high molar
peptide/lipid ratios, or membrane models with low bending
modulus (GUVs).® Formation of inverted hexagonal phases has
been also proposed as a lipid-mediated uptake mechanism but
has not been experimentally confirmed so far.>®

Nevertheless, nonamlphi athic CPPs have substantial access
to cytosol and nucleus.””>* This suggests that cell-membrane
constituents other than lipids are responsible for the transduction
of nonamphipathic CPPs. We have shown previously that
glycosaminoglycans (GAGs) may play an important role in this
process.” The present article thus focuses on the special proper-
ties of nonamphipathic CPPs. Among those, we have selected
nona-L-arginine (WRy), which is considered as one of the most
effective CPPs among the arginine homologues.*

We have first investigated the conditions for endocytic uptake
and transduction of the nonamphipathic CPP WRy. Second, we
have tested to which extend glycan clustering may contribute to
the WRy uptake because a previous study suggested that the
transduction of nonamphipathic CPPs is closely related to the
cell-surface clustering of CPPs.>* Third, a PEGylated CPP variant
was synthesized that, in contrast to typical CPPs, should bind
with high affinity to GAGs but should inhibit glycan clustering,
After biophysical characterization of the interactions, we have
measured the CPP uptake into CHO-K1 cells in culture, the
toxicity, and the transfection efficiency for a GFP plasmid.

B EXPERIMENTAL PROCEDURES

Materials. Fmoc-protected amino acids were purchased from
Iris Biotech (Marktredwitz, Germany). The peptide activators
HBTU and PyBop were obtained from VWR (Dietikon,
Switzerland), and the resins for peptide synthesis were purchased
from Rapp Polymere (Tibingen, Germany). The monodisperse,
bifunctional PEG reagent 3-(2-(2-(9-Fmoc)aminoethoxy)-
(ethoxy),;)propanoic acid (“Fmoc-NH-PEG,,-COOH”; M, =
1544.8) was purchased from Polypure (Norway, Oslo). The
fluorescent S(and 6)-carboxytetramethylrhodamine (TAMRA)
succinimidyl ester (SE) was from Anawa/Anaspec (Wangen,
Switzerland). Unfractionated heparin sodium salt (from porcine
intestinal mucosa, 12.4% sulfur, average M, ~ 13000) was
purchased from Celsus Laboratories (Cincinnati OH). The
reporter plasmid gWiz-GFP (5757 base pairs) was obtained
from Aldevron (Fargo, ND). SYTOX Green, Lipofectamine
2000, cell culture media (Opti-MEM; F-12 with GlutaMAX),
and supplements (serum, antibiotics) were from LuBioScience/
Invitrogen (Luzern, Switzerland). CellTiter 96 aq was from
Promega (Diibendorf, Switzerland). DyLight 488-labeled rat
transferrin was from Jackson Immuno (Suffolk, GB). All other
chemicals (synthesis or HPLC grade) were purchased from
Sigma-Aldrich (Buchs, Switzerland). The DNA concentration
(as base pair) was determined spectroscopically using an average
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molar extinction coefficients per base pair (€55 = 13200
M 'em ™).

Peptide Synthesis. Solid phase peptide synthesis (0.1 mmol
scale = 1 mol equiv) started on the peptide’s C-terminus using a
Tentagel S RAM Rink-type resin (functionalization of 0.24
mmol/g) and N-(9-fluorenyl)methyloxycarbonyl (Fmoc) pro-
tected amino acids (10 equiv) on an Applied Biosystems 433A
peptide synthesizer (Stafford, TX). Activation reagents were
HBTU/HOBt/DIPEA (10:10:20 equiv). A more porous resin
(Tentagel R RAM; functionalization of 0.18 mmol/g) was
required for the synthesis of the PEGylated derivative in order
to facilitate the rapid diffusion of the larger PEG moiety into the
resin with respect to the short half-life of the activated reagents
after addition of DIPEA.

Fmoc-NH-PEG(27)-COOH was coupled by hand (3 equiv,
4h) at the N-terminus using activation with PyBOP/DIPEA (3:6
equiv) in DMF/DCM (9:1). The bifunctional PEG spacer
allowed fluorescent labeling of the peptide after Fmoc deprotec-
tion with 20% piperidine. The resin and side-chain protection
groups were removed with Reagent B (TFA/ phenol/H,0/
triisopropylsilane 88:5:5:2) while stirring under argon in the
dark (2 h). The crude peptides were precipitated in ice-cooled
tert-butyl methyl ether and lyophilized. They were purified on a
preparative HPLC (Gilson 321, Villiers le Bel, France) using a
Cg column (Lichrosorb RP-8/250-25, Merck, Darmstadt,
Germany) at a flow rate of 1S mL/min and a linear elution
gradient from S to 55% acetonitrile (0.1% TFA) within S0 min.
At these conditions, H,N-WRRRRRRRRR-CONH, (“WRy")
and H,N-PEG(27)-WRy-CONH, (“PEG—WR,”) eluted at 24.2
and 36.7 min, respectively. Peptide purity (>95%) was measured
by analytical HPLC using a HP1050 (Agilent Technologies,
Waldbronn, Germany). The mass of the peptides was measured
by MALDI-TOF mass spectrometry using a DHB matrix and a
Voyager-DE Pro spectrometer (Applied Biosystems; Foster City,
CA) operating in positive reflector mode. Because of the Rink amide
linker at the resin, the peptides were released as an amidated
(uncharged) C-terminus after cleavage with TFA. After purification,
the peptides were suspended in water, neutralized to pH 7.40, and
lyophilized twice from water. The peptide concentration in solutions
was determined spectroscopically using the molar extinction coeffi-
cients of tryptophan (&,50 = $500 M~ em ).

Fluorescent Markers. The resin-bound and side-chain pro-
tected peptides (0.02 mmol, 1.0 equiv) were fluorescently
labeled at the N-terminus using a mixture of 5(6)-TAMRA SE
(3.0 equiv) and DIPEA (6.0 equiv) in 2 mL of anhydrous DMF.
TAMRA was preferred over FITC because of its stable fluores-
cence at low endosome pH, little photobleaching, and also
wavelength compatibility with the other stains used (e.g., SY-
TOX Green). Cleavage from the resin and purification were
done in analogy to the nonfluorescent peptides.

Isothermal Titration Calorimetry (ITC). The binding of the
peptides to GAGs or plasmid DNA was measured on a iTC,q
(GE Healthcare/Microcal; Northampton, MA) and a TAM-III
2277 (ThermoMetric AB; Jarfilla, Sweden) calorimeter using a
multisite binding model for the analysis.”* Dissociation constants
Kp are calculated as 1/K.

Dynamic Light Scattering (DLS). The reactant solutions
were filtered (PES; 0.22 um; Millipore; Billerica, MA) prior to
mixing. DLS and zeta potential measurements were performed
on a Zetasizer Nano ZS ZEN3600 (Malvern; Worcestershire,
UK) equipped with a HeNe laser (633 nm) and a backscattering
detection (scattering angle of 173°). Measurements were

performed in 1 cm rectangular cuvettes at 25 °C. The intensity
autocorrelation functions were evaluated using a second-order
cumulant analysis yielding the translational diffusion coefficient
D. The mean hydrodynamic diameter (Dy;) was calculated from
D by using the Stokes—Einstein equation. The size distributions
were calculated from the diffusion coefficient distribution using
the CONTIN routine, and the resulting intensity counts were
volume-weighted.

Analytical Ultracentrifugation (AUC). AUC data were mea-
sured on a Beckman XL-I (Beckman Coulter, Indianapolis, IN)
equipped with UV- and interference detection.

