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ABSTRACT: Membrane permeation peptides, such as Tat basic domain, have emerged as useful membrane
transduction agents with potential utility in therapeutic delivery and diagnostic imaging. While generally
thought to universally permeate all cells by a nonselective process, the mechanism of membrane transduction
remains poorly characterized. To examine vectorial transport properties of Tat basic domain in well-
differentiated epithelial cells possessing tight junctiarsndp stereocisomers of Tat s; peptide conjugates

labeled with®*"Tc were quantitatively analyzed in confluent monolayers of MDCK renal epithelial and
CaCo-2 colonic carcinoma cells grown in transwell configurations. In both cell lines, vectorial transepithelial
apparent permeability coefficient®4,) for L- and p-[**"Tc]|Tat-peptides ranged from 30 to 70 nm/s,
comparable to values for the macromolecular impermeant marker inulin in both apical-to-basolateral and
basolateral-to-apical directions, but 100-fold less tharPthgvalues for propranolol, a highly permeable
control compound. Upon direct instillation dP{Tc]Tat-peptide into the urinary bladder of living rats in

vivo, no transepithelial permeation into other tissues was identified. Furthermore, MDCK and CaCo-2
cells showed a complete lack of intracellular accumulation of fluorescein conjugated Tat-peptide. However,
translocation into cells was induced by treatment with plasma membrane permeabilizing agents such as
digitonin and acetone/methanol, while cholesterol depletion Wwithethyl-cyclodextrin and metabolic
inhibition with CCCP or 4°C showed no effect. By contrast, in Hela and KB 3-1 cells, epithelial lines

that do not form tight junctions in monolayer culture, baseline cytoplasmic and nucleolar accumulation
was readily observed. Because all four cell lines expressed heparan sulfate proteoglycans, putative receptors
for Tat basic peptides, we found no correlation between heparan sulfate and the permeation barrier observed
in MDCK and CaCo-2 cells. The unanticipated presence of a permeation barrier to Tat-peptides in well-
differentiated epithelial cells suggests the existence of cell-specific mechanisms for mediated translocation
of these permeation peptides.

Plasma membranes of cells are generally impermeable tohomeoproteins§—10). Detailed biochemical analysis has
proteins and peptides. The dielectric constant of lipid bilayers identified specific peptide sequences and domains derived
imposes a formidable barrier within cell membranes for the from these proteins that confer surprisingly high membrane
diffusive transport of compounds with formal charges or permeation properties. These sequences include the third
large dipole moments1( 2). Thus, a variety of highly  helix of the homeodomain of Antennapeditl), peptides
specialized and regulated systems for mediated secretion ofderived from the heavy-chain variable region of an anti-DNA
proteins and peptides have evolved in prokaryotic and monoclonal antibody 1(2), polyarginines 13), and viral
eukaryotic cells3—5), but mechanisms for direct import of  transcription factors or derivatives thereof, such as Herpes
proteins and peptides across the plasma membrane from thesimplex virus VP22§), HIV-1! Rev and HTLV-1 Rex basic
extracellular spaces to the cytosol are relatively uncharac-domains {4), and HIV-1 Tat protein basic domain (Tatso)
terized. Nonetheless, several proteins are known to enter cell{6, 7, 15, 16).
from the extracellular spaces, including viral transcription  Little is known regarding the mechanisms of membrane
factors, plant and bacterial toxins, growth factors and transduction and subcellular localization of these permeation
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domains. Whether the mechanisms are general for all Tats-s; peptides conjugated to peptide-based chelation
permeation peptides or specific for selected proteins or moieties that enable membrane transduction of radiometals
peptides and how cell-specific any targeting mechanism such as technetium-99r##{Tc) and rhenium-188¢Re) for
might be remain to be determined. Permeation domains anduse in medical imaging and radiotherapy, respective0).
peptide sequences tend to be highly basic, arginine/lysine-While the peptide conjugate can conveniently accommodate
rich, and positively charged at physiological pH. It had been °*"Tc, a C-terminus cysteine moiety also enables ready
generally thought that the membrane translocation mecha-conjugation to fluorophores for microscopic analysis of
nism(s) involve(s) a passive membrane diffusive or desta- subcellular localization when desired. Radiolabeling with
bilization process that does not require binding to cell surface ®°"Tc has advantages for quantitative biochemical analysis
receptors 10, 17). Furthermore, the observation that trans- of cell transport processes both in vitro and in vivo, avoiding
duction occurs in many cells at°€ has been interpreted to  confounding complexities associated with fluorescence label-
indicate that conventional endocytosis is not involv@dL(, ing of compounds (i.e., nonlinear signals, aggregation, and
18). Thus, one proposed model for internalization of a quenching). Synthesized by standard solid-phase methods
prototypic permeation polypeptide, the homeodomain of with eitherL or b amino acids, these model peptides also
Antennapedia, is based on the formation of “inverted enable experiments exploring the stereospecificity of putative
micelles” (10), wherein the peptide recruits negatively mechanisms of peptide permeation.

