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Cell penetrating peptides (CPPs) have been extensively studied as vectors for cellular delivery of therapeuticmol-
ecules, yet the identity of their uptake routes remained unclear and is still under debate. In this study we provide
new insights into CPP entry routes by quantitatively measuring the intracellular uptake of FAM-labeled Tat-
peptide under rigorous kinetic and thermal conditions. The uptake of Tat-peptide between 4 and 15 °C corre-
sponds to Q10 = 1.1, proceeding through a prompt (b5 min), temperature-independent process, suggesting di-
rect membrane translocation. At longer durations, Tat rate of uptake shows linear dependence on temperature
with Q10 = 1.44, accompanied by activation energy Ea = 4.45 Kcal/mole. These values are significantly lower
than thosewe found for themacropinocytosis probe dextran (Q10=2.2 and Ea=7.2 Kcal/mole)which possesses
an exponential dependence on temperature, characteristic of endocytosis processes. Tat-peptide and dextran do
not interferewith each other's uptake rate and the ratio of Tat-peptide uptake to its extracellular concentration is
~15 times higher than that for dextran. In addition, Phloretin, a modulator of cell membrane dipole potential, is
shown to increase dextranuptakebut to reduce that of Tat.We conclude that the uptake of Tat differs from that of
dextran in all parameters. Tat uptake proceeds by dual entry routes which differ by their energy dependence.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Cell penetrating peptides (CPP) have been highly praised for their
ability to transport impermeable cargo across the cells' plasma mem-
brane. However, despite the vast research conducted to explore the
mode of their action, the mechanism underlying this phenomenon is
still debated and existing studies do not yield coherent mechanistic in-
formation. Reports are abundant but contradicting; some inhibitors of
endocytosis pathways can partially affect CPP uptake while others do
not, implying that CPP share certain fundamental mechanismswith en-
docytosis [1–5]. Few reports have studied the kinetics of CPP uptake [6]
at 37 °C, 25 °C or 4 °C but none have challenged the temperature range
in detail. The internalization of CPP at low temperature was confirmed
or opposed by a large number of studies [7],most obtained fromfluores-
cence confocal imaging. However, the accuracy of this qualitative image
analysis is constrained by fixation and staining techniques and is limited
by the signal/noise threshold [6].

Models of CPP translocation across plasma membranes apply to
small amphipathic alpha-helix secondary structures, a feature shared
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by many CPPs. There is evidence that many of the most well studied
peptides are able to deliver relatively small cargo directly across the
plasmamembrane, such asfluorescent probes andhydrophobic adducts
(e.g. short peptide sequences). The evidence also supports the involve-
ment of endocytic pathways in CPP uptake [8]. Direct translocation of
large conjugates attached to the CPP through the cell membrane in-
volves an extensive destabilization of themembrane, which is not com-
patible with the low cytotoxicity usually associatedwith themembrane
translocation of CPPs and their conjugates [4]. Accordingly, alternative
mechanisms should play a role in peptide internalization, especially
when conjugated with high molecular weight cargo.

Endocytosis is commonly governed by cellular machinery, involving
membrane curve forming proteins (e.g. BAR or epsin), vesicle coat pro-
teins (e.g. caveolin and clathrin) and vesicle scission proteins (e.g.
dynamin GTPase) [9]. However, endocytic vesicles are also formed
when these proteins are inhibited or absent altogether, suggesting
that other less defined mechanisms exist. Several clathrin/caveolin in-
dependent endocytic pathways have been found, such as flotillin coated
vesicles, GPI-AP enriched compartments (GEEC) and other pathways
which are characterized by their dependence on small G proteins, i.e.
RhoA, CDC42 or ARF6 [10,11] or by theirmembrane foldingmechanism,
such as proton-induced endocytosis [12,13]. It has been convincingly
shown that CPP uptake is unlikely to be associated with clathrin and
caveolin dependent endocytosis by inducing specific mutations in the
clathrin, dynamin or caveolin proteins [14,15] and by siRNA methods
that inhibit endocytic pathways regulated by clathrin heavy chain,
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flotillin-1, caveolin-1, dynamin-2 and Pak-1, which were unable to sig-
nificantly inhibit CPP uptake [16]. Macropinocytosis (MPC) has been
regarded as the pathway for CPP endocytosis, based on the findings
that some inhibitors of fluid-phase uptake can partially inhibit CPP up-
take. These inhibitors are not highly specific toMPC but are rathermod-
ifiers of the actin cytoskeleton organization, an element crucial for
executing force actuation on the plasma membrane leading to mem-
brane projection or ruffling. The finding that a certain inhibitor attenu-
ates the internalization of different cargos implies that the uptake of
these cargos shares a common denominator but does not necessarily
undergo a similar mechanism of uptake. One must therefore consider
that the dependence of CPP endocytosis on actin organization [16]
may stem from the role of actin in vesicle constriction and scission rath-
er than from membrane ruffling.

