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ABSTRACT: Peptidic ligands can be used for specific cell targeting and the delivery of payloads into the
target cell. Here we describe the screening of a pool of cyclic peptide phage display libraries using whole-
cell panning against human melanoma cell line Me6652/4. This strategy resulted in the selection of the
cyclic 13-mer Pep42, CTVALPGGYVRVC, which showed preferential internalization into melanoma
cell line Me6652/4 versus the reference cell line Me6652/56. This translocation is a receptor-mediated
process that does not require electrostatic interactions nor does it involve transfer to the lysosomal
compartment. The cellular receptor for Pep42 was identified as the surface membrane form of glucose-
regulated protein 78 (GRP78), a member of the heat shock protein family and a marker on malignant
cancer cells. The cellular uptake and intracellular trafficking of Pefgid@antum Dot conjugates was
monitored by confocal laser microscopy, and colocalization within the endoplasmic reticulum was observed.
The uptake of Pep42 could be blocked by a monoclonal antibody against the identified receptor.
Furthermore, Pep42 was shown to target specifically GRP78-expressing cancer cells. The in vitro
cytotoxicity of a Pep42 Taxol conjugate was evaluated by flow cytometry wherein the conjugate was
shown to induce apoptosis and was more effective in promoting programmed cell death in Me6652/4
cells. In summary, the data presented suggest that cyclic peptide Pep42 might be a powerful tool in the
construction of drug conjugates designed to selectively kill malignant cancer cells.

Peptidic ligands with cell-penetrating properties can be harmful and undesirable side effects, it is essential to develop
used for specific cell targeting and delivery of a payload; methodologies that allow for the cell-specific delivery of
however, the mechanistic details of cellular peptide uptake therapeutic agent8,9). Therefore, the discovery of peptides
remain cryptic {—5). Recently, peptidic ligands have gained that specifically target cancer cells and are able to deliver a
increasing attention; it has been shown that these peptidegpayload into these cells or a specific cellular compartment
can serve as powerful molecular tools in the treatment of is of paramount importances). Notably, there have been
cancer patients5( 7). Current chemotherapy is often limited several reports of peptides with such potential therapeutic
by severe side effects induced by standard anticancer drugsproperties 10), including cyclic peptides that display an
leaving patients under extreme distress. To increase theincreased biological activity over their linear analoguek
delivery efficiency and to decrease unwanted and potentially 14).

Heat shock proteins (HSPare a set of chaperone proteins
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immunoglobulin heavy chain binding protein (BiP)], a at 37°C overnight. On the next morning, the plates were
member of the HSP70 family, is constitutively expressed and scraped with 1 mL of SB medium supplemented with 15%
located in the endoplasmic reticulum (ER) of almost all cell glycerol, and 100uL of the resulting suspension was
types. However, stressful conditions lead to an increase ofused to inoculate 20 mL of SB medium supplemented
its expression levell(7, 18) and the presence of a surface with 2% glucose, 20 mM MgGJ and 100ug/mL carbeni-
membrane-bound form of GRP78. It has also been demon-cillin. The culture was incubated at 3 and the phagemid
strated that this overexpression of GRP78 is linked to a rescued by addition of 100L of VCSM13 helper phage
greater degree of malignancy in cancer cel§, 20). In (~1 x 10% pfu/mL; Stratagene, La Jolla, CA) followed
addition, GRP78 induction has been correlated with the by incubation at 37°C for 30 min without shaking and
development of resistance to various cytotoxic age®ts ( an additional 30 min incubation at the same temperature
22). Taken together, GRP78 is an attractive target receptorwith agitation. After this incubation step the cells were
of cancer cells and for utilization as a drug delivery receptor collected by centrifugation (3000 rpm for 15 min), resus-
(23). pended in 100 mL of SB supplemented with 20 mM MgCl