charged cell membrane phospholipids to induce formation |, the course of investigating biochemical and pharma-
of a hydrophilic cavity (inverted micelle) which then . kinetic properties of thesé°[Tc]Tat-peptides, in vivo
translocates from the exterior leaflet to the interior leaflet imaging experiments in mice indicated that the Tat-peptides
of the plasma membrane depositing peptide into the Cytosol.\yere rapidly excreted by the kidneys and retained in the
It remains to be determined whether this model is thermo- inary pladder. This prolonged bladder retention implied
dynamically tenable and applies generally to all transduction {ha the epithelial cells lining the bladder were not penetrated
polypeptides. Indeed, while VP22 holoprotein has been py the Tat-peptide conjugate. Thus, to gain further insight
reported to show conformation-dependent membrane inter-ini4 possible mechanisms of membrane transduction of these
actions under physiological conditiond9j, cytoskeletal Tat-peptides and permeation peptides in general, we inves-
function also has been implicated in penetration of full length tigated more rigorously the membrane transduction properties
VP22 @). In contrast, microtubule- and filament-disrupting ¢ Tat-peptides in cells derived from epithelium. Madin-
agents (colchicine, taxol, nocodozole, and cytochalasin D) parpy canine kidney (MDCK) epithelial cells represent a
are without effect on Tags7 peptide penetration into human  m5qe| vectorial cell system to study transport mechanisms
Jurkat cells £0). And while endosomotropic agents such as i, gistal renal tubule epitheli8(). MDCK cells are divided
chloroquine and monensin generally are without effect on jn5 apical and basolateral membrane domains, each repre-
Tatz-0 peptide-mediated transduction, inhibitors of caveolae senting functionally and biochemically distinct regions.
formation (nystatin and fillipin) inhibit 50% of a luciferase Moreover, they have been shown to differentiate into
reporter signal arising from Tateo peptide-mediated phage  ¢ojymnar epithelium and form tight junctions when cultured
penetration in COS-1 cell2{). In neurons, low-density  on semipermeable membranes. Correspondingly, CaCo-2
Ilpoproteln receptor-related'proteln (LRP) has been reportedceus, a colonic carcinoma cell line, when grown into a
to bind full length Tat protein4?2), and recent biochemical  c4nfiuent monolayer, form tight junctions and express other
evidence implicates cell-associated heparan sulfate (HS)characteristics of enterocytic differentiation with important
proteoglycans as cell receptors for internalization of extra- marphological and biochemical similarities to small intestinal
cellular full length Tat protein Z3). HS is ubiquitously  columnar epithelium31). Both cell lines have been routinely
expressed on eukaryotic cell membranes and is a majorejtyred as monolayers on semipermeable membranes for

component of basement membranes where the molecule may;,dies of drug transport and compound permeasan3d).
be involved in the stabilization of other molecules as well \i\pck and CaCo-2 epithelial cells were found to be

as_peing involved with cell adhesiqn and gl(_)mgrular PErme- impermeant to Tat-peptides.

ability to macromolecules2d). HS is polyanionic, and the

negative charges could contribute to initial stages of putative expERIMENTAL PROCEDURES

absorption and internalization pathways. It also has been

suggested that sulfated polysaccharides expressed on HeLa Materials. MDCK and CaCo-2 cells were obtained from

and COS-7 cells could mediate in some manner the trans-American Type Culture Collection (Rockville, MD). Cell

location of small basic peptides such as;daand Reys-so culture media and buffer components were purchased from

(29). In contrast, using HeLa cells, wild-type CHO K1 cells, Gibco BRL (Gaithersburg, MD). Transwell-COL tissue

and CHO mutants deficient in proteoglycan biosynthesis, culture inserts (12 mm diameter, Qi pore size, collagen-

Silhol et al. 26) provide strong evidence that HS proteogly- coated poly(ethylene terephthalate)) were purchased from

cans are not involved in Tateo peptide uptake. Thus, Costar Corporation (Cambridge, MA). Fluorescein-5-male-

mechanisms of penetration for various permeant peptides andmide was purchased from Molecular Probes, Inc. (Eugene,

full-length proteins remain to be elucidated. OR). Antinucleolin primary antibody and rhodamine-
Specific peptide sequences derived from several of theseconjugated goat antimouse lg@ntibody were purchased

permeant proteins also have been exploited as vehicles fofrom Santa Cruz Biotechnology (Santa Cruz, CA). Anti-

the transport of various “cargos” such as heterologous heparan sulfate primary monoclonal antibody was from

proteins, peptides, oligonucleotides, and conjugate com-Chemicon International, Inc. (Temecula, CA). [Carboxyl-

pounds into the cell interior of a variety of cellg.g., refs ¥Clinulin (2.05 mCi/g) andL-[4-3H]propranolol (19 Ci/

10, 20, 21, 27—29}. We recently reported the synthesis of mmol) were obtained from New England Nuclear (Boston,
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MA). All other chemicals were from Sigma Chemical
Company (St. Louis, MO).

Preparation of Radiolabeled °y"Tc]Tat-Peptide. Tat-
peptide conjugates (Gly-Arg-Lys-Lys-Arg-Arg-Gln-Arg-Arg-
Arg-AHA- e-Lys-Gly-Cys, wherein AHA represents an ami-

Violini et al.

to the apical side or 0.6 mL of MEBSS to the basolateral
side wherein the initiating solution (cis compartment)
contained {°"Tc]Tat-peptide (0.1 mCi/ml; 1uM total
peptide), {*Clinulin (0.25uCi/ml; 1 uM), and PH]propra-
nolol (2 «Ci/ml; 0.26uM). [*“C]Inulin and PH]propranolol

nohexanoic acid linker) were prepared by solid phase peptidewere used as standards to validate the integrity of the

synthesis as previously describe2D); Peptide stocks (10
mg/mL) were typically prepared in distilled water within 24
h of use. Prior to radiolabeling, peptide purity was confirmed
by RP-HPLC analysis utilizing a Vydac,&column (250x