For studying the correlations between MPC pathway and CPP up-
take, we chose to employ methods that alter the physical properties of
the plasma membrane but do not impose detectable changes in cyto-
skeletal organization.We have analyzed the uptake rate of HIV-Tat pep-
tide and compared it to the uptake of a fluid-phase probe dextran,
known to progress through MPC. The uptake of these two well-known
probes was studied as a function of temperature and membrane modi-
fying agents. The relative contribution of direct Tat translocation across
the cell membrane and the role played by the membrane's fluidity and
the intra-membrane dipole potential on CPP uptake were studied by
enriching the cell membrane with cholesterol, 6-ketocholestanol or
phloretin.
2. Methods

2.1. Materials

Phosphate buffered saline (PBS), PBS free of Ca+2 and Mg+2,
Dulbecco's Modified Eagle Medium, 4.5 mg/ml glucose (DMEM), fetal
calf serum(FCS), trypsin solution (0.25%with 0.05%EDTA), antibiotics so-
lution of penicillin 10,000 unit/ml, streptomycin 10 mg/ml, nistatin 1250
unit/ml (PSN) L-glutamine solution (200 mM), 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid, 1 M (HEPES) and Tryphan-blue 0.4%
(TB) were purchased from Biological Industries, Beit Ha'emek, Israel.
Dextran-FITC (38 kD), dextran-TRITC (10 kD), phaloidine-TRITC, choles-
terol (as methyl-β-cylodextrin solution), 6-ketocholestanol (6KC),
phloretin, nigericin, wortmannin, 1-(4-trimethylammoniophenyl)-6-
diphenyl-1,3,5-hexatriene (TMA-DPH) and chemicals for modified
Karnovsky's fixative solution (2× strength: 6% paraformaldehyde, 1%
glutaraldehyde and 0.2% Triton X-100 in 0.2 M cacodylate buffer)
were purchased from Sigma-Aldrich, Rehovot, Israel. Tat peptide
(YGRKKRRQRRR)-FAM labeled, was purchased from AnaSpec, Fremont,
CA USA).
2.2. Flow cytometry

Flow cytometry analysis was carried out employing FACScalibur
(Becton@Dickson, San Jose, CA). 10,000 cellsweremeasured per sample
and data analysis was performed using cyflogic 1.2.1 application soft-
ware (CyFlo LTD, Finland). Fluorescein and propidium iodide (PI)
were excited at 488 nm and their fluorescence was detected using
530/30nmand 580/30 nmfilters, respectively. Rhodaminefluorescence
was excited at 561 nm and detected by a 600 nm high pass filter. To
eliminate signals due to cellular fragments, only those events with for-
ward and side scatter comparable to untreated cells were analyzed.
Cells labeled by PIwere considered damaged and rejected fromanalysis.
Quantum FITC calibration kit (Bangs Labs, USA) was used in the quanti-
fication of fluorescein intensity. Upon establishing a calibration plot,
no further adjustments of the instrument settings have been done
(e.g. PMT amplifier gains and laser voltage).
2.3. Quantification by MESF

The cellular fluorescence intensity of fluorescein, measured by flow-
cytometry, was calibrated in terms of units of Molecules of Equivalent
Soluble Fluorochrome (MESF) using Quantum FITC MESF beads
(Bangs Labs, USA). A 5 point calibration curve, overlapping the cells'
fluorescence dynamic range was established from which the number
of fluorescein molecules per cell was determined by linear regression.
Tatmolecules are in a 1:1 ratio to fluorescein, as each Tat peptide is con-
jugated to onefluorochrome. The ratio of FITC to dextranmolecules was
calculated using data from the manufacturer's certificate of analysis
(COA) of the specific lot number we purchased, yielding 3.2 FITC mole-
cules per dextranmolecule of 38,400 Da. This ratio was verified by com-
paring the fluorescence intensity of 5 μM dextran-FITC and 5 μM Tat-
FAMusing afluorescence plate reader. Thus the number of dextranmol-
ecule was calculated by dividing its MESF by 3.2.

2.4. Endocytosis studies

Fibroblast-like monkey kidney cells (COS-7, ATCC No. CRL-1651)
were cultured in DMEM, supplemented with 2 mM L-glutamine, 10%
FCS and 0.2% PSN solution and were grown at 37 ° C, in a humid atmo-
sphere of 5% CO2. For endocytosis experiments, COS-7 cells are seeded
in 48-wells plates and grown to near-confluence (~80%). Prior to the ex-
periment, the wells are washed once with 0.2 ml PBS and further incu-
bated for 30 min at the designated experimental temperature.
Temperature equilibration in a multiwell plate is not trivial and one
must be aware of the discrepancy between the temperature given out-
side the plate (such as in plate-readers, temperature baths etc.) and the
actual temperature measured within thewells. For 4 °C, the plates were
covered with crushed ice. Otherwise, the plates were placed in a
temperature-controlled dry bath and thewell's temperature was deter-
mined by direct measurement in 12 wells selected at random using
thin-wire thermocouple (CHY 508BR, Taiwan), allowing for ±0.5 °C
well-to-well deviation. Following temperature stabilization, the wells
were emptied and refilled with 0.15 ml of temperature equilibrated so-
lution of a fluorescent probe in phenol-red free DMEM, and further in-
cubated for durations of 10, 20 or 30 min. The well's temperature was
verified at the start and finish of each incubation period.

When pre-treatment of the cells was required, the wells were
washed once with PBS and refilled with 0.15 ml solution of either
0.1 mM cholesterol (employing a saturated MβC solution), 0.1 mM
6KC or 0.1 mM phloretin in PBS. PBS by itself was used for control. The
cellswere incubated for 30min at 37 °C,washed twicewith PBS, and ex-
posed to a fluorescent probe solution (in phenol-red free DMEM) at
26 ± 1 °C for a further 30 min.