Cell Culture. Wild-type Chinese hamster ovary cells, CHO-K1
(ATCC; Manassas, VA), were grown in Ham’s F12 medium
(containing GlutaMAX instead of glutamine) supplemented
with 10% (v/v) fetal bovine serum, 100 U/mL penicillin, and
100 pug/mL streptomycin using 75 cm” large vented cell culture
flasks (BD Biosciences; Allschwil, Switzerland). The cells were
incubated at 37 °C in humidified air containing CO, (5%). Every
second day (at ~80% confluency), the cells were detached
(trypsin and EDTANa, at 0.5 and 0.2 g/L, respectively) and
split at a ratio of 1:10 up to a maximum of 25 passages.

Confocal Laser Scanning Microscopy. CHO cells were
seeded in 24-well dishes onto sterile noncoated microscopic
coverslips (14 mm diameter; Karl Hecht; Sondheim, Germany)
and incubated for 48 h in order to obtain a confluency of ~80%.
Thereafter, cells were rinsed with PBS to remove residual FCS
and to avoid CPP scavenging by albumin. Subsequently, 0.5 mL
of the CPP solution in F-12 medium (containing antibiotics, but
no FCS) was added. After 1 h of contact time in the cell
incubator, cells were rinsed three times with PBS, mounted
upside down on top in 30 uL of Fluoromount G, and imaged
immediately for no longer than 15 min. Confocal images were
acquired using a Leica TCS-NT-SP1 and SPS scanning system
(Leica Microsystems) using a HC PL APO 20x /NA0.7, HCX
PL APO 40x/NAO0.85, and adjustable aperture oil-immersion
PL APO 100x/NA1.4—0.7 objective. The detection pinhole
diameter was set to 1 Airy unit. A diode pumped solid-state
yellow laser (561 nm) was used for excitation of TAMRA-labeled
CPPs, whereas an argon laser (488 nm) was used for excitation of
SYTOX Green, GFP, and DyLight 488-labeled transferrin. In order
to detect endocytosis, cells were incubated for 30 min with DyLight
488-labeled transferrin (2 #M in Opti-MEM,; containing antibiotics,
but no FCS), followed by three times rinsing with PBS and
subsequent CPP incubation as described above. Merging of CPP
images (red channel) and transferrin images (green channel) was
effectuated with the software Image] (NIH, Bethesda, MD).

Quantification of CPP Uptake and Protein Content. Proper
quantification of CPP uptake requires the removal of superficially
bound CPPs by rinsing with buffer, trypsin, and heparin. Especially
during WRy transduction at high concentrations (>S 4M), some
cells were no longer tightly attached to the support, so that extensive
heparin rising steps would have caused up to 20% of detached cells
(and thus cell loss) in 96-well plates—in contrast to cells showing
endocytosis only or to microscopic recordings where the extensive
rinsing steps were not used. In order to account for the entire cell
population (i.e,, transduction and endocytosis), the quantification of
intracellular CPPs was performed on larger batches, where cell loss
was minimized by recovering detached cells through mild centrifu-
gation of the wash solutions.

In brief, cells were cultured in six-well culture flasks to a
confluency of ~80%. Then, cells were rinsed once with PBS to
remove residual FCS. Thereafter, 0.5 mL of the CPP solution in
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F-12 medium (containing antibiotics, but no FCS) was added.
After a 1 h contact time (cell incubator), cells were rinsed twice
with PBS (while still being adherent). This procedure removes
unbound CPPs that would interfere with Accutase in the
following steps. Some detached cells that might be present after
high concentrated WRy solutions were recovered from the wash
medium by centrifugation (250g) and were added again to the
adherent cells. Thereafter, cells were rinsed twice with heparin
(78 ug/mL). Again, detached cells were recovered by centrifuga-
tion. Thereafter, cells were enzymatically detached with Accutase
in order to obtain well-dispersed, isolated cells. Especially for
FACS measurements, detachment with Accutase (1 mL, 20 min
at 37 °C) was preferred over trypsin because WRy at high
concentrations (>10 uM) leads to partially damaged and agglu-
tinated cells when using trypsin. Finally, cells were rinsed once
again with PBS. Subsequently, quantification of the CPP uptake
in the entire cell population or in individual cells was performed
using cell lysis or FACS, respectively.

In order to quantify the CPP uptake in the cell collective
(~2 x 10° cells/well), the Accutase-treated cells were lysed for
20 min using 200 uL of lysis buffer (0.1% Triton X-100,
100 mM potassium phosphate, pH 7.8) followed by two
freeze/thaw cycles (—80 °C) to ensure complete lysis. There-
after, 0.4 mL of water was added up, and the fluorescence was
quantified using a standard curve of 0.05—2 uM of the
fluorescent CPPs in the buffer. As a reference for the cell count,
the total cellular protein content was measured by a Bradford
protein assay using the protein-binding dye Coomassie brilliant
blue G-250 (Serva; Heidelberg, Germany) and a standard curve
of 1—10 ug bovine plasma gamma globulin (Bio-Rad; Rich-
mond, VA) per 96-well (250 uL). For this purpose, 20 uL of the
cell lysate was mixed with 230 uL of Bradford’s solution, and the
absorbance was read at 590 nm after 15 min. Occasionally, cell
lysate volumes <20 uL were used and completed with lysis
buffer to 20 uL, whenever the absorbance was higher than that
of the standard curve. Fluorescence and absorbance readings
were done with the plate reader SPECTRA max M2 (Molecular
Devices; Sunnyvale, CA).

In order to quantify the CPP uptake of individual cells and
their viability by FACS, cells were subjected to 1 mL/well of
10 #M of SYTOX Green (10 min) after CPP/PBS exposure and
before heparin/Accutase treatment. After the above-described
heparin/Accutase/PBS treatments, cells were suspended in 1 mL
of PBS and analyzed by FACS using a FACSCantoll (Becton
Dickinson, BD Biosciences) counting 10 000 cells/well. Eventual
fluorescence spillover of the two fluorochromes was compen-
sated using untreated, SYTOX only, and TAMRA only treated
cells. Data were evaluated with the Cyflogic software (CyFlo;
Turku, Finland).

Toxicity. Using microscopy (~100 cells/field of view), live
and damaged cells after CPP exposure were distinguished using
10 uM of SYTOX Green (ex/em 504/523 nm) in PBS (10 min
incubation at 37 °C) followed by the above-mentioned washing
and mounting steps. In brief, SYTOX Green penetrates damaged
plasma and nuclear membranes producing green fluorescent
staining of nucleic acids, whereas cells having an intact plasma
membrane are not penetrated and stained by SYTOX Green.
When compared to propidium iodide, the emission wavelength
of SYTOX Green is distant from TAMRA’s emission wavelength,
and its fluorescence enhancement is also much higher when
bound to nucleic acids. This results in a high sensitivity for
detection of damaged cells.

Using spectrophotometry, the active proliferation of ~10°
cells/well was quantified in 96-well plates using the CellTiter 96
aq assay after CPP exposure. In contrast to the conventional
CellTiter 96 assay, the “aq” type leads to a formazan product that
is soluble in tissue culture medium, so that cell extraction is not
necessary. In brief, metabolically active cells reduce the tetra-
zolium salt into a formazan product being soluble in tissue
culture medium and detectable at 490 nm, i.e, again distant
from TAMRA’s aborbance (in contrast to MTT). Monitoring
cellular metabolic activity instead of cell membrane exclusion has
the advantage of being sensitive to potentially detached cells. In
brief, cells were cultured in 96-well plates to ~80% confluency,
rinsed once with PBS, and subjected to 0.2—100 uM of CPPs in
F-12 medium (containing antibiotics, but no FCS). After a 1 h
contact time (cell incubator), cells were rinsed twice with PBS
(while still being adherent) and incubated with 100 uL of regular
F-12 medium (1 h). Then, 20 uL/well of the CellTiter 96 aq
reagent was added, and after a 1 h incubation (37 °C), the
formazan production was measured (490 nm) and compared to
control cells that were exposed to F-12 instead of the CPPs. An
identical incubation time of 1 h was chosen in order to compare
the potential membrane leakage (see SYTOX Green assay) with
acute effects on cellular viability.