4.6 mm, 10u) and a linear gradient mobile phase starting at
95% solvent A (0.1% TFA) and 5% solvent B (90%:10%,
acetonitrile:0.1% TFA) to 40% solvent B over 40 min at a
flow rate of 1 mL/min. Preparation and characterization of

epithelial cell monolayer and document passive transcellular
transport, respectively. In selected parallel experiments,
carbonyl-cyaniden-chlorophenyl hydrazone (CCCP /)

was added to the buffer solutions. Monolayers were incubated
in transport solutions for times up to 120 min at either 37 or
4 °C, and both cis and opposite (trans) compartments were
sampled (1QuL) at 5, 15, 30, 60, and 120 min. Solution
samples were immediately assayed faactivity (°°™Tc) in

[*"Tc]Tat-peptide conjugates were accomplished using slight a well-type sodium iodider counter (Cobra Il, Beckman,

modifications of previously reported procedureX))( A

commercially available stannous glucoheptonate radiophar-

maceutical kit [Sn(I)GI-2H,0, 0.14 mg; Na glucoheptonate,
200 mg; Glucoscan, DuPont Pharma, Billerica, MA] was
reconstituted with 1.0 mL off™Tc]Na(TcQ) (50 mCi) in
isotonic saline obtained by eluting a commercial radionuclide
9Mo/**"Tc generator and allowed to stand for 15 min at
room temperature. In a small Eppendorf tube, to aulL0
aliquot of Tat-peptide stock solution were addé¥c]-
glucoheptonate solution (5@0uL) and sufficient water to
generate a final volume of 1Q0_. The reaction was allowed

to proceed at 37C for 15 min. Radiochemical purity and
yields (>95%) of P°"Tc]Tat-peptide complexes were de-
termined by radiometric RP-HPLC (using the same condi-
tions described above) and TLC using silica gel 1B2 (J.T.
Baker, Inc., Phillipsburg, NJ) developed with either metha-
nol:saline:TFA (68:30:2) or water and analyzed with a
scanning radiometric detector (Bioscan, Inc., Washington,
DC). By TLC, [**"Tc]Tat complexes remained at the origin
in water and moved with the solvent fror(~ 0.95) in
methanol:saline:TFA. Specific activity was estimated to be
1.84 x 1 mCi/mol.

Cell Cultures. Culture inserts were preincubated with
culture medium (1 h, 37C) and then seeded with s 10°
cells. All cultures were maintained at 3C in a 5% CQ
incubator. MDCK cells were cultured in minimum essential
medium (MEM) Earle’s salts with 2 mM.-glutamine

adjusted to contain 1.5 g/L sodium bicarbonate, 1% nones-

sential amino acids, 1 mM sodium pyruvate, and 10% fetal
bovine serum (FBS). CaCo-2 cells were maintained in
Dulbecco’s Modified Eagle Medium (DMEM) containing

1% nonessential amino acids, penicillin/streptomycin (0.1%),

Downers Glove, IL; 136-165 keV window), allowed to
decay for 3 days, and then assayed for beta acti¥Ai€ ¢nd
SH) in a tabletopB counter (Beckman Coulter, Fuellerton,
CA) after solubilizing samples in 5 mL of scintillation
solution (Ready Safe Beckman Coulter, Fuellerton, CA).
Control experiments with collagen inserts alone confirmed
that nonspecific binding of'f™Tc]Tat-peptide, }*Clinulin,
and PH]propranolol to the inserts was0.18%, 0.03%, and
0.16% of added radioactivity, respectively.

Fluorescence Microscop¥eptides conjugated with fluo-
rescein maleimide were utilized to directly assess intracellular
localization. Peptides were labeled on the C-terminal thiol
with fluorescein-5-maleimide (FM) as described previously
(18, 20). Exponentially growing MDCK, CaCo-2, KB 3-1,
and Hela cells were seeded onto either eight-well glass
chamber slides (Nunc; Naperville, IL), onto 12 mm diameter
coverslips, or onto transwell inserts and cultured overnight.
Cells were rinsed three times with MEBSS buffer at 37 or 4
°C and then incubated in MEBSS containing FM-Tat-peptide
conjugate (0.51 uM) at 37 or 4°C for 20 min. Cells were
then fixed at room temperature by direct addition of an equal
volume of 8% (v/v) paraformaldehyde in PBS for 10 min,
followed by three rinses with PBS. For nucleolin detection,
MDCK and CaCo-2 cells were permeabilized with cotd2Q
°C) acetone/methanol (1:1) for 10 min, incubated with FM-
Tat-peptide conjugate as above, fixed, and then incubated
with antinucleolin mAb (2ug/mL) for 1 h atroom temper-
ature. This was followed by incubation in 1.5% horse serum
for 1 h and then incubation with rhodamine-conjugated
secondary antibody for 45 min. All cells were then washed
in PBS and mounted with fluorescence antifading mounting
medium following the recommended procedures of the

and 10% heat-inactivated FBS. Media were changed everymanufacturer (Vector Laboratories, Burlingame, CA). Prepa-

second day until confluent monolayers formed. KB 3-1 and
Hela cells were cultured in DMEM supplemented with 2
mM L-glutamine, penicillin/streptomycin (0.1%), and 10%
heat-inactivated FBS34, 35).