2.5. Cell harvest and washings

At the end of each experiment, the cells were washed in three con-
secutive steps. In the first step the wells were washed twice with cold,
Ca2+ deficient, PBS (0.2 ml/well) to remove free dye from the cells.
Eachwellwas thenfilledwith 0.1ml Ca2+deficient PBS and 0.1ml tryp-
sin solution and incubated at RT for 10 min. The content of each well
was collected by repeated pipetting and transferred into a separate
tube containing cold (5 °C) 0.5 ml blocking solution (phenol-red free
DMEM with 10% FCS and 20 mM HEPES) and further incubated for
15 min at 5 °C. For the final washing step, the cells were sedimented
in a cooled centrifuge (5 °C) at 500 g for 5 min to discard the solution.
Next the cells were re-suspended in 0.2 ml of cold (8 ± 1 °C) K+PBS
in the presence of 10 μM nigericin to neutralize endosomal low pH.
Prior to flow cytometry, 10 μg/ml of PI was added to the cell
suspensions.

To validate our washing procedure, cells were incubated with Tat-
FAM or dextran-FITC at temperatures in the range of 4–29 °C and
washed as described above. The cellswere analyzed twice consecutively



Table 2
Tat-FAM adsorbed to the cell membrane following wash procedure, in the absence or
presence of Trypan blue.

t-test
values

aFluorescein molecules
(−TB)

aFluorescein molecules
(+TB)

Mean 123,437 116,248
Deviation 23,306 23,722
Repeat (n) 18
Paired t-value 5.3
P (two-tails) 5.9 × 10−05

a Calculated using MESF molecular scale.
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by a flow cytometer, first in the absence and then in the presence of the
fluorescein quencher trypan blue (TB, 4.2 mM), as detailed earlier [12]
and cells' fluorescence intensity was calibrated to MESF. The amount
of fluorescein quenched by TB at each temperature, shown in Table 1,
is not significantly different then that found at 4 °C, (P = 0.203 by
single-factor ANOVA test) representing the probe fraction adsorbed to
the cell's membrane. Following the extensive washing procedure, the
cell's fluorescence intensity in the absence or presence of TB was ana-
lyzed by a paired t-test (see Table 2) to assert that no significant fraction
of unbound Tat-FAM remains adsorbed to the cell's membrane.

2.6. Cell membrane anisotropy

Anisotropy (r) of TMA-DPH fluorescence (λEx 360 nm, λEm 430 nm),
was determined using the expression r= (IV−GIH)/(IV+G2IH) where
I represents the fluorescence intensity, V and H represent the vertical
and horizontal orientation of the emission analysis polarizers, and G ac-
counts for the sensitivity of the instrument. The fluorescence measure-
ments were carried in a plate reader (Molecular Devices M5e,
Sunnyvale, CA, USA) with automatic determination of G values. Prior
to each spectral measurement, the well's temperature was directly de-
termined using the thin-wire thermocouple. Cells were first incubated
at 37 °C with PBS alone or in the presence of either 0.1 mM cholesterol
(as a saturatedMβC solution), 0.1mM6KC or 0.1mMphloretin for time
periods of 15, 30, 45 or 60 min. To avoid possible interference of DMSO
in the final dilution, phloretin and 6KC stock solutions were prepared at
100 mM concentration. Though TMA-DPH is virtually colorless in the
aquatic phase, the presence of residual amphipathic molecules in the
solution will lead to a high non-specific background. To overcome this
situation, the plate wells were drained and washed twice in PBS before
the addition of 5 μM TMA-DPH in PBS at 25 °C. The fluorescence inten-
sity was recorded starting 10 min after the addition of TMA-DPH until
30 min has passed [17]. We found that under this procedure, the cells
retain stable fluorescence polarization for 30min at 25 °C, and the dura-
tion of the cell's incubation with the amphypathic agents had no signif-
icant effect on their membrane TMA-DPH polarization [18].

2.7. Fluorescent microscopy

Cell cultures were grown on glass cover slips coated with 2% gelatin.
The cells were exposed to 1 μMwortmannin for 15min, followed by ad-
dition of equal volume of modified karnovsky solution for fixation. The
cells were post-stained with phalloidine-TRITC and digital images were
acquired by a fluorescent microscope (Axio-observer Z1, Zeiss,
Germany). Annotation was made using Illustrator CS software (Abode,
USA).

2.8. Statistics

Results were collected from at least 3 independent experiments and
statistical analyses were performed usingMicrosoft Excel spreadsheets.
Descriptive statistics methods used are t-test, paired t-test and single
variance ANOVA.
Table 1
Dextran adsorption to the cell membrane.

Temp during uptake (°C) Independent repetitions (n) aFluorescein
molecules

Average s.d.

4 5 9194 6066
22 4 7505 3694
24 3 11,275 4885
27 3 5302 2022
29 3 7186 2731

a Calculated using MESF molecular scale.
3. Results

The ability to differentiate between uptake and adsorption, especial-
ly when using high throughput flow-cytometry depends on the effec-
tiveness of removal by washing as well as the quenching of the
remaining fluorescent cargo adsorbed to the cell surface. The effective-
ness of the cell washing procedure (which includes passive washes, en-
zymatic digestion, fluid shearing force and competition with serum
constituents), was analytically examined by quenching extracellular
fluorescein with TB [19], confirming the removal of adsorbed Tat-FAM
from the cell membrane (P b 0.01 by a paired t-test). The remaining
Tat-related cell fluorescence is attributed to cargo internalized or deeply
embedded in the membrane. The use of microscopic imaging was not
applied here, as this method offers inferior sensitivity and lower statis-
tical power compared to flow cytometry, especially whenworkingwith
low concentrations of probes located adjacent to the membrane.
3.1. The efficiency of Tat uptake as function of external concentration is
higher than that of dextran