We have focused our attention on the discovery of peptides 100 ug/mL carbenicillin, and 7g/mL kanamycin, and
that specifically bind to and are internalized into cancer cells incubated at 28C overnight with shaking. The peptiee
(24, 25). In our current effort we prepared and utilized a set Phage was purified by two rounds of standard PEG precipi-
of cyclic peptide libraries expressed on the pIX coat protein tation @9).
of M13 filamentous phage that were screened against Peptide Synthesidll of the peptides were prepared by
melanoma cells using whole-cell phage panning methodol- Stepwise solid-phase peptide synthesis protocols for Fmoc
ogy. Two human melanoma cell lines that had been previ- chemistry using DIC/HOBt as previously describ&@)( All
ously selected and characterized on the basis of theirFmoc amino acids were obtained from Senn Chemicals
adhesive, invasive, and migratory abilities were panned (Dielsdorf, Switzerland). Boc-amino-oxyacetic acid (Aoa)
against the highly metastatic clone Me6652/4 as a target cellwas from Novabiochem (San Diego, CA). TentaGel HLNH
line and the low metastatic clone Me6652/56 as a reference,resin was from RAPP Polymere GmbH (Baden-Wuerttem-

respectively 26, 27). berg, Germany) at a loading of 0.46 mmol of M¢f(100—
200 mesh). Side chain protections were as follows: Arg
EXPERIMENTAL PROCEDURES (Pbf); Cys (Xan); Tyr (tBu); Lys (Alloc); Thr (tBu); all other

amino acids were incorporated without side chain protection.

Cell Cultures The human melanoma cells Me6652/4 and  Trifluoroacetic acid (Biograde) was from Halocarbon (River
Me6652/56 (Istituto per lo Studio e la Cura dei Tumori, Edge, NJ)N]N-dimethyh‘ormamide (BioAna|yzed) was from
Milano) were cultured in subconfluent monolayers in T-75 . T. Baker (St. Louis, MO), 6-CI-HOBt was from Peptide
culture flasks (Corning Inc., Corning, NY) containing RPMI  |nternational (Louisville, KY),N,N-diisopropylethylamine,
1640 medium (Gibco, Carlsbad, CA) supplemented with 10% N, N'-diisopropylcarbodiimide (DIC), fluorescein isothiocy-
FCS. HDFa cells were maintained in medium 106 (Cascadeanate, isomer 1, 90% (FITC), piperidine, levulinic acid,
Biologics, Portland, OR) with 10% low serum growth EDCI, NHS, and Pd(PRJx were from Aldrich (Milwaukee,
supplement (Cascade Biologics). Cells were used 24 hwi), and CarboxyLink coupling gel was from Pierce
postseeding, and the growth medium was cherige before  (Rockford, IL). All other reagents, solvents, and chemicals
the experiment. All cells were cultured at 3C in a  were of the highest purity commercially available and were
humidified atmosphere with 5% GO used as received. RP-HPLC was performed by employing