Transport AssaysWhile growing in transwells, overall

rations were analyzed on a Zeiss epifluorescence microscope
with a Hamamatsu CCD camera interfaced to a B).(

Cell Membrane PretreatmentCells were grown on
coverslips to~60% confluence, washed in PBS, and then
incubated in MEBSS containing digitonin (3@/mL) for

cell morphology was assessed daily by microscopic analysis30 min at room temperature. To fully permeabilize cell

to determine growth rate and confluence. MDCK and CaCo-2
cells were usually confluent by 2 and 3 weeks in culture,

respectively. One hour prior to transwell transport assays,

cell monolayers were washed with modified Earle’s balanced
salt solution (MEBSS) containing (mM) 144 NacCl, 5.4 KCl,
0.8 MgSQ, 0.8 NaHPO,, 1.2 CaCl}, 5.6 glucose, 4.0 Hepes,

membranes, cells were pretreated with cold acetone/methanol
solution (1:1) for 10 min. To deplete membrane cholesterol,
cells were washed in serum-free MEM Earle’s for MDCK
cells or serum-free DMEM for CaCo-2 cells and then
incubated in the corresponding serum-free media containing
p-methyl-cyclodextrin (15 mM) for 30 min (37C in a 5%

1% calf serum, pH 7.4. Transport assays were conducted inCGQ, incubator). To examine effects of an external protease

MEBSS and initiated upon addition of 0.4 mL of MEBSS

on peptide uptake, MDCK and CaCo-2 cells were preincu-



Tat-Peptide Permeability Barrier in Epithelial Cells

Biochemistry, Vol. 41, No. 42, 20022655

A . B 1500 - C 1500 -
/ \ 0
[0} N_. O N
o Nl we g 1000 1000 |
s N\/\/\/\ £
Arg Y NH NH{ s 3 E
&)
wg’ 500 500
/
Gln
o
- ; ; .
\ /\/ 0 50 10 150 2 mm 0 50 10 150 2 mm

Distance

FIGURE 1: (A) Structure of °"Tc]Tat-peptide complexes. (B, C) Radio-TLC analysis8fTc]Tat-peptide species. TLC chromatograms
developed in water (B) or in methanol:saline:TFA (C)ef**"Tc]Tat-peptide from stock solution (bottom trace) or from extracellular
buffer afte 2 h of incubation with MDCK cells at 37C (top trace). Traces show90% intact peptide conjugate overet® h incubation

time.

bated in trypsirrkEDTA solution (0.05%— 0.1%) for two

minutes (RT). Following each pretreatment, cells were
washed with MEBSS buffer and then incubated in MEBSS
containing FM-Tat peptide (kM) for 20 min at 37°C,

followed by fixation with paraformaldehyde as above. In
parallel experiments, after pretreatment of cells ygimeth-

yl-cyclodextrin, lipids were extracted with hexane/2-propanol
(3:2, v/v) for 1 h for cholesterol analysis. Cells were then
solubilized with 10 mM sodium borate and 1% SDS for
determination of total protein by BCA analysis (Pierce
Chemical, Rockford, IL) using BSA as a standard. Choles-

Data Analysis.Values for Pap, (apparent permeability
coefficient; nm/sec) were calculated according to the equation
(32) Papp= (dQ/dt) x V, x 1/A, where d)/dt represents the
permeability rate derived from the initial slope<{60 min)
of a plot of radioactivity appearing in the trans compartment
(as a percentage of total radioactivity added to the cis (donor)
compartment) versus time/, is the volume in the cis
compartment, and\ is the surface area of the filter insert.
Data are reported as mean valdeSEM, using the number
of replicates for each point as described in figure legends.
Pairs were compared by the Studerittest 39). Values of

terol content was determined with a colorimetric assay basedp < 0.05 were considered significant.

on oxidation of cholesterol with cholesterol oxidase (Cho-
lesterol C Il kit, Wako Chemicals USA, Richmond, VA7).
Data for cholesterol content were normalized to mg protein
and expressed as percent control.

Immunohistochemistryells cultured on glass coverslips
were fixed either with 4% paraformaldehyde for 10 min at
room temperature or with methanol-a20 °C. After washing
in 0.1% Tween-20-PBS, cells were incubated for 30 min
(RT) with 1% goat serum in PBS to block nonspecific
immunoreactivity. For detection of heparan sulfate pro-
teoglycans, cells were incubated with anti-HS mAb (1:10)

RESULTS

L- andp-[%"Tc]Tat-Peptide CharacterizatioBothL- and
p-Tat-peptides (Figure 1A) were analyzed by RP-HPLC to
confirm purity prior to radiolabeling. A single major peak
was observed with a retention time of 15 min; identity was
confirmed by electrospray mass spectrometryafidp-Tat-
peptide, m/z 1839.0, calcd @H143N370:6S;, 1839.3). To
confirm stability of the {°"Tc]Tat-peptides over the time
course of the experiments, radio-TLC was performed on
samples obtained from stock solutions after 30 min at 37

for 1 h, then a secondary goat anti-mouse biotinylated 19G °C as well as on aliquots of extracellular space (ECS) buffer

antibody (1:200) (Vecstatin ABC kit, Vector Laboratories,
Burlingame, CA). All antibodies were diluted in Tween-PBS.

After washing, preparations were incubated with streptavidin-

horseradish peroxidase, followed by a solution containing
0.1% (w/v) 3-3-diaminobenzidine-tetrahydrochloride (DAB,
Vector Laboratories) and 0.005% (v/v),®, at RT for 3
min. Nuclear counterstaining was performed with Mayer
hematoxylin for 1 min.