The extent of uptake was studied in cells exposed to different con-
centrations of Tat-FAM (1, 2.5 or 5 μM) or dextran-FITC (5, 10 or
15 μM). 38kD dextran was selected based on published studies, as an
accredited MPC marker, most commonly used in the 40–70 kD size
range [15,16,20,21]. The experimental protocol included incubation of
COS-7 cells for 30min at 37 °Cwith either of these two fluorescentmol-
ecules. This was followed by wash and harvest procedures as described
in the Methods section. The extent of uptake was determined by flow-
cytometry, where the cellular fluorescent intensity was expressed by
the number of internalized fluorescent molecules using calibrated
MESF microspheres. Fig. 1 presents the calculated number of
Fig. 1. Uptake of dextran and Tat-peptide as a function of their external concentrations.
COS-7 cells were incubated in the presence of dextran-FITC or Tat-FAM at the indicated
concentration for 30 min at 37 °C. Following wash and harvest procedures, cell analyses
were conducted by flow-cytometry and cellular fluorescent intensity was calibrated
using MESF microspheres. Least square regression, in terms of molecules/cell per μM,
yields 62,692 ± 1770 (mean ± s.d.; R2 = 0.96) for Tat uptake and 4,030 ± 104
(mean ± s.d.; R2 = 0.9) for dextran. Each data point represents a triplicate average in
one of five independent experiments.
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internalized molecules per cell as a function of their extracellular con-
centration following 30min of exposure. Least-square regressionmeth-
od of the experimental points yields a linear coefficient which
represents the ratio of the intracellular number of molecules to the ex-
tracellular molar concentration. If we use a mean volume of 2361 μm3

for a COS-7 cell [22], we can calculate the intracellular molar concentra-
tions of Tat or dextran. The ratio of intracellular to extracellular concen-
tration of the cargo probe is an expression of the uptake efficacy toward
either Tat or dextran, following 30min exposure to either of the probes
at 37 °C. From Fig. 1, the cells' uptake per each μM external concentra-
tion (up to 15 μM) is 44 nM for Tat and 2.8 nM for dextran, which
means that Tat uptake is ~15 times more efficient than that of dextran.

3.2. Tat and dextran do not interfere with each other's uptake

For the concurrent analysis of Tat and dextran uptake, we incubated
the cells simultaneously with 2.5 μMTat-FAM and 10 μMdextran-TRITC
(10 kD). COS-7 cells were incubatedwith these two probes for 30min at
37 °C and analyzed as detailed in the Methods section. Flow-cytometry
was conducted using two separate laser lines (488 nm and 561 nm) to
minimize interference, and the cells' geometric mean ± s.d. of the ac-
quired fluorescence intensities are presented in Fig. 2. No significant dif-
ference was observed comparing the cellular fluorescent intensity of
cells incubatedwith both fluorescent probes to those incubatedwith ei-
ther Tat-FAM or dextran-TRITC alone (P N 0.01, two tail t-test, n = 10).

3.3. Tat and dextran uptake possesses different temperature profiles

Examining the dependence of the uptake of Tat-FAM (2.5 μM) or
dextran-FITC (5 μM) on temperature was carried out by incubating
the culture plates at different temperatures in the range of 4–37 °C for
durations of 10, 20 or 30 min. Cell analyses were conducted by flow-
cytometry and cellular fluorescence intensity was calibrated using
MESF microspheres.

Fig. 3 presents the calculated number of internalized molecules as a
function of incubation duration at the different temperatures. The data-
points obtained at each temperature are fitted by least-square linear re-
gression and their linear coefficients and intercepts are presented in
Fig. 4A, B and C. Notably, there is no significant difference in the rate
of dextran and Tat uptake between 4 and 8 °C (P N 0.05) showing that
the minimum uptake has taken place and therefore the 4 °C point was
omitted from Fig. 4.

Fig. 4A and B reveals that the rate of Tat uptake as a function of tem-
perature is linear while that of dextran has an exponential uptake
Fig. 2. Simultaneous uptake of Tat-peptide and dextran. COS-7 cells were simultaneously
incubated in the presence of 10 μMdextran-TRITC and 2.5 μMTat-FAM for 30min at 37 °C.
Following wash and harvest procedures, cell analyses were conducted by flow-cytometry
using two laser lines (488 nm and 561 nm). Cell fluorescence intensity is presented as a
geometric mean ± s.d. For each probe, the fluorescent intensity of the cells is similar to
those incubated with both fluorescent probes (P N 0.05, two tail t-test, n = 10).
profile. The regression line intercept with the uptake ordinate axis,
shown in Fig. 4C, reflects an initial interaction of Tat or dextran with
the cell membrane that is temperature independent (P N 0.05 by one
wayANOVA). From thedata presented in Fig. 4C, it can be seen that dex-
tran interaction is negligible but for Tat peptide, the extent of the initial
interaction is high, yielding 25,000 ± 5000 Tat molecules/cell. It could
be claimed that some of the fluorescence recorded during flow cytome-
try analysis is due to Tat adsorption to the membrane, especially at low
temperatures. Therefore, the fraction of Tat-FAM adsorbed to the cell
surface was challenged by the TB quenching test, as detailed in the
Methods section and the efficiency of our cell washing procedure was
confirmed.