GFP Transfection. The transport efficiency of the CPPs for
delivery of a plasmid encoding enhanced green fluorescent
protein (gWIZ GFP) was tested and then compared with the
commercial lipofectant Lipofectamine 2000. For this purpose,
cells were cultured in 96-well plates to ~90% confluency which,
according to proprietary information on Lipofectamine, results
in least toxicity. Subsequently, cells were rinsed once with PBS
and incubated for 1 h with preformed CPP (10 uM)/pDNA
complexes in Opti-MEM using 0.2 ug of the plasmid per well.
The charge ratio of the peptide’s cationic amines (N) to anionic
phosphates (P) of the DNA was 2 (N/P), which has been
reported to be optimum for transfection.'> Although the charge
ratio for optimum transfection might differ between the CPPs,
we have chosen the same charge ratio for both CPPs because of
the similar zeta potential of the resulting polyplexes (see Re-
sults). FCS was omitted in the transfection medium because of
the known interaction of CPPs and lipofectants with serum
components.33 Thereafter, cells were rinsed once with PBS and
incubated for 24 h in regular F-12 medium to allow for expression
of the GFP. Photographs were taken from the plastic dishes using
an inverted fluorescence microscope Nikon Diaphot TMD. The
total GFP expression per well was assessed immediately after cell
lysis (10 min lysis, no protease inhibitors), where the fluorescence
(475/510 nm) and protein content were read as described above.

As a comparison of the CPPs to commercial transfection
reagents, Lipofectamine 2000 was used according to the manu-
facturer’s suggestions, i.e. also on 90% confluent cells, applying
0.5 uL of Lipofectamine and 0.2 ug of DNA per 100 uL of
OptimMEM. This procedure yields a final concentration of the
pentavalent cationic lipid DOSPA of 3.5 uM and a N/P ratio of
2.9 which is similar to the CPP protocol. An equal incubation
time of 1 h was used for all 3 reagents. It has been reported that a
4-fold longer incubation time could double the gene expression
of Lipofectamine.’”

B RESULTS

High Affinity of WRg and PEG—WRg for Glycosaminoglycans.
We have synthesized the nonamphipathic, tryptophan-labeled
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Figure 1. Chemical structure of the peptides used. (A) WRy
(theoretical M, = 1608.9) and (B) PEG—WR, (theoretical M, =
2913.5), where R; = side chain of arginine and R, = side chain of
tryptophane. (C) Experimental MALDI-TOF-MS of PEG—WRy. The
insert shows the magnified m/z axis from 2900 to 2950 where proton
and sodium adduct ions of PEG—WRy are identified.

WRy and its N-terminus PEGylated derivative PEG—WR, whose
structures are shown in Figure 1. PEG—WR, carries 27 ethylene
oxide repeats the brushlike structure of which is expected to prevent
aggregation after GAG binding. Binding and clustering of GAGs
were found to be coupled for many CPPs.** The resulting mono-
disperse PEG—WRy, has the same net charge as WRy (Figure 1), but
a higher relative molecular mass (M, = 2914). The PEGylation with
the monodisperse PEG chain was preferred over a heterodisperse
PEG variant obtained via direct linking or resin cleavage because a
well-defined mass improves chemical purification and data analysis.
After purification, polyelectrolytes, such as WRy, have counterions,
and they are hygroscopic, so that quantification by weight is often
biased.” Therefore, one tryptophan residue per peptide chain was
included in the amino acid sequence (Figure 1) in order to facilitate
the peptide quantification by spectroscopic means.

It was first tested whether the PEGylation influences the GAG
binding of the 2 CPPs because it is known that PEGylation may
prevent not only interparticle aggregation, but also binding of
ligands, whenever the PEG chain length or grafting density
exceeds a certain threshold.*®

Using isothermal titration calorimetry (ITC), a micromolar
solution of the CPP was titrated every 2 min with the GAG
solution. The repeated GAG injections produced a heat release
until all CPP was bound to the GAG macromolecule. This
occurred approximately at injection number 15, as shown in
Figure 2. Thereafter, the GAG injections did not produce any
significant heat change. Integration of the heat flow produced the
heat of binding for each injection which could be translated into a
binding isotherm which was further analyzed using a multisite
binding model.>* In brief, the large anionic GAG polylectrolyte
was assumed to have n identical binding sites with the micro-
scopic dissociation constant (Kp) for the much smaller CPP.
Figure 2 demonstrates that both CPPs bind to the GAG
polyelectrolyte with high affinity. At 37 °C, the reaction is
exothermic for both peptides, but the amount of reaction
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Figure 2. ITC of the GAG—CPP interaction. The reaction cell contains
204 uL of the CPP solution (60 M), and it is titrated every 2 min with
1 4L of heparin (100 4M, M, ~ 13 000). Considering formal charge of
the molecules, charge neutralization is expected at the 15th injection
(Table 1). (A) Titration of WRy. (B) Titration of PEG—WR,. Tem-
perature is 37 °C, and buffer is 20 mM Tris, 100 mM NaCl, pH 7.4.

enthalpy is about 40% larger for WR, (Table 1). The microscopic
dissociation constant (Kp;) is ~100 nM for both peptides
(Table 2). For statistical reason,®® the first binding site on the
GAG polyelectrolyte (i.e., at “nonsaturating conditions”) has an
even lower dissociation constant of Kp; = Kp/n, where n =
number of binding sites. The entropy change TAS’ is small
compared to the reaction enthalpy (Table 1), so that the free
energy of binding is mainly enthalpy-driven for both CPPs at
37 °C. The binding constant of PEG—WR is by a factor of 1.8
smaller than that of the non-PEGylated WRy. This is primarily a
consequence of the different reaction enthalpies which cannot be
compensated by the entropy gain of the reaction. The GAG
binding results in an entropy loss for WRy, but entropy gain for
PEG—WRy. The ~2-fold lower binding constant was taken into
account in setting up the subsequent cell culture experiments
where an equal degree of GAG binding will be expected only at a
2-fold higher concentration of PEG—WRy as compared to WRG,.

Based on the molecular weight and sulfur content of heparin, a
total of 83 negative charges per molecule are estimated (Table 1).
The ITC experiments lead to a stoichiometry of about 8 CPPs per
heparin. As each CPP carries a nominal charge of zcpp = +9.6, the
condition of charge neutralization is only approximately fulfilled.
We have also performed ITC experiments at 17 and 27 °C and
found that the reaction enthalpy of both peptides became more
negative at lower temperatures. The molar heat capacity change is
positive with ACp” = 122 cal/(mol K), indicating a predominantly
electrostatic binding of the CPPs to heparin (Table 2). Finally, the
observed difference in entropy between the two CPPs indicates
different hydrodynamic changes during GAG binding, such as
different counterion release or hydration changes.