In Vivo Imaging StudiesFemale SpragueDawley rats
(Harlam, Indianapolis, IN) were anesthetized by methoxy-
flurane inhalation and positioned underyascintillation

obtained both at the beginning and at the efid2ch of
incubation with cells. Initial radiochemical yields were
>95%, and bothL- and p-[*"Tc]Tat-peptides remained
>90% radiolabeled over the time course of the transwell
experiments (Figure 1B,C), suggesting the absence of
significant transmetalation reactions of both radiotracers
during experiments.

Transwell Assays with MDCK and CaCo-2 Cellsan-
swell transport assays were performed on MDCK and
CaCo-2 cells cultured to confluence on collagen filter inserts.
For all transwell experiments, blank inserts and inserts

camera (Siemens Basicam, Siemens Medical Systems, Iselingcontaining cells were used to determine the permeability of

NJ; LEAP collimator; 20% energy window centered on the
140 keV photopeak of°"Tc). The urinary bladder was
catheterized according to normal animal proceduBs;. (
L-[**"Tc]Tat-peptide (1 mCi in 10@L saline) was instilled

[®*"Tc]Tat-peptides and radiolabeled reagent¢Clinulin,
a macromolecular marker, monitored paracellular leak path-
ways present in the cell monolayer, whifé]propranolol,
known to possess high transcellular permeability across

into the bladder via the indwelling catheter and the catheter epithelial cells 83), was used as a positive control in our
clamped. Sequential posterior images of rats were collectedtranswell system. Only intact monolayers possessing low

starting immediately after administration of the radiotracer
for 5 min each for 30 min. A 256 256 image matrix with

paracellular fluxes (transepithelial transport ©2%/h of
[*#C]Jinulin) were used for further analysi8€). For blank

correction for radioactive decay was used on a PC platform inserts, f*Clinulin, [®*H]propranolol, and " Tc]Tat-peptide
and standard image analysis software. No corrections wereeach approached plateau levels by 120 min in the trans

made for scatter or attenuation. Whole-body distribution of
[®9"Tc]Tat-peptide was displayed with gray scale images.

compartment representing -360% of added radioactivity.
This was observed in both apical-to-basolateral and baso-



12656 Biochemistry, Vol. 41, No. 42, 2002

Violini et al.

Table 1: Permeability Coefficients for MDCK Cell Monolay&rs

Papp (NM/sec)
[%"Tc]Tat [FClinulin [®H]propranol ratio " Tc¢]Tat/[*C]in
A—-B B—A A—B B—A A—B B—A A—-B B—A
L-Tat 31.3+ 35 34.0+ 45 40.3+ 9.4 24.0+5.1 5320+ 254 50404+ 721° 0.84+0.2 1.4+ 0.2
D-Tat 33.3+23.3 123+ 23.5 72.6+ 31.8 177+ 53.3 3256+ 14.2 27324 371 0.54+0.2 0.7+ 0.2
L-Tat+ CD 66.0+ 15.5 171+ 57.2 544 18.3 537+ 19.1° 25604+ 1074 23404+ 973 1.1+0.2 0.4+ 0.1
p-Tat+ CD 326+ 81 207+ 23.3 408+ 110 513+ 239 16124+ 33.9 43614+ 165 0.8+0.1 0.5+ 0.2

aValues are the means SEM of three experiments under each condition. Statistically significant differences between corresperi8liagd\
B—A permeability coefficients are indicatedh, p < 0.05, P°"Tc]Tat vs PH]propranolol;c, p < 0.05, P°"Tc]Tat vs [“Clinulin). CD = -methyl-
cyclodextrin; Papp = transepithelial apparent permeability coefficient.

Table 2: Permeability Coefficients for CaCo-2 Cell Monolayers

Papp (Nm/sec)
[®*"Tc]Tat [FClinulin [®H]propranol ratio {*"Tc]Tat/[*C]in
A—B B—A A—B B—A A—B B—A A—B B—A
L-Tat 74+ 1.4 174+ 72.1 92+ 14.1 177+ 91.2 49444 1040 9244 10723 0.8+0.1 1.0+ 0.2
D-Tat 50+ 15.5 291+ 142 174+ 52.3 342+ 152 6561+ 852 84014 940 0.3+0.1 0.9+ 0.1
L-Tat+ CD 48+ 14.1 111+ 14.8 210+ 26.8 180+ 38.2 54624 74 94034+ 236 0.3+0.1 0.6+ 0.1
p-Tat+ CD 315+ 17.6 193+ 4.9 273+ 40.3 148+ 28.6 4976+ 370 4576+ 698 1.1+05 1.3+ 0.3