Whole-Cell PanningPhage library panning was conducted binary gradients of solvents A and B, where solvent A is
as described elsewher2g). In short, before each round of 0.1% TFA in water and solvent B is 0.09% TFA in
panning, the library was subtracted with low-metastatic acetonitrile. Analytical RP-HPLC was performed using a
Me6652/56 cells. Either a mixture of peptide phage libraries Vydac 214TP5415 column at a flow rate of 1 mL/min, with
or the 13-mer peptide phage library% x 10% cfu) was detection at 214 nm during a linear gradient of-30%
first incubated with~10° cells in 10 mL of culture medium  solvent B over 30 min. Preparative RP-HPLC was performed
for 1 h at 4°C. The unbound peptide phage sublibrary was using a Vydac 214TP101522 column at a flow rate of 10
added to a culture of Me6652/4. The cells were incubated mL/min, with detection at 220 nm during a linear gradient
for 1 h at 37°C to allow uptake and subsequently washed of 20—55% solvent B over 30 min. In all cases, fractions
five times with 10 mL of PBS, trypsinized for 7 min with  were analyzed off-line using an ABI/Sciex 150EX single
1.5 mL of trypsin-EDTA (Gibco), and resuspended in quadruple mass spectrometer and judged for purity after a
10 mL of PBS. The cells were collected by centrifu- consistent summing of 20 scans in multichannel analysis
gation and washed three times for 5 min at room tempera- (MCA) mode, using the [M+ 2]>* charged species. For
ture with 5 mL of low pH buffer (200 mM glycine, 250 mM  preparative purification purposes, fractions that contained no
NaCl, pH 2.2) and five more times with PBS. Internalized single [M+ 2]?* charged species which accounted for more
phage was recovered by lysing the washed cells with than 10% of the total ion intensity were designated “pure”
200 uL of 100 mM TEA followed by neutralization with  and pooled; the homogeneity of this pool was verified by
50 uL of 2 M Tris-HCI, pH 7.4. The internalized phage analytical RP-HPLC and was96%. For a more detailed
(TEA lysates) was incubated with 10 mL B&&cherichia coli description, see Supporting Information.
ER2537 (New England Biolabs, Ipswich, MA). The infected = Confocal Laser Scanning Microscopy Analysis on Fixed
cells were collected by centrifugation (3000 rpm for 5 min), and Permeabilized Cell§1e6652/4 or Me6652/56 cells were
resuspended in 500L of medium, plated on large (158 trypsinized with trypsirkEDTA (Gibco), resuspended in
15 mm; Becton Dickinson) SOBAG plates, and incubated RPMI 1640/10% FCS, and counted. CellsX41(f) in 10
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mL of medium were poured in 50 mL falcon tubes and left (stock, 8uM) was diluted to 1uM using 10 mM borate
to recover fo 1 h at 37°C on an oscillatory shaker. buffer, pH 7.4. The peptide was dissolved in DMSO (stock,
Fluorescein-labeled Mut42 (6fM) was then added and the 10 mg/mL), and 10Q:L was added to the Quantum Dots.
incubation continued for an additional 2 h. For phage- Finally, the cross-linker EDC was dissolved in®(10 mg/
displayed Pep42 (phag®ep42),~10' cfu of phage-Pep42 mL) and 57uL of this stock solution added to the Quantum
or wild-type M13 phage (VCSM13; Stratagene) was then Dot peptide mixture. The mixture was stirred overnight and
added and the incubation continued for an additional 2 h. purified with a NAP-5 (Amersham, Piscataway, NJ) spin
The cells were collected by centrifugation (2000 rpm for 2 column. To block peptide uptake, the cells were incubated
min), washed two times with PBS, trypsinized, washed ten with different concentrations of anti-GRP78 mAb (BD
times with the growth medium, washed once with PBS, Biosciences, San Jose, CA), namely, 0.05, 0.5, apd/5
resuspended in 100L of PBS, and cytospun onto micro- mL final concentration. The cells were then washed and
scope slides (Becton Dickinson, Rockville, MD) or plated incubated with the Mut42QD conjugate. The Mut42QD
on coverslips (cover glass no. 1; Corning). The adherent cellsconcentration was @M. QD was also conjugated to the
were then either fixed and permeabilized with 95% ethanol scrambled sequence peptide of Mut42, CGVTPVGARYLKC
for 5 min or fixed with 4% PFA and not permeabilized, (SCR42), in 6uM.