The data presented in Fig. 4A and B is further interpreted using the
Arrhenius equation:

Ln kð Þ ¼ Ln Að Þ – Ea=R � 1=T ð1Þ

where k is the reaction rate, A is pre-exponential factor, Ea is the reac-
tion activation energy, R is the gas constant and T is the temperature
in °K.

This data transformation is presented in Fig. 4D,where Ln(k) is plot-
ted as function of 1/T and the activation energy is calculated from the
line slope (Ea/R). As the rate of uptake was found to reach its minimum
at 8 °C (Fig. 3A, B), the 4 °C data point was excluded from Fig. 4D. The
plot of dextran's uptake as function of temperature possesses a biphasic
shape with a deflection point between 20 and 24 °C. The activation en-
ergy associated with dextran's rate of uptake, below and above the de-
flection point, is Ea ~ 4.7 Kcal/mole and Ea ~ 7.2 Kcal/mole, respectively.
These results are in general agreement, albeit with lower Ea values, with
previous reports of fluid phase endocytosis [23–25]. By contrast, the
plot of Tat's uptake has a linear correlationwith temperature possessing
amonophasic activation energy of Ea ~ 4.45 Kcal/mole. The Q10 temper-
ature coefficient was calculated from the data in Fig. 4A and B using the
expression

Q10 ¼ R2=R1ð Þ10= T2‐T1ð Þ ð2Þ

where Ri is the uptake rate found at temperature Ti. The Q10 between
20–29 °C and 27–37 °C are 1.8 and 1.4 for the uptake of Tat but 2.8
and 2.2 for the uptake of dextran.

3.4. Uptake is sensitive to the functionality of the actin cytoskeleton

In order to examine the involvement of actin-cytoskeleton in the up-
take process we employedwortmannin, an inhibitor of intracellular IP3
kinase, an important partner in the control of actin polymerization [26].
Wortmannin (1 μM) was added to the cells' cultures for 15 min before
they were exposed to three types of cargo: Tat-FAM (2.5 μM),
dextran-FITC (5 μM) or albumin-FITC (5 μM, a general probe for recep-
tor mediated endocytosis [27]) for an additional 30min at 37 °C. Fig. 5A
shows that the presence of Wortmannin has significantly hindered the
uptake of albumin, dextran or Tat (P b 0.05, by t-test). In addition, we
provide representative fluorescent microscopic images of the structural
effect of wortmannin on actin's cytoskeletal network, as can be seen
when comparing untreated cells (Fig. 5B) with cells exposed to
wortmannin (Fig. 5C).

3.5. Dependence of uptake on plasmamembrane's fluidity and electric dipole

Alteration of the plasmamembranefluidity or its electrostatic dipole
potential was facilitated by incorporating cholesterol, 6KC or phloretin
into the cell membrane. Membrane fluidity is a physical state defined
as the freedom of molecules' movements and refers to the orientation
and dynamic properties of the phospholipids' hydrocarbon chains in bi-
layer membranes, reflected by their anisotropy [28]. COS-7 cells were
incubated at 37 °C in the presence of 0.1 mM cholesterol or 0.1 mM
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Fig. 3.Uptake kinetics at different temperatures. COS-7 cells were incubatedwith dextran-FITC (5 μM) or Tat-FAM (2.5 μM) at temperatures in the range of 4–37 °C for durations of 10, 20
or 30min. Followingwash and harvest procedures, cell analyseswere conducted byflow-cytometry and cellular fluorescent intensitywas calibrated usingMESFmicrospheres. The uptake
of Tat-FAM (A) and uptake of dextran-FITC (B) are presented as number of internalizedmolecules per cell as function of incubation time. Each data point in the figure denotes a triplicate
average in one of 3 independent experiments. Least-square linear regression fittingwas carried out at each temperature, where the regression line coefficients yield the appropriate rate of
uptake (molecules/cell) at each temperature.
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6KC (a cholesterol derivative with additional keto group that elevates
the dipole potential of the membrane [29,30]) or 0.1 mM phloretin
(which reduces the membrane dipole potential [31–33]), for 30 min.
After being washed with PBS, the cells were incubated for 30 min with
5 μM TMA-DPH in PBS at 25 °C before their fluorescence polarization
was measured. Fluorescence anisotropy of the cell membrane as func-
tion of membrane enrichment with cholesterol, 6KC or phloretin is
presented in Fig. 6A. The addition of cholesterol to the cellmembrane el-
evates cell membrane anisotropy, 6KC attenuated it, while phloretin
had no significant influence.

To study the possible relations between plasma membrane fluidity
or its dipole potential and uptake, the cells were pre-treated for
A B