aValues are the means SEM of three experiments under each condition. Statistically significant differences between corresperilingdd
B—A permeability coefficients are indicateds, p < 0.05, P*™Tc]Tat vs PH]propranolol;c, p < 0.05, P*"Tc]Tat vs [“Clinulin). CD = -methyl-
cyclodextrin; Papp = transepithelial apparent permeability coefficient.
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FIGURE 2: Vectorial transport off™Tc]Tat-peptide across MDCK
(A, B) and CaCo-2 (C, D) cell monolayers. Chambers without cells
(@) or with cell monolayers®) were incubated in MEBSS buffer  cell monolayers. Cells were incubated with MEBSS containing
containingL-[®°"Tc]Tat-peptide for the indicated times at 3C. L-[®"Tc]Tat-peptide ©), [*H]propranolol ), and E4Clinulin (M)
Each point represents buffer radioactivity in the trans chamber as as described under Experimental Procedures. Bars repre S
a percent of radioactivity added to the cis chamber (mean of of triplicate determinations when larger than the symbol. Panels A
triplicate determinations). Bars repres¢nSEM when larger than and B: A-B and B-A transport, respectively. Panels C and D:
the symbol. Pan(_al A, apicabasolateral (A-B) transport; panel A—B and B-A transport, respectively.
,Ei;%afgﬁ;%ﬁ?‘;';ﬁ;,(El;‘g);r?rgf,‘;ggr't”in“"gfc‘é_‘;eﬂse'"g anel C, determineq fom-[%"Tc]Tat-peptide (Tables 1 and 2). For
example, in MDCK cells Py, values for fH]propranolol
lateral-to-apical transport experiments, consistent with a were 5320+ 254 nm/s in the apical-to-basolateral<B)
freely diffusible bidirectional system in the absence of cells. direction and 504Gt 721 nm/s in the basolateral-to-apical
In contrast, MDCK and CaCo-2 cells, when grown to (B—A) direction. These were comparable to literature values
confluence on the filter, formed a significant bidirectional for [*H]propranolol 83), but 170-fold and 150-fold greater,
diffusion barrier forL-[**"Tc]Tat-peptide. Examples of 2 h  respectively, than th®,,, values for vectorial permeation
transwell transport assays with MDCK and CaCo-2 cells of L-[**"Tc]Tat-peptides (A-B, 31.3+ 3.5; B—-A, 34.0+
(37°C) are shown in Figure 2 and Figure 3, and apparent 4.5 nm/s). By comparison, values fotClinulin, the
permeability coefficientsupp for L-[**"Tc]Tat-peptide, F*C]- impermeant control, were 408 9.4 and 24.Gt 5.1 nm/s,
inulin, and PH]propranolol for each cell line under various respectively, comparable te[*°"Tc]Tat-peptide values. The
conditions are shown in Tables 1 and 2. Pilot data had L-[**"Tc]Tat-peptide to {'Clinulin P, ratios were close to
indicated thab-[*°"Tc]Tat-peptides possess 5-fold to 8-fold unity in both directions (0.8 0.2 and 1.4+ 0.2). Similar
enhanced accumulation relative t§°°*"Tc]Tat-peptides in results were obtained with-[**"Tc] Tat-peptide, except that
human Jurkat cells4Q), and thus,P,,, values also were  there was a trend for slightly greaterf permeation (Table

FicUre 3: Vectorial transport of P"Tc]Tat-peptide, JH]propra-
nolol, and }“Clinulin across MDCK (A, B) and CaCo-2 (C, D)
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1). Nonethelessy-[*°"Tc]Tat-peptide permeation remained A B
dramatically lower than that ofifi]propranolol under all — -
conditions, ana-[**"Tc|Tat-peptide to J'Clinulin P,p,ratios L Ik

remained less than unity in both directions (&50.2 and & 52
0.7+ 0.2). Identical results were obtained with CaCo-2 cells | © «"
(Table 2). TLC analysis of buffer samples obtained from
both cis and trans compartments each at the beginning anc
end of selected experiments showed no evidence of signifi- o
cant transmetalation of either or p-[**"Tc]Tat-peptides;
thus, any differences in transepithelial transport properties
could not be attributed to differential transchelation of
stereoisomers. In addition, transepithelial permeation for both
L- andp-[**"Tc]Tat-peptides remained low when assayed at
4 °C (data not shown), suggesting that the permeation barrier
was not highly energy-dependent. Furthermore, the proto-
nophore carbonyl-cyanide-chlorophenyl hydrazone (CCCP;

5 uM), a mitochondrial respiratory uncoupler, had no
significant effect onP,p,p of [*"Tc]Tat-peptides (data not
shown).

Because agents known to impact cholesterol rafts have || e
been reported to alter cellular uptake of Tat-fusion proteins F -
(22), the effect of the cholesterol depleting reagemethyl-
cyclodextrin was determined. Pretreatment with 15 mM
B-methyl-cyclodextrin for 30 min reduced cholesterol content
of MDCK and CaCo-2 cells by 38% and 46%, respectively.
While S-methyl-cyclodextrin enhanceehy, values for both
L- andp-[*"Tc]Tat-peptide by 2-fold to 10-fold (Tables 1
and 2), thePapp values for f“Clinulin also were enhanced in
parallel, thus indicating a concomitant increase in paracellular
leak. Thus, no selective increase iPP"Tc]Tat-peptide
transwell permeation was observed and tH¥Tc]Tat-
peptide ta*4C-inulin Pyppratios remained: 1 for both MDCK
and CaCo-2 cells.