WRy, Not PEG—WRy, Produces GAG Aggregation. WR,
binding to heparin produces large colloids that are easily
recognized by the eye as a turbid dispersion. DLS measurements
indicate a particle diameter of 300—1200 #m (Figure 3) already
after the first injection of the GAG, with the largest aggregates
being found at a molar ratio close to charge neutralization. In
contrast, no visible aggregates were detected during GAG bind-
ing to PEG—WRy. DLS measurements suggest a slight size
change but the hydrodynamic diameter of the reaction complex
remained smaller than 12 nm (Figure 3).
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Table 1. Thermodynamic Parameters for Heparin Binding of WRy and PEG—WR, as Measured with ITC at 37 °C in 20 mM Tris,
100 mM NaCl, pH 7.40°

net charge,b Kp,”  n binding sites per heparind reaction enthalpy, AH’ cpp entropy, TAScpp heat capacity change,” AC e

ligand zZcpp (nM) (ncpp/ ”heparm) nzcpp (kcal/mol CPP) (kcal/mol CPP) (cal/(mol CPP K))
WRy +9.6 60 + 11 8.15 £+ 0.40 73.4 £ 3.63 —11.7 + 0.63 —1.42 + 0.64 1222
PEG—WRy, +9.6 108 £+ 21 7.71 £ 0.17 69.4 + 1.5 —8.44 £+ 0.18 1.45 + 0.26 127.9

“Results are reported as mean + standard deviation from six individual measurements. * Net charge is calculated with respect to the amidated
C-terminus of the CPPs, experimental pH of 7.4, pK, of ~12 for arginine's side chain, and a pK, of 7.5 for the peptide's 0-amino group in polypeptide
chains.” ¢ Microscopic dissociation constant (Kp ;) for every individual binding site (1) in a heparin chain. 4 Stoichiometry as experimentally determined
for 100% of heparin’s multiple binding sites () saturated with the specific CPP. Heparin had a sulfur content of 12.4 (w/w %) yielding 2.3 sulfate groups
per average disaccharide or totally 83 negative charges per average molecule. * Molar heat capacity change at constant pressure (AC’) as calculated from

the slope of AH cpp as a function of three different temperatures (17, 27, and 37 °C).

Table 2. Quantification of Cellular CPP Uptake and Cell
Viability by FACS*

WR, WR, PEG—WR, PEG—WR,

(2 uM) (10 um) (2 uM) (10 M)
CPP 3723 £ 390 14459 £ 489 1887 £ 45 2562 + 73
SYTOX 6346 &= 946 13487 + 565 1208 + 44 1198 + 53
Green

“ Results are reported as geometric mean of the fluorescence intensity of
the two dyes from three individual measurements (mean =+ standard
deviation). For experimental details and one raw data set, see Figure 7.

1 10 100 1000 R 1 10 100 1000 N

Diameter (nm) Diameter (nm)

Figure 3. Particle size distribution (volume-weighted) of the
GAG—CPP complexes. Dynamic light scattering of a CPP solution
(1.4 mL, 60 4M) titrated with indicated volumes of heparin (100 uM, M,
~ 13 000)—concentrations and molar ratios that are identical to ITC
titrations (Figure 2). Neutralization of formal charge is achieved for an
injection volume of V; = 150 uL of heparin (100 #M, M, ~ 13 000). (A)
The interaction of heparin with WRy leads to large aggregates (0.3—1.2
um diameter) that sediment over time (30—60 min) in the absence of
stirring. (B) The interaction of heparin with PEGylated WR, does not
produce aggregates, and the particle diameter is 2 orders of magnitude
smaller with Dyy = 9.3 nm. T'is 25 °C, and buffer is 20 mM Tris, 100 mM
NaCl, pH 7.4.

These different hydrodynamic properties were verified with
analytical ultracentrifugation (AUC) where radial absorbance
scans of the sample cells were performed every minute during 8 h
(Figure 4A). At a relative mild relative centrifugal force (RCF) of
2903g (calculated for the cell bottom where r = 72 mm), the
liquid column of 12 mm was essentially depleted from WRy—
GAG complexes already after 40 min (Figure 4A). At the very
same conditions, the reaction complex of PEG—WRy and
GAG was not sedimenting—even after 8 h of centrifuga-
tion (Figure 4B). Only at a 49 times higher RCF (142249g),
the reaction complex was slowly sedimenting after 8 h, and
the change of the reaction boundary over time allowed the
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Figure 4. Analytical ultracentrifugation (AUC) of the GAG—CPP
complexes. The AUC sample cell (path length 1.2 cm) contains
0.4 mL of a mixture of 600 #L of CPP (60 uM) and 96 uL of heparin
(100 uM; M, ~ 13000). The concentrations are equivalent to the ITC
injection number 31. Upper row shows raw data of concentration
distributions scanned every 1 and 5 min at 6000 or 42000 rpm,
respectively, for 8 h. Lower panel shows the sedimentation coefficient
distributions using a c(s) model. (A) Interaction of heparin with WRy
leads to large and polydisperse aggregates that rapidly sediment at
6000 rpm with 84.9% of the particles having a sedimentation coefficient
between 300 and 16 000 S. Because of the increased light scattering of
the large particles, the OD g is higher than found for the peptide alone
(OD,g0 = 0.341/1.2 cm). (B) Interaction of heparin with PEGylated
WR, forms small molecular complexes that are not meniscus-depleted at
these conditions (8 h at 6000 rpm); instead, they require a much higher
speed (42000 rpm) for sedimentation. The resulting sedimentation
coefficient is 2 orders of magnitude smaller (8.7 S). T'is 20 °C, and buffer
is 20 mM Tris, 100 mM NaCl, pH 7.4.

quantification of the sedimentation velocity and the sedimen-
tation coefficient s (Figure 4).

Evaluating the AUC data with a direct boundary fitting,*" it
was found that GAG binding to WRy produces large and
heterogeneous particles with a median s of 5532 S. In contrast,
GAG binding to PEG—WRy results in much smaller complexes
with s = 8.6 S (Figure 4, bottom). Despite the obvious absence of
aggregates, the complex between the GAG and PEG—WR, was
larger than a single heparin chain with 8 CPPs bound (Table 1)
because the sedimentation coefficient of the reaction complex
(8.6 S) is larger than a single GAG chain (1.9 S, not shown) and 8
PEG—WR, (each 0.6 S, not shown). Similar conclusions follow
from DLS data, where the diameter of the reaction complex
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DIC transferrin

Figure 5. Colocalization of the CPP with transferrin—a marker for
endocytosis. CHO-K1 cells were grown on microscope coverslips and
exposed to DyLight 488-labeled transferrin (2 uM in Opti-MEM,;
containing antibiotics, but no FCS), followed by three times rinsing
with PBS and subsequent incubation with the TAMRA-labeled CPP at
indicated concentrations. After 1 h of contact time in the cell incubator,
cells were rinsed three times with PBS, mounted upside down on top in
30 uL of Fluoromount G, and imaged immediately for no longer than
15 min. Colocalization of the CPP (red channel) and transferrin (green
channel) results in yellow color of the merged images. White bar
represents 25 um. The results show that WRy shows endocytosis at
<5 uM concentrations, but transduction at higher concentrations. In
contrast, PEGylattion of the CPPs inhibits its capacity for transduction.

(9.3 nm) at saturation exceeds the size of a single GAG (2.3 nm)
and 8 PEG—WRy, molecules (each 1.3 nm). This suggests that
the reaction complex likely consists of ~3 GAG molecules with
3 X 8 CPPs bound. The inherent polydisperse nature of GAGs
prevents a more precise quantification of the macromolecular
assembly.

Concentration-Dependent Cellular Localization of WR..
Knowing that PEGylation prevents the GAG clustering, but not
GAG binding, we tested whether the glycan clustering affects
the uptake of the CPP on living cells in culture. To this purpose,
both CPPs were fluorescently labeled at the N-terminus using
TAMRA.