C D

Fig. 4. The dependence of uptake rate on temperature. The rates of uptake at each temperature
function of temperature are shown for Tat-FAM (A) and dextran-FITC (B). The values of regress
function of temperature. The values at each temperature are given as mean ± s.d. (C). Arrheni
30 min with either cholesterol, 6KC, phloretin or in PBS alone (as con-
trol) as in the above section. Next, the cells were washed and further in-
cubated at 25± 1 °Cwith either 5 μMalbumin-FITC (probe for receptor
mediated endocytosis [27]), 5 μM dextran-FITC or 2.5 μM Tat-FAM for
the duration of 30 min. Finally, the cells were washed and harvested
as described in the Methods section and their cellular fluorescence
was determined by flow-cytometry. To ascertain that the cells' pre-
treatments had no effect on their membrane passive permeability,
these cells were incubated in the presence of 15 μM PI under similar
conditions to the uptake experiments (30 min at 25 ± 1 °C) and PI in-
corporation into the cell nucleus was measured by flow-cytometry
and compared to that of untreated cells. Both treated and untreated
were calculated from data given in Fig. 3. The rates (molecules/ min) per cell of uptake as
ion lines intercept with the uptake ordinate axis (molecules/cell) in Fig. 3 are plotted as a
us plots of the rates of uptake of Tat-peptide and dextran are shown in (D).
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Fig. 5. The effect of the actin inhibitorWortmannin on the uptake of dextran, albumin and Tat-peptide. COS-7 cellswere exposed to 1 μMWortmannin before and during the uptake of Tat-
FAM(2.5 μM), dextran-FITC (5 μM)or albumin-FITC (5 μM). (A)Uptake of albumin, dextran or Tat-peptidewas carried out for 30min in the presence and absence ofWortmannin, at 37 °C.
Results are given as mean ± s.d., in triplicates in each of 3 independent experiments * P b 0.05 relative to control. Representative microscopic fluorescence images of actin labeled with
phalloidin in COS-7 adherent cells in the absence (B) or presence (C) of Wortmannin. Bar size in (B) and (C) is 10 μm.
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cells had insignificant enhancement of PI fluorescence (P = 0.3 by a
two-tail t-test, n = 12). The modulating effect, imposed by pre-
treatment with cholesterol, 6KC and phloretin, on the uptake of albu-
min, dextran or Tat is presented in Fig. 6B in terms of percent change
of each probe relative to uptake in control untreated cells. All statistical
significance was tested by two tail t-test against the uptake in control
untreated cells. Supplementing the cells'membranewith cholesterol el-
evated the uptake of albumin by 50% (P=0.002) and the uptake of dex-
tran and Tat by 25% (P=0.045) each. The cells' treatmentwith 6KC had
no significant effect on the uptake of either of the probes (P N 0.05).
Phloretin increased the uptake of dextran by 18% (P = 0.037), but
A

B

Fig. 6. Relation between TMA-DPH fluorescence anisotropy in the plasma membrane and
uptake. COS-7 cells were pre-exposed to either cholesterol, 6KC, phloretin or in PBS alone
for 30 min, followed by incubation with either Tat-FAM (2.5 μM), dextran-FITC (5 μM) or
albumin-FITC (5 μM) for an additional 30 min. (A) Changes in cell membrane order,
reflected by the rotational anisotropy of TMA-DPH in the plasma membrane, were mea-
sured by determining TMA-DPH fluorescence anisotropy following cell exposure to cho-
lesterol, 6KC or phloretin. (B) The uptake of Tat-FAM, dextran-FITC, or albumin-FITC,
was determined afterwash and harvest procedures. Cellfluorescence analyses, conducted
by flow-cytometry, are presented relative to control incubated in PBS, in the absence of
cell membrane ordermodifiers. * P b 0.05, ** P b 0.01, Four replicates in each of 4 indepen-
dent experiments.
attenuated the uptake of Tat by 15% (P = 0.04), while albumin
remained unaffected (P N 0.05).
3.6. Phloretin affects the extent of Tat uptake but not the rate of
Tat endocytosis

The influence of phloretin on the rate of Tat peptide uptake was ex-
amined by first incubating the cells with 0.1 mM phloretin for 15 min,
followed by addition of 2.5 μM Tat-FAM for periods of 10, 20 and
30 min at 25 ± 1 °C. Control cells were likewise incubated with Tat-
FAMwithout pre-exposure to phloretin. The cellswerewashed and har-
vested as described in the Methods and their cellular fluorescence was
analyzed by flow cytometry and calibrated using the MESF method.
The data-points in Fig. 7 are fitted by the least square linear regression
method and the line slopes and intercepts were calculated. The differ-
ence in the uptake rate of Tat in the presence or absence of phloretin
is insignificant (3064 ± 154 and 3,185 ± 149 molecules/cell/min re-
spectively. P = 0.2 by t-test). However, phloretin has attenuated the
value of the regression intercept with the molecules/cell axis almost
completely from 24,980 ± 3228 to 3403 ± 3338 (P b 0.001 by t-test).
Fig. 7. The effect of phloretin on the uptake of Tat-peptide. COS-7 cells were pre-exposed
to 0.1 mM phloretin or to PBS before incubation in the presence of Tat-FAM (2.5 μM) for
periods of 10, 20 and 30 min. Following washing and harvesting procedures the cellular
fluorescence was analyzed by flow-cytometry and calibrated using the MESF method.
Least square regression (R2 = 0.95) yields uptake rates of 3064 ± 154 and 3185 ± 149
(mean ± s.d.) Tat molecules/cell in the presence or absence of phloretin, respectively
(P = 0.2). Regression line intercept with the uptake ordinate axis (illustrated by dashed
line) is 3403 ± 3338 and 24,980 ± 3228 (mean ± s.d.) Tat molecules/cell, respectively
(P b 0.001). Each data point in the figure denotes a triplicate average in 3 independent
experiments.
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4. Discussion

The aim of the present study is to explore the mechanisms underly-
ing the cellular uptake of CPP, represented here by the Tat peptide. It has
been convincingly shown previously that specific mutations in clathrin,
dynamin or caveolin related proteins do not inhibit CPP uptake [14,15].
Therefore, we concentrated our efforts on studying the debated roles of
macropinocytosis (MPC) and direct membrane translocation in the up-
take of CPPs. The uptake of Tat peptide was compared with that of the
polysaccharide dextran (38kD), a fluid-phase probe known to undergo
uptake through MPC without participating in passive direct transloca-
tion through the cell membrane. In order to define the uptake kinetic
characteristics, we selected to employ quantitative measurements of
the internalized molecules and membrane order parameters, by multi-
ple measurements at different temperatures. Quantitative analyses of
uptake are achieved by measuring uptake in terms of number of mole-
cules per cell, based on the MESF calibration method. This method al-
lows us to quantitatively determine the uptake of dextran and of Tat,
revealing that Tat enters the cells ~15 times more efficiently than dex-
tran (Fig. 1).