Fluorescence MicroscopyVhile the tracer experiments
advantageously determined vectorial transport of radioactivity
in a quantitative manner, the exact subcellular location of
[®*™Tc]Tat-peptides cannot be evaluated by cell population-
basedy-counting techniques. Furthermore, while nonspecific
binding of P°"Tc]Tat-peptides to inserts did not affect
analysis of transepithelial transport, nonspecific binding
(adherence) to filter inserts remained sufficiently high to
prohibit quantitative analysis of cell-associated radioactivity. FIGURE 4: Cellular accumulation of fluorescein labeledTat-

Thus, direct localization of Tat-peptides within MDCK and PePtide conjugates in MDCK and KB 3-1 cell lines. Cells in all

- . panels were incubated with FM-Tat-peptide:{#) for 30 min at
CaCo-2 cells grown on coverslips was determined by 37 °C followed by fixation. Figure shows bright field (left) and

fluorescence microscopy using fluorescein derivatized Tat- matched fluorescence micrographs (right) of MDCK cells incubated
peptide conjugates (Figure 4 and Figure 5). For comparison,with FM-Tat-peptide alone (panels A and B), after pretreatment
human KB 51 epiermoid caranoma cels and HeLa W el cycdecis oloved b Ht e pptce anc
cervical carcinoma cells were prqces_sed |dentlcally._ As Tat-pepti)éle (panels E and F). MDCK cell% after pretreatme);lt with
expected, no cells showed internalization of fluorescein-5- 5cetone-methanol followed by FM-Tat-peptide (G). KB 3-1 cells
maleimide (FM) when the nonconjugated fluorophore was incubated with FM-Tat-peptide alone (H). MDCK cells showed FM-
added to the media or MEBSS alone (data not shown). Tat-peptide uptake only in the presence of plasma membrane
Furthermore, as previously report&®), KB 3-1 tumor cells ~ Permeabilizing reagents. Magnification: 30

showed high levels of fluorescent uptake with a cytoplasmic  Hypothetically, this lack of permeation could be due to a
and focal nuclear pattern after 20 min of exposure-fM- permeation barrier at the level of the plasma membrane, lack
Tat peptide (Figure 4H). However, consistent with the lack of internal binding sites, or lack of putative intracellular
of transwell permeation, MDCK and CaCo-2 cells did not translocation mechanisms for Tat-peptides in these cells. To
show any significant internalization af-FM-Tat peptide test whether the observed permeation barrier was at the level
under identical conditions. Similarlp;FM-Tat-peptide was  of the plasma membrane, cells were pretreated for3b

not internalized (data not shown). The lack of FM-Tat- min with digitonin (50ug/mL) and then exposed to FM-
peptide permeation was observed whether the experimentsTat-peptides. Digitonin is a mild nonionic detergent that
were performed at 37C, room temperature, or 4C. preferentially permeabilizes cholesterol-containing mem-

=
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Ficure 6: L-FM-Tat-peptide localizes to cytosolic and nucleolar
compartments in permeabilized cells. Fluorescence micrographs of
MDCK (A, B) and CaCo-2 cells (C, D) pretreated with cold
acetone-methanol, followed by incubation with FM-Tat-peptide
(1 uM) for 60 min, then rhodamine-conjugated antinucleolin mAb.
Co-localization of a nucleolar component of FM-Tat-peptide (A,
C) and antinucleolin mAb (B, D) is observed in both cell lines.
Magnification: 30x.

thermore, when cells were pretreated with cold acetone-
methanol, thereby extensively permeabilizing the plasma
membrane, bright diffuse cytoplasmic and focal nuclear
fluorescence was observed (Figure 4G and Figure 5G). In
these experiments, the nuclear component of FM-Tat-peptide
was shown to localize within the nucleoli, as confirmed by
co-localization of FM-Tat-peptide and an antinucleolin
antibody (Figure 6: panels A and B for MDCK cells; panels
C and D for CaCo-2 cells). However, in both MDCK or
CaCo-2 cells, modest cholesterol depletion witmethyl-
cyclodextrin (15 mM) as above did not enhance uptake of
eitherL-FM-Tat-peptide (Figure 4D and Figure 5D, respec-
tively) or p-FM-Tat-peptide (data not shown). Identical

Ficure 5: Cellular accumulation of fluorescein-labele€dTat-

\F/)veeegdiﬁc(ij%rgtueg daf/‘j;hinFl\sl?%ﬁ:se%T%:fﬁ; ?c?r"gbcrﬁi'f;? g‘o ga”e's results were obtained whether cells were grown on coverslips

followed by fixation. Figure shows bright field (left) and matched O Collagen-coated filter inserts (data not shown), providing
fluorescence micrographs (right) of CaCo-2 cells incubated with evidence that the culture substrate was not critical to
FM-Tat-peptide alone (panels A and B), after pretreatment with establishment of the permeation barrier. Similarly, control
ﬁD-)methéll-Cf)t/dOdeﬁtrintf0”0VtV90!tﬁdeMt-Té}t-F;eﬁtide épgne;SMCTaft‘d experiments showed a persistent lack of FM-Tat-peptide
, and after pretreatment with digitonin followe -Tat- ;
peptide (panelg E and F). Ca(:o-zg cells after pretreéttment with uptake at_ZIC and_ also .followmg pretreatment of the cells
acetone-methanol followed by FM-Tat-peptid8)( HeLa cells with trypsin (2 min, RT; data not shown). The latter result
incubated with FM-Tat-peptide alone (H). CaCo-2 cells showed would exclude an extracellular protein matrix serving as a
FM-Tat-peptide uptake only in the presence of plasma membranephysical barrier to Tat-peptide permeation in these cells.

permeabilizing reagents. Panels-B, magnification 3&; panels
E—H, magnification 2.