Living CHO-KI1 cells were exposed for 1 h to 2 uM TAMRA-
labeled WRy, where smaller peptide aggregates were detected at
the cell surface. In order to identify the only small amounts of
intracellular CPP, the extracellular CPP was removed by rinsing
the cells with buffer and heparin which removes the cell-surface
bound CPP.*" The cells were imaged instantly, and a punctuate
fluorescent staining was observed within the cells (Figure $).
This punctuate staining suggests an endocytic uptake of the CPP.
The endocytosis was confirmed by colocalization with fluores-
cently labeled transferrin (Figure S, upper row). Transferrin is an
iron-binding protein (M, ~ 79 550) being routed to endosomes.
Its specific interaction with the glycosylated transferrin receptor
mediates a cytoplasmic receptor phosphorylation and subse-
quent formation of clathrin coats.*' Transferrin is thus used as a
marker of clathrin-mediated endocytosis.

In contrast, at higher concentrations (>5 M), TAMRA-WR,
was no longer confined to endocytic vesicles but was found to be
spread diffusively over cytoplasm and nucleus in approximately
half of the cell population (Figure S, middle row). In these cells,
the fluorescence intensity at identical photomultiplier settings

Figure 6. Colocalization of the CPP with SYTOX Green—a marker for
membrane defects. CHO-K1 cells were grown on microscope coverslips
and incubated with TAMRA-labeled CPPs (purple channel) at indicated
concentrations. After 1 h of contact time in the cell incubator, cells were
rinsed three times with PBS and then exposed to SYTOX Green
(10 uM) for 10 min. Thereafter, the cells were rinsed three times with
PBS, mounted upside down on top in 30 uL of Fluoromount G, and
imaged immediately for no longer than 15 min. In the case of leaky
membranes, SYTOX Green (green channel) experiences a signal
amplification upon interaction with intracellular DNA/RNA. The white
bar represents 25 um. It is found that transduction of WRy leads to a
general membrane instability as evidenced by uptake of SYTOX Green.
In contrast, PEGylation of the CPPs inhibits both transduction and
leakage of SYTOX Green.

was much higher than found for endocytic CPP uptake, suggest-
ing a massive influx of the CPP into cytosol and nucleus. This
indicates either the cytoplasmic or the endosomal membrane was
leaky to the nonamphipathic CPP at concentrations of >5 M.
The rapid access to the cytosol has been previously termed
“transduction””® and has led to many different hypothesis on the
physical basis of the CPP-induced bilayer instability. As a
consequence of the membrane damage in present experiments,
the membrane became permeable to the vital stain SYTOX
Green which was found specifically in all cells showing CPP
transduction (Figure 6). At even higher concentrations (>50 uM
for 1 h), 1—2 cells per field of view became necrotic with visible
cell shrinkage and condensation of chromatin (Figure 6). Similar
necrotic effects are known from cationic lipofectants at elevated
concentrations.**

Only Endocytosis for PEG—WRg. Next we tested the cellular
uptake of PEGylated WRy. TAMRA-labeled PEG—WRy was
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Figure 7. FACS data (density plots) for cellular CPP uptake and
viability of 10000 cells. CHO-K1 cells were grown in 6-well culture
flasks and were incubated with TAMRA-labeled CPPs at indicated
concentrations. After 1 h of contact time with the CPP in the cell
incubator, cells were rinsed three times with PBS and then exposed for
10 min to SYTOX Green (10 #M)—a marker for membrane defects.
Thereafter, the cells were rinsed three times with PBS, detached with
Accutase, and washed twice with heparin and PBS to remove super-
ficially bound CPPs. The fluorescence intensity of the CPPs and SYTOX
Green was measured in 10000 CHO cells using FACS with same
photomultiplier settings allover. It is found that transduction of WRy at
10 uM leads to a general membrane instability as evidenced by the
increased uptake of SYTOX Green. In contrast, PEGylation of WRy
inhibits both its enhanced uptake and uptake of SYTOX Green.

applied to CHO cells at a concentration of up to 50 #M, which
more than compensated its 2-fold lower binding constant
compared to WRy showing transduction at >S5 uM concentra-
tion. The experimental results are shown in Figures 5 and 6.
TAMRA-PEG—WRy always produced a punctuate intracellular
cell staining that overlaid well with endocytic transferrin uptake
(Figure 5). We therefore conclude that PEG—WRy is taken up by
CHO cells only via the endocytotic route. These microscopic
observations on the subcellular distribution of the CPP were
corroborated in whole cell extracts, FACS, and toxicity assays
which were used to quantify the CPP effects in a larger collective.

Whole cell lysates of ~2 x 10° cells were analyzed for their
intracellular CPP content and total protein content. Here, a 1 h
incubation time with extracellular CPPs at 10 uM led to an
intracellular TAMRA-WRy and TAMRA-PEG—WRy content of
2393 &£ 223 and 123 £ 7 nmol CPP/mg total protein, respec-
tively (n = 8). The 19.5-fold higher intracellular CPP content
indicates that transduction of WRy is much more efficient than
endocytosis of TAMRA-PEG—WRy, substantiating microscopic
findings of intense intracellular staining after WR transduction
and low microscopic intensity with PEG—WRo,.

Likewise, FACS measurements (Figure 7 and Table 2) con-
firmed the much higher WRy uptake by transduction. In a first
series of experiments, cells were exposed to a 2 uM extracellular
CPP concentration—conditions where microscopic observa-
tions indicated primarily endocytic uptake for both CPPs
(Figures S and 6). At this concentration, the FACS experiments
showed that the CPP uptake of both CPPs differed by a factor of
only 1.97 (Table 2), which might reflect the weaker affinity of
PEG—WR, for GAGs and/or some transduction of WR already
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Figure 8. Viability of CHO-K1 cells after exposure to different CPP
concentrations. The CellTiter 96 aq assay measures production of a
colored formazan product as result of functional cell metabolism.
Cellular metabolism is measured after a 1 h exposure to different CPP
concentrations of (@) WR, and (O) PEG—WRy and is reported with
respect to untreated cells as a control. Results are reported as mean &
standard deviation from eight individual measurements.

at that low concentration. At higher extracellular CPP concen-
tration (10 uM), however, the CPP uptake became much more
pronounced for WRy as compared to PEG—WR, (Table 2),
supporting the microscopic observation where transduction of
WR led to higher intracellular CPP contents than endocytosis
with PEG—WRy at equal extracellular concentration.

We find that transduction of WRy perturbs both the mem-
brane stability and the metabolic activity of the cells. CHO cells
that show WRy transduction also show an increased membrane
permeability to SYTOX Green—a cationic cyanine dye that
usually cannot cross intact cell membranes unless they are
damaged (Figure 6). These microscopic findings of increased
SYTOX Green membrane permeability were confirmed by dual
staining experiments in FACS, where the increased WR, uptake
was paralleled by the increased uptake of SYTOX Green
(Figure 7). It is known from literature that SYTOX Green shows
a >500-fold enhancement of fluorescence emission when bound
to intracellular nucleotides, so that this assay is more sensitive
than viability tests using propidium iodide.”’