We propose three possible explanations for such difference in up-
take efficiency:

a) Receptor mediated vs. constitutive endocytosis: During an event of
MPC, the fluid-phase is engulfed indiscriminately, thus facilitating
low specificity for endocytosis. The entry of fluid-phase molecules
such as dextran can thus be opportunistic, depending on non-
specific MPC events. CPP, on the other hand, have been suggested
to initiateMPC events by activation of membrane surface proteogly-
cans [34] and therefore are subjected to specific and higher rate of
MPC events.

b) Difference in surface adsorption: dextran and Tat may enter the cell
by sharing the same endocytic event, but due to the higher adsorp-
tion of Tat to the cell membrane, it has a higher local concentration
which enables more Tat molecules to participate in any MPC event.

c) Dextran and Tat enter the cells by different uptake routes, which
may share some common underlying characteristics.

To study the first possibility, we simultaneously exposed the cells to
both dextran and Tat, where each probe was identified by a different
fluorescence marker. If Tat is indeed inducing a higher extent of MPC
events, then the entry of opportunistic fluid-phase dextran should be
increased alongside. Our results, presented in Fig. 2, show that the
entry of dextran is not increased in the presence of Tat, nor does Tat suf-
fer from a competition for uptake by the presence of dextran. Therefore
it is unlikely that Tat is enhancing the activation of an MPC event that
could indiscriminately internalize dextran. Thesefindings are supported
by a recent report showing that the interaction of cell surface proteogly-
canswith CPPs has little correlationwith their accumulation and uptake
[35].

According to the secondpossible explanation,more Tatmolecules can
enter the cells per MPC event due to their higher local concentration at
the membrane interface. Under such circumstance the same uptake
event is involved in the entry of bothmolecules and therefore their kinet-
ic profile should be similar. However, the study results presented for tem-
peratures above 8 °C portray a scenario where dextran and Tat possess
different uptake kinetics (Fig. 4A, B and D). The temperature dependence
of Tat uptake rate between 27 and 37 °C have a Q10 of 1.44 and an activa-
tion energy (based on Arrhenius equation) of about 4.45 Kcal/mole. In
contrast dextran uptake rate has Q10 of 2.17 and a biphasic Arrhenius
plot possessing activation energies of Ea ~ 4.7 Kcal/mole and Ea ~ 7.2
Kcal/mole with a deflection in the region of 20–24 °C. The Q10 value for
dextran is in line with the accepted range for an active process (i.e. be-
tween2 and3) such as endocytosis. The lowerQ10 value found for Tat up-
take and its lower activation energy, suggest that this process is less
dependent on metabolic activity then the uptake of dextran. Further-
more, in the presence of phloretin the uptake of Tat is attenuated as op-
posed to the enhancing effect of phloretin on dextran uptake. Therefore,
it is unlikely that the uptake of Tat and dextran shares the same mecha-
nism of uptake. This conclusion does not necessarily mean that the two
routes share no commondependencies, for example, a dependence of en-
docytosis on themechanical force imposed on themembrane by actin as-
sembly remodeling [16,36,37]. A general demonstration for such shared
dependency is given by applying wortmannin, an acclaimed inhibitor of
MPC which blocks the activity of intracellular IP3 kinase, an important
player in the control of actin polymerization [26]. As result of the
wortmannin effect on actin assembly/disassembly, the uptake of dextran
(commonly attributed to fluid-phase endocytosis), Tat (assigned to CPP
endocytosis) or albumin (known to be transported through receptorme-
diated endocytosis [27]) is all attenuated, albeit to different degrees
(Fig. 4). Lowering the cells temperature can also affect actin kinetic func-
tion by lowering its assembly and rearrangement velocity through the
depression of ATP hydrolysis rate [38]. The hydrolysis of ATP gradually
declines with temperature and undergoes a steep decrease below 10 °C
to an insignificant level at 4 °C [39]. The effect of low temperature on en-
docytosis is related to subduing the activity of actin and other ATP depen-
dent force-producing proteins that are needed for driving membrane
curvature and fission.

While it has been shownbefore that Tat peptide can undergo passive
translocation across the cell membrane, it has also been claimed that ac-
tive entry mechanisms are prevalent [40,41]. Our data supports the
presence of an active endocytic entrymechanismof Tat into cells, by de-
tailing the positive correlation between Tat uptake and temperature
(Fig. 3). However, a detailed study of Tat uptake reveals the presence
of a temperature-independent fraction (Fig. 4C), distinctive of the up-
take rate. Such a low and steady component is also apparent from
Fig. 3, where the uptake rate is similar between 4 and 8 °C and Tat up-
take rate between 4 and 15 °C corresponds to a Q10 value of 1.1, com-
plies with a passive transport. It has been previously reported that at
low temperatures, a negligible rate of fluid-phase uptake exists
[23–25], which may explain the low uptake of dextran, but not the rel-
atively high presence of Tat peptide. Direct Tat adsorption to the cell ex-
ternal surface cannot account for the origin of the temperature-
independent uptake fraction, since the presence of wash-resistant
adsorbed Tat-FAM fraction has been addressed (using the TB method)
and accounted for in our data.