Heparan Sulfate Expressionfo directly explore the
potential contribution of HS to uptake and vectorial transport

branes and thus is used to selectively permeabilize the plasmaf these Tat-peptides, the expression of HS was determined

membrane41). Interestingly, both MDCK and CaCo-2 cells

in MDCK and CaCo-2 cells as well as in KB 3-1 and HelLa

showed diffuse cytoplasmic and focal nuclear accumulation cells (Figure 7). Immunohistochemical analysis of HS antigen
of the fluorescent peptide when pretreated with digitonin showed strong positive staining in MDCK and CaCo-2 cells,
(Figure 4F and Figure 5F, respectively). The overall pattern despite evidence that Tat-peptides did not permeate their
of accumulation now resembled that observed in KB 3-1 and plasma membranes. KB 3-1 and Hela cells also stained
Hela cells (Figure 4H and Figure 5H, respectively). Fur- highly positive for HS but, in this case, demonstrated high
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Ficure 7: Immunohistochemistry for heparan sulfate proteoglycans.

Cells were fixed with methanol and processed in the absence o

Biochemistry, Vol. 41, No. 42, 20022659

FiGure 8: Scintigraphic gray scale image dPTTc]Tat-peptide
retained in the urinary bladder of a catheterized female rat.
Following direct bladder instillation of radiolabeled Tat-peptide,
posterior images of the rat were obtained witty @&cintillation
camera. A representative posterior planar image obtained 30 min
postinjection is shown superimposed on an outline of the rat to
orient the reader. Radioactivity within the indwelling catheter is
seen inferior to the urinary bladder.

in liver and kidneys 20). However, following bladder
instillation, the complex was observed to remain in the
bladder in vivo over the 30 min observation period, showing
no distribution throughout the body during the experiment.
Prior experiments have confirmed the lack of decomposition
of [**"Tc]Tat-peptides in rodent urine2@). Scintigraphic
techniques are exquisitely sensitive jtgphotons, and any
transepithelial transport af-[*"Tc]Tat-peptide across the
highly vascular bladder wall would be expected to recirculate
to other tissues of the body via the vasculature and be
visualized, in particular, within excretory organs such as the
liver and kidneys.

DISCUSSION

Peptide-mediated molecular delivery systems have emerged
as a powerful tool for protein transduction, translocating
heterologous polypeptides across the plasma membrane of
a variety of intact cells when added to culture medium.
Specific peptide sequences derived from several of these
permeant proteins with membrane translocating properties
also have been exploited as vehicles for the transport of
various substrates such as small peptides, oligonucleotides,
and conjugated organic and inorganic compounds into the

(cell interior of a variety of cells 0, 20, 21, 27—29).

presence of antiheparan sulfate mAb as described under Experi-Permeant peptide technology has extensively progressed,
mental Procedures. Panels show cells stained in the absence (lefieading to an increasing number of distinct sequences utilized

negative control) and presence of primary mAb (right): MDCK
cells (A, B); CaCo-2 cells (C, D); KB 3-1 cells (E, F) and HelLa
cells (G, H). Magnification: 35x.

to penetrate cells1@, 29). After exogenous application to
cultured cells, Tat-s; fusion proteins purified under dena-
turing conditions are internalized in a rapid, concentration-

Tat-peptide uptake. Thus, HS expression did not correlatedependent manner within minutes, and the potential for

with Tat-peptide permeation in these cells.

Imaging a Uroepithelial Transport Barrier in Yo.
Exploiting the 140 keV emission photon d¢f"Tc, y
scintigraphy was performed in female rats following cath-
eterization of the urinary bladder and direct instillation of
L-[®®"Tc]Tat-peptide (1 mCi) into the bladder (Figure 8). In
previous experiments, intravenous injection ¢f°"Tc]Tat-
peptide resulted in whole-body distribution with focal uptake

delivery of proteins in vivo has been demonstrated with
B-galactosidase in mouse mode®/). Early studies sug-
gested that these transduction domains would enable trans-
duction of “cargo” compounds into all cell2), but recently,

the universality of the permeation process as a delivery
pathway has come under intense scrutiny. For example, it
has been reported that intercellular transduction of full-length
VP22—-GFP fusion proteins in cultured human carcinoma
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A549 and H1299 cells as well as monkey COS-1 cells are these as well as KB 3-1 cells. However, Tat-peptide

limited (43) and transduction of a Tats;—EGFP fusion
protein into muscle cells in vivo is poo#4). In addition,
fusion proteins comprising Tats; peptide or full length
VP22 linked to the N-terminus of diphtheria toxin A-
fragment were found to bind to the surface of Vero cells,
but membrane translocation was inefficiedb), Whether

internalization was identified only in HeLa and KB 3-1 cells.
Thus, we conclude that HS proteoglycans are neither
sufficient for permeation nor for exclusion of small Tat-
peptides from cells.

In sum, this study documented a plasma membrane-
mediated permeation barrier to Tat basic peptides in selected

poor transduction relates to the lack of putative permeation well-differentiated epithelial cells, independent of HS pro-
machinery in these cells or conversely, to details of the teoglycans, and independent of whether the cells were

secondary structure and folded state of specific fusion
proteins and cargos, or both remains to be identified.
We now show that MDCK and CaCo-2 cells are imper-

immortalized or transformed. A possible role for an unchar-
acterized membrane channel, receptor, or active transporter
involved in mediating permeation of Tat-peptides is under

meant to small Tat-peptides under physiologic conditions to investigation.

the same degree as the macromolecular matk€tifulin.

MDCK cells are an immortalized renal tubule epithelial line, ACKNOWLEDGMENT

while CaCo-2 cells are a transformed intestinal epithelial

We thank Christina Pica and Delynn Silvestros for

tumor cell line, and thus, lack of Tat-peptide penetration tgchnical assistance.

cannot be ascribed solely to aberrant signal transduction

pathways and unregulated cell cycle machinery associatedREFERENCES

with the transformation process. Transwell transport was
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