Higher Toxicity for WRy. These adverse effects of WRy
transduction are further confirmed in present study using a
metabolic assay where WRy transduction reduced the metabolic
activity of the cell population up to 50% (Figure 8). It is
noteworthy that the dose —response curve did not reveal a typical
decay to 0% at highest peptide concentration. This supports the
microscopic findings of two cell populations where only about
50% of the cells show WRy transduction (Figures S and 6). The
differences between the different cell populations might be the
result of cell-cycle related shedding of cell-surface adhesion
molecules* and extracellular matrix remodeling that both appear
to be required for CPP transduction. Not only the CPP
concentration (Figures 6—8) but also the contact time seems
to be important for toxicity because it was found previously that
transduction of 100 #M HIV-1 Tat-PTD during much shorter
time (<5 min) did not lead to membrane defects,” which must
be further investigated prior to applications of WRy in larger
organisms.

Vector Efficiency. As a measure of their transport capacity, we
have analyzed the CPP-mediated transient transfection of CHO-
K1 cells with the plasmid for enhanced green fluorescent protein
(gWIZ GFP). Equal N/P ratios of 2 were used for the CPPs,
resulting in cationic polyplexes, and the CPPs were compared
with a commercial transfection kit (Lipofectamine2000). The
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Figure 9. Transfection of CHO-KI cells with gWIZ-GFP. CHO-K1 cells were grown in plastic wells to ~90% confluency, exposed to the vector/
plasmid polyplex (N/P = 2 and 3 for CPP and lipofectant, respectively) for 1 h, and recorded after 24 h of protein expression. Bright-field (upper row)
and fluorescence views of GFP expression (lower row) were taken directly from the plastic dishes of the cell culture using an inverted microscope. From
left to right: 10 uM WRy, 10 uM PEG—WRy, 3.5 uM Lipofectamine, and plasmid only. The GFP fluorescence intensity per well was 345 £ 30.4, 52.1 &
16.6, 1082 £ 77.1 and 8.1 & 0.4 RLU for WRy, PEG—WRy, Lipofectamine, and plasmid only (n = 8 wells per compound; similar cell count).
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Figure 10. Hydrodynamic properties of the plasmid—CPP complexes.
(A) Dynamic light scattering of a gWIZ-GFP solution (130 uL; SO uM
as dinucleotide) containing the CPPs at concentrations from 3 to 89 uM,
corresponding to a charge ratio (N/P) from 0.25 to 8, respectively.
Largest particle size is observed close to charge neutralization and leads
to sedimentation of the complexes for WRy. In contrast, the PEGylation
significantly reduces the particle size. (B) Same experiments in a larger
volume (1.3 mL) in order to measure the zeta potential of the colloids.
Data show average and standard deviation from three preparations. T is
25 °C, and buffer is 20 mM Tris, 100 mM NaCl, pH 7.4. WRy, (filled

symbols), PEG-WR, (open symbols).

CPPs were used at a 10 uM extracellular concentration
(9 cations/CPP) where transduction is observed for WRy, but
only endocytosis for PEG—WRy. Cationic Lipofectamine was
used at 3.5 uM concentration (5 cations/DOSPA) as recom-
mended by the supplier. Lipofectamine was used in its factory-
optimized formulation including additives such as DOPE—in
contrast to the CPPs that were used without helper additives.
Although CHO cells are in general more difficult to transfect
than other adherent cell lines, present results show that higher
GFP expression was achieved with WRy as compared to
PEG—WRg or the plasmid only (Figure 9). On the other hand,
transfection with the optimized commercial transfection kit was
even more efficient as evident from both the higher GFP
intensity per cell and the number of cells showing GFP expres-
sion (Figure 9). Analysis of the particle size (Figure 10) reveals
that the CPP—plasmid complexes are much larger than the free
CPP in solution (Figure 3). Largest particle size was found close
to charge neutralization. In view of the potential effect of the

Figure 11. Current understanding of CPP uptake routes. Depending
on the structural property of the CPP and its resulting affinity for diverse
membrane constituents (e.g., lipids and glycans), several competing
cellular uptake routes exist, where the extracellular CPP concentration is
essential. Adsorptive endocytosis is mainly provided by GAG binding of
the CPP, but other anionic cell-surface glycans, such as sialylated glycans,
can substitute GAGs. Structural properties of the CPP and cargo, such as
size, regulate what type of endocytosis is prevailing (e.g., macropinocy-
tosis, clathrin-mediated). Largest GAG clustering propensity is observed
at formal charge neutralization of the GAG, so that the indicated
concentration for transduction presumably varies among different CPPs,
glycans, and cell types. When using chromophores to trace the fate of the
CPP, the transduction typically leads to diffuse staining of the cytosol
(indicated by dotted box), whereas endocytosis yields a punctuate
staining of small endocytic vesicles (indicated by plain gray boxes).

particle size on the uptake,*® it would be interesting to investigate
whether these aggregates and free CPPs differ in their cellular
uptake properties. In analogy to the CPP—GAG complexes, the
PEGylation of WR9 considerably reduced the size of the com-
plexes at all charge ratios tested (Figure 10). The zeta potential of
the colloids was slightly reduced by the PEGylation (Figure 10).
In this respect, it has been reported previously that PEGylation
moves the shear plane of charged colloids away from the surface
as a function of PEG length and density thus reducing the zeta
potential. **

B DISCUSSION

We have synthesized two CPPs that allow us to identify and
distinguish two different uptake pathways of CPPs, namely
endocytosis and transduction. We conclude from present results
and current literature that there is not a single, but distinct,
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cellular uptake route for the structurally different CPPs—despite
their common name. A schematic summary of possible pathways
is given in Figure 11, which will be discussed in more detail
below. Especially the transduction of nonamphipathic CPPs is
one of the least understood biological pathways at present which
can be hardly explained by invoking a purely lipid bilayer as
entry gate.

We find that the biological uptake of PEG—WRy proceeds
only via endocytosis. In contrast, the biological uptake of WRy is
more complex and follows two different pathways, namely (i)
endocytosis and (i) an additional, more efficient pathway termed
transduction. We show that transduction proceeds via the GAG
clustering capacity of WRy and is inhibited when clustering is
blocked by PEGylation. Especially transduction is of foremost
interest in biotechnology because it provides a higher and faster
access to cytosol and cell nucleus as compared to endocytosis
(Figure S).

Figure 11 then demonstrates that different pathways may be
used depending on the chemical nature and concentration of the
CPP. Some CPPs have amphipathic properties and may act in a
detergent-like manner. In experiments with pure lipid mem-
branes, they will easily translocate across the lipid barrier. This is
not the case for the highly cationic WRg which cannot pass a
purely lipid barrier.”> On the other hand, when exposed to intact
biological membranes, such as CHO cells, uptake of WRy into
the all interior can occur at different levels of efficiency. By
comparing WRy with its analogue PEG—WRy, we succeeded in
differentiating two different pathways. The transduction of
PEG—WR, is hindered by its brushlike —(CH,CH,0),,—
extension preventing the link with a larger number of glycosy-
lated proteins even though it binds almost as strongly to sulfated
GAGs as the non-PEGylated WRy. The uptake of PEG—WRy
proceeds exclusively by endocytosis as evidenced by its coloca-
lization with the endocytic marker transferrin. In contrast, the
smaller CPP WRy can be imported not only by endocytosis but
also by transduction. We find that the uptake of WRy via
transduction depends on glycan binding and glycan clustering
and that the concentration of WRy controls the uptake route and
the subcellular distribution of the CPP.