The interplay between temperature and uptake rate can be seen in
Fig. 4A and D, where a gradual transformation in uptake mechanism
can explain the moderated linear plot. Supporting results are found in
a previously published microscopic imaging study [6], where the intra-
cellular distribution of CPP (oligoarginine) is shown to shift from vesicle
labeling at 37 °C to diffused cytoplasmic labeling, as the incubation tem-
perature declines 42].

In Fig. 4C, the plot intercept with the molecules/cell axis represents
fast processes that introduce Tat molecules into the cell membrane
and the intracellular compartment, where they are protected from the
quenching effect of TB. However, the experimental study of the uptake
rate by flow cytometry in the time window under 5 min represents a
major experimental challenge since the process of harvesting the cells
and removing the fraction of probe adsorbed to the membrane intro-
duces a time-resolved limitation for the initial transport events. We
show that the fast uptake process is independent of temperature and
can be attenuated by phloretin. The origin of a fast process may come
from the rapid adsorption of the peptide to the cell membrane, reported
to complete in less than 5 min [43]. Such rapid adsorption is proposed
by us to trigger a consequent sudden burst of uptake, before a balanced
rate is instated. Similar incidence is described in a recent study of the
translocation of malachite-green across bacterial cell membrane,
where an initial sharp rise of themalachite-green signal indicates an ini-
tial transport rate much larger than the translocation rate through the
cell membrane [44].
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The attenuating effect of phloretin on Tat uptake at 25 °C (Fig. 6B) is
in contrast to the effect it has on dextran endocytosis. More importantly
phloretin attenuates the initial direct translocation of Tatwithout affect-
ing the rate of endocytic uptake (Fig. 7), thus offering the prospect that
phloretin inhibits the translocation fraction of Tat entry. A similar
inhibiting effect was previously demonstrated for the amphipathic mi-
tochondrial sequence P25 [45]. Phloretin has been previously known
to decrease the permeability of hydrophobic cations [46–49]. While
the mechanism by which phloretin modulates membrane permeability
is yet unclear, it may be related to phloretin's ability to affect the mem-
brane packing density by increasing the area per lipidmolecule [31] as it
can reduce the intra-membrane dipole potential [31–33]. Phospholipids
are dipolar in character, due to the ester linkages between acidic head
and the glycerol backbones, and the alignment of these dipoles creates
a charge separation which gives rise to an intra-membrane dipole po-
tential, Δψd [46], associated with packing orientation of the dipoles
[50]. It should be noted that contrary to phloretin, 6KC can elevate the
plasma membrane dipole potential [29,30] and yet it was found to in-
duce only a small increment in the uptake of Tat (Fig. 6B). A possible ex-
planation for this disparity is that phloretin can increase the area per
lipid molecule in the phosphatydilcholine bilayer (from approximately
64 Å2 to about 78 Å2 [51]), while 6KC does not markedly change the bi-
layer thickness or area per lipid molecule [52].

The mechanism that underlies CPP uptake through endocytic events
is unresolved as yet, but several recent studies may offer a new perspec-
tive. We would like to suggest that the positive amine residues charac-
teristic of all CPPs, alter the electrostatic repulsion between the
membrane phospholipids negative head-groups, leading to the forma-
tion of negative curvature (inward invagination) of the cell membrane
and to a consequent enhanced endocytic process. The spontaneous cur-
vature of a bilayer membrane is the equilibrium product of minimizing
the elasto and electro-static forces that exist in each of its monolayers
[53,54]. Reduced electrostatic repulsion force between neighboring sur-
face charges can increase the phospholipids packing density, overcome
the stabilizing surface tension force and produce membrane instability.
If the surface charge density of only the external layer is decreased, the
ensuing surface charge asymmetry across the bilayer can be rebalanced
by themembrane adopting an inverted, negative spontaneous curvature
[55–57]. For a critical value of asymmetry in surface charged density, the
membrane will spontaneously bud in the absence of any applied exter-
nal force [58,59]. One possible source for a decrease in membrane exter-
nal surface charge density is the neutralization of the acidic phosphate
head-groups by protonation. The formation of membrane spontaneous
negative curvature, membrane tubulation and its internal vesiculation
in response to external protonation, was demonstrated on phospholipid
vesicles [60–62] and in living cells [12,13,18]. By analogy, the CPP basic
amine residues may exert a similar effect, i.e. neutralizing acidic phos-
phate head-groups and promoting negative membrane curvature and
vesicle formation. Supporting evidence for this assumption can be
found in recent studies that describe CPP induced vesicle formation in
model phospholipids vesicles [63–65] and red blood cells [66] which
lack essential enzymes and proteins of the endocytosis machinery.

In conclusion, the present study demonstrates that the uptake process
of Tat proceeds both through temperature-independent and tempera-
ture-dependent mechanisms. The temperature independent process is
attributed to a direct passive translocation of Tat through the plasma
membrane, whereas the temperature-dependent process is inconsistent
with that of macropinocytosis and is ascribed to a yet unidentified
endocytic process.
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