Adsorptive Endocytosis. At low micromolar extracellular
CPP concentration (<S uM), we find that both CPPs (WR,
and PEG—WRy) are taken up into endocytic vesicles, and there
is little, if any, CPP release into the cytosol, at least for the specific
conditions used (cell type, cell density, and time window).
Several studies since 1965 have suggested that the endocytic
uptake of similar polyamines requires the tight, but unspecific,
binding to anionic cell-surface glycoproteins and glycolipids.'****
In this adsorptive-mediated endocytosis, the anionic glycan
moiety is essential because its enzymatic removal or competition
with externally added §lycans reduces or even abolishes the
polyamine uptake.'®'®*” In support, it is known that the
cationization of larger proteins, such as albumin and immuno-
globulins, strongly enhances their endocytic uptake.*® On the
other hand, the increased uptake via adsorptive endocytosis
provides not necessarily access to compartments that support
transcription of the cargo.47749

In experiments using cationized albumin, adsorptive endocy-
tosis has been characterized by half-saturation concentration of
~0.8 uM,*° which is much higher than that of receptor-mediated
endocytosis (e.g, 2.2 nM for EGF"). The present FACS data
show that the uptake of PEG—WRy is not even saturated at a
2-fold higher concentration, ie, 2 uM CPP (Table 2),

supporting an uptake via adsorptive endocytosis rather than
receptor-mediated endocytosis. This is further supported by
confocal microscopy. Intracellular uptake of TAMRA-WRy and
TAMRA-PEG—WRy was only observed when the extracellular
CPP concentrations were above 20 and 50 nM, respectively, at a
maximum photomultiplier gain of the microscope, specific plane
thickness of 0.7 #m, and a 1 h contact time with the CPP. These
minimum concentrations are in agreement with the Kp, values
measured with ITC for the interaction of the CPPs with the GAG
heparin (Table 1) and suggest a tight binding of the two CPPs to
sulfated GAGs at the membrane surface.

At 2 uM extracellular concentration, the amounts of endocytic
PEG—WR, and WRg uptake are similar (Table 2). The similarity
in their endocytic uptake suggests that the cell surface binding of
the polyamines provides a common basis for their adsorptive
endocytosis. It is currently unknown whether this binding to cell-
surface glycans provides an active endocytic signaling like in
receptor-mediated endocytosis or whether adsorptive endocy-
tosis is agonist-independent, exploiting passively the constitutive
membrane flow®” and rapid turnover of proteoglycans®® pro-
ceeding at a fraction of the cell cycle.

The pronounced colocalization with transferrin suggests that
a major portion of the WRy and PEG—WR, uptake at concen-
trations <2 M proceeds via clathrin-mediated endocytosis. The
caveolae-mediated type of endocytosis seems to be optimal to
avoid the degradation in the lysosome.**** In more general
terms, the endocytic CPP uptake appears to be a mix of clathrin-
coated endocytosis,”® macropinocytosis,>"*” caveolae,** and
clathrin/caveolae-independent endocytosis.”® The cargo size™
and other vector properties can influence the relative contribu-
tion of these pathways and the consequences for cargo degrada-
tion and activity. The tight interaction with proteoglycans may
lead to a competitive release of electrostatically bound potential
cargos.””

In contrast, shorter amines such as natural putrescine (Z = +2)
and spermidine (Z = 43) accumulate in the cytosol at millimolar
concentrations®® through the action of specific transmembrane
transport proteins (K, ~ 0.2—390 uM).

At concentrations <5 uM, the two tested CPPs remain
localized in endocytic vesicles. Because of the sensitivity limits
in confocal microscopy, we cannot exclude that minute fractions
of the CPP might have escaped from endocytic vesicles to the
cytoplasm. Such minute fractions could be detected with more
sensitive techniques such as gene expressing CPP-Cre assays,lg’30
but they are in no way comparable to the massive WRy
transduction observed at higher CPP concentrations (see
below). Potential therapeutic applications of CPPs thus depend
critically on the number of cargo molecules that are required in
the cytosol or in the nucleus to produce their effect. From
virology, it is known, for example, that a single virus particle can
be sufficient to infect a cell.’’ Hence, a few molecules escaping
from the endocytic vesicles into the cytosol may be sufficient for
biological purposes even though they cannot be detected with
current microscopic techniques.

Transduction. We observe that WRy can easily translocate
into the cytosplam and nucleus in ~50% of the cells
(“transduction”) when the extracellular concentration of WRy
exceeds S uM. The transduction of WRy leads to a 19.5-fold
increase of the intracellular CPP content in whole cell lysates as
compared to the endocytic uptake of PEG—WRy when com-
pared at 10 uM extracellular CPP concentration. In contrast,
PEG—WRy is only restricted to endocytic uptake without signs
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for transduction even when increasing the extracellular concen-
tration to S0 #M (Figure 6). This suggests that the transduction
of WRy results either from an uptake route independent of
endocytosis or by an unusually enhanced endocytosis with
additional endosome release. The concentration-dependent
change from endocytic CPP uptake to transduction was observed
in adherent cells. Our observatlons thus support previous reports
on cells in suspension®® that differ from adherent cells with
regard to agglutmatlon and cell hybridization upon polycation
binding.*>*

Related gene expression studies'®*® and careful confocal
microscopy studies have shown indeed that the polyamines have
substantial access to the cytosol and nucleus,*”*~®” suggesting
the instability of the plasma and/or endosome membrane to the
CPP and eventual | cargo. Whereas membrane leakage of pH-
sensitive peptides®® and PEI*® has been proposed to proceed at
the level of the endosome membrane, it has been concluded that
the transduction of nonamphrpathrc CPPs involves mainly the
plasma membrane.**®® Our results support this later hypothesis
because the total intracellular CPP content at equal extracellular
CPP concentration was 19.5-fold higher for transduction of WRg
as compared to endocytosis of PEG—WRy. In contrast, a rapid
endosomal escape of WRy would change its intracellular dis-
tribution, but not necessarily the intracellular content. Moreover,
the rate of CPP transduction has been reported to be ~20 times
faster”® than known typical escape rates from the endosome.”
We and others have previously shown that the transduction of
nonamphipathic CPPs at high micromolar concentrations coin-
cides spatially and temporarily with the clustering of the poly-
amines at the cell surface.”””"~7* Present results strengthen these
observations because they provide evidence for transduction
being inhibited, when GAG clustering is hindered by sterically
unfavorable CPPs. On a molecular basis, the physical forces
driving the transduction after the cell-surface capping are not
known so far, but the observed extracellular matrix deformations
may enhance the permeability of the membrane.” In this regard,
observations on CPP-related compounds suggest that such dense
aggregates on the cell surface destabilize the membrane by a
multilayered process affecting mechanical curvature stress,”®
local dehydration,”” hydrophoblc mismatch,”® lipid scram-
bling,”” and resealing defects.*® The transduction of nonamphi-
pathic CPPs is thus enhanced by nonbilayer forming lipids®" that
increase the bending rigidity of membranes by altered acyl chain
packing and by promotion of nonbilayer structures.

Beside the capacity for GAG clustering, the two CPPs differ
also in their molecular size by a factor of 1.8. A much larger cargos
size was reported to shift the uptake of CPPs among various
endocytosis subtypes.”® Therefore, it might be possible that not
only the concentration and different GAG clustering propensity
contribute to the transduction, but also the smaller size of WRy
(M, = 1609) as compared to PEG—WR, (M, = 2914). On the
other hand, the transduction of nona-arginine was similar to the
largericosa- ar% inine (M, = 3142), i.e., a size match to PEG—WR,
(M, = 2914).% Also, the coupling of a 120 kDa enzyme to Tat-
PTD did not abolish its transduction and activity in the cytosol.*®
In view of potential hydrophilic differences, the octanol—water
partition coeflicient was unchanged when couphng a short PEG
chain (M, = 3400) to an arginine-rich peptide.**

Thermodynamic Considerations. Despite the large differ-
ence in their biological uptake, we find that WRg and PEG—WR,
have a similar high affinity for the GAG heparin that is a structural
analogue of cell-surface heparan sulfate. Using ITC, DLS, and

AUC, we find that WRy binds to the GAG at submicromolar
concentrations (Table 1), which is thus relevant to the biological
CPP uptake observed at these concentrations. The ITC experi-
ments demonstrate that the interaction of WRy with the GAG is
mostly enthalpy driven (Table 1), which is rather surprising as
electrostatic interactions are commonly associated with positive
entropy changes through release of water and monovalent
counterions.

Because of their multiple binding sites, CPPs and GAGs can
produce multimolecular interactions that lead to electrostatic
cross-linking (“clustering”). We observe that WRy and heparin
form large colloidal aggregates upon binding. The aggregate size
was found to be largest close to charge neutralization. The size
and morphology of such complexes are influenced by the
kinetics®® and the order of mixing.** An additional excess of
ligand might lead to redissolution (“overcharging”) of the
complex, but the concentration threshold for redissolution has
been reported to be 2 orders of magnitude higher than that
observed for saturation.®® Aggregate formation upon GAG
binding is abolished if WRy is PEGylated. The PEG brush
apparently inhibits the cross-linking of surface molecules.

As a peculiarity, we observe small endothermic contributions
close to charge neutralization which indicates a reorganization of
the CPP—GAG complex at saturating conditions. Such slow
kinetic responses have been reported for polyelectrolyte
overcharging,83 and the small endothermic contribution might
also explain the finding that the binding afﬁmty increases with
temperature despite its exothermic nature.*® When continuing
the titration beyond charge neutralization, the excess of the
ligand no longer produced substantial changes in size (Figure 3)
or heat flow (Figure 2), suggesting that redissolution of the
complex was not achieved even at a 2-fold excess charge.

The size of the WRy—GAG aggregates approaches the low
micrometer range (Figure 3), suggesting a potential clotting risk
in blood capillaries and also impeding measurements with optical
techniques. PEGylation of the CPP would reduce this risk and
potential physiological side effects, although the high affinity for
GAGs is maintained. The binding of PEG—WR, is driven by a
favorable negative enthalpy change but, in contrast to WRy, also
by a favorable positive entropy change. The inhibition of the
GAG clustering is thus likely a consequence of steric hindrance,
where the length of the PEG brush restricts the formation of
intermolecular interactions.

Whereas the low concentration of covalently bound PEG
(<100 uM) inhibited the transduction of WRy into CHO-K1
(Figure 4), it is also known that much higher PEG concentrations
can produce quite the opposite effect. For example, 10—50%
(m/m) of free PEG in cell growth media leads to enhanced
membrane fusion and cell agglutination as consequence of high
osmolality and local dehydration of the membrane.®’

Toxicity. We find that the concentration required for WRg
transduction (Figure 6) affects both the cellular metabolism
(Figure 8) and membrane leakage to SYTOX Green, which are
both signs of cell toxicity. It thus can be argued that transduction
of nonamphipathic CPPs is paralleled by a membrane damage
which leads to a rather narrow therapeutic windows as known
from cationic lipofectants. For example, an efficient transfection
with the pentavalent lipofectamine requires a concentration of
>6.8 uM, whereas a lethality of >90% was observed at a only 5
times higher concentration (34 uM) for several cell lines.**

It is thus critical to review CPP concentrations used in
previous research in order to clarify whether endocytosis or
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transduction is relevant for optimum cellular response of trans-
ported cargos. The early studies with CPPs employed concen-
trations of 10 uM Tat for 8 h’ to obtain efficient plasmid
expression — especially when no helper molecules, such as
chloroquine, were added. Our results indicate that not only
endocytosis but also transduction is expected at these conditions.
In the present study, we also find that WRy transduction produced
more GFP expression than WRy endocytosis (Figure 9). This
suggests that, in analogy to lipofectants, nonamphipathic CPPs,
such as WRg and Tat, are most effective at concentrations where
they produce transduction, but are not yet irreversibly toxic. The
concentration for cell damage might be reduced in the presence
of electrostatically bound cargos because of the reduction of the
overall charge of the complex.

Surprisingly, WR, did not damage 100% of the cells in present
experiments. In contrast to typical dose—response curves, WRy
reduced the cellular metabolism to only 50% of the population in
the specific concentration range. Similar results were found in
microscopy, where both CPP and SYTOX Green leakage was
observed in only 50% of the cells. This distinct response of
apparently two cell subpopulations indicates that WRy transduc-
tion might be specific to cell-surface molecules that are expressed
at certain stages of the cell cycle or cell side.*® Another explana-
tion might be the unspecific membrane instability to macro-
molecules during mitosis,*> but in this case, PEG—WRy should
have also shown transduction.

Although the mechanism of the polyamine toxicity is not well
understood, it is likely that it also proceeds via cell surface
capping. It has been reported that the length of the polycation
is more critical to its toxicity than the extent of its surface
binding.”> Using a 5 min incubation time with HIV-1 Tat-
PTD, it was shown that the membrane damage at CPP concen-
trations <100 4M is reversible after 5 min exposures.”” Similar
results on low toxicity of short-term CPP exposures were also
reported in other toxicity studies.”® Recovery from transient CPP
exposure is also evident from numerous studies reporting
successful gene expression and thus an active cell machinery
for transported cargo plasmids.

For application in organisms, an additional toxicity might arise
from the aggregation of the multivalent vectors with blood
constituents. For example, red blood cell agglutination, comple-
ment activation, aggregation with blood albumin, and resulting
risks for emboli have prevented the use of poly-L-lysine as
medical transfectant in the 1960s and 1970s. Because of a
structural analogy, similar problems might be expected for
nonamphipathic WRy at micromolar concentrations. In this
respect, we show that PEGylation of the CPP with 27 ethylene
oxide repeats is sufficient to prevent the aggregation with the
anionic GAG and thus to reduce the toxicity of the CPP.

Bl CONCLUSIONS

We have shown that transduction and endocytosis provide
two distinct routes for CPP uptake into living cells. Amphipathic
CPPs, such as penetratin p2AL, induce transduction even in
model membranes by insertion into and perturbation of the lipid
membrane. This pathway is not possible for highly charged,
nonamphipathic CPPs, such as WRy (Figure 11), suggesting
additional molecules being involved such as anionic cell-surface
molecules (e.g., GAGs).

We find that the cellular uptake of WRy into CHO cells
switches from endocytosis to transduction at concentrations >5 M.

Within a few minutes, transduction provides a high concentra-
tion of WRy in the cytosol and nucleus of CHO cells which might
be favorable for biomedical purposes. On the other hand,
transduction impairs the cell membrane integrity and thus the
cell viability over time. Therefore, the reversibility of the cellular
changes might limit the therapeutic applicability of CPPs— in
close analogy to the known cytotoxicity of related lipofectants.

In contrast to WRy, its PEGylated variant (PEG—WRy)
showed only endocytic uptake and only negligible toxicity, but
no longer the rapid transduction into the cytosol and nucleus.
This entrapment of PEG—WRy in endocytic vesicles and the
subsequent degradation of the vesicle content appear of minor
therapeutic relevance as compared to the transduction of WRy—
unless combined with endosomolytic drugs.

Comparing the different cellular uptake properties of WRy and
PEG—WRy, we find that PEGylation of WRy prevents the CPP
aggregation with GAGs, but not its GAG binding. We therefore
conclude that GAG binding provides CPP uptake via adsorptive
endocytosis. In contrast, the aggregation of WR, with cell-surface
molecules destabilizes biological membranes by an additional,
multilayered process leading to transduction.
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