washed once with PBS, and blocked with BSA (10% in PBS, Identification of Receptors Interacting with Pep4Po
1 h incubation). The wash-resistant phage was stained withidentify cell surface receptors interacting with Pep42,
mouse anti-M13 (Amersham Pharmacia, Piscataway, NJ;Me6652/4 and Me6652/56 cells (approximately<510'—
1:100 diluted in 10% BSA1 h incubation, seven PBS 1(? cells/cell line) were pretreated with 1% sodium azide
washes) and goat anti-mouse-FITC (Pierce; 1:100 diluted in (NaNs, 99%) (Aldrich; 19,993-1) for 30 min at 3. After
10% BSA, 1 h incubation, seven PBS washes). The nucleusincubation at 4°C for 0.5-1 h, pretreated cells were
was stained by adding propidium iodide (Sigma, St. Louis, interacted with 5quM Pep42-Bpa for 1 h at 4°C in the
MO; diluted to 0.01 mg/mL). The cells were washed ten dark to avoid unnecessary activation. After irradiation at
times with PBS and sealed with a coverslip upon addition wavelength 320 nm with ultraviolet rays for 15 min, cells
of Antifade solution (Slow FadeAntifade; Molecular Probes, were scraped off and lysed in RIPA buffer (150 mM Nacl,
Eugene, OR). The slides were observed with a laser scanningl0 mM Tris-HCI, pH 7.4, 5 mM EDTA, 1% Triton X-100),
confocal microscope (MRC1024; Bio-Rad, Hercules, CA). supplemented with 1:100 protease inhibitor cocktail (Sigma)
For quantitation of the cell-associated fluorescence, a groupand 1:100 phosphatase inhibitor cocktail set Il (Calbiochem;
of at least five cells per image was selected, and the mean524625). Centrifugation was performed at 10968 20 min
intracellular fluorescence intensity for each cell, with as- at 4°C, the supernatant was collected, and protein concentra-
sociated relative standard deviations, was determined usingtions were determined using the Bradford assay (Bio-Rad,
the Image J software package. Richmond, CA). Aliquots containing 50g of total proteins
Confocal Laser Scanning Microscopy Analysis omeli  were analyzed by 12% SBDSAGE, followed by western
Cells. Me6652/4 or Me6652/56 cells were detached with blotting using streptavidinhorseradish peroxidase (HRP)
Trypsin-EDTA, resuspended in RPMI-1640/10% FCS and (Amersham Pharmacia Biotech; RPN1231V). At the same
counted. Aliquots of 4x 1P cells in 1 mL of medium were  time, biotin-labeled peptides interacting with cell surface
poured in a 6-well plate and allowed to recover foh at proteins were enriched from the rest of the supernatant by
37 °C on an oscillatory shaker. Fluorescein labeled Mut42 avidin affinity chromatography. Avidin (106L, monomeric)
was then added to a final concentration of /@@ and the high-capacity (HC) agarose (Sigma) equilibrated with PBS,
incubation continued for two more hrs. The cells were then pH 7.4, was transferred to a microcentrifuge tube. To block
transferred to Eppendorf tubes and collected by centrifugation nonexchangeable biotin binding sites, 4000f a 1 mg/mL
(2000 rpm, 2 min), washed 5 times with growth medium biotin solution prepared in PBS was added to the resin and
and once with PBS, resuspended in 30 mL PBS, poured ontoincubated for 30 min at room temperature. Then, BD®f
polylysine-coated glass bottom Petri dishes (P35 GC-0-10-C0.1 M glycine, pH 2.0, was added to elute biotin from the
Mattek Corp.) and immediately observed by confocal laser exchangeable binding sites. The supernatant was applied to
microscopy. Quantitation of cell-associated fluorescence wasthe resin and incubated for 17 h at@ to facilitate optimal
determined as described above. For quantum dot uptakebinding. The bound biomolecules were eluted with 2 mM
analysis Me6652/4 or Me6652/56 were detached with biotin in PBS. The elution was analyzed by SBIRAGE
Versene (Gibco), resuspended in supplemented RPMI andwith silver stain. Two major bands were excised for further
counted. The required cell number was plated out on glassreceptor identification. Gel slices were destained using
bottom Petri dishes. Cells were incubated with Mut42D washes of 50% ACN/50 mM ammonium bicarbonate until
and subjected to microscopy. Mut4@D concentration was  clear and dried in a centrifugal evaporator. Approximately
6 uM. Due to a high-intensity signal of QD that overpowered 3 uL of sequencing grade modified trypsin (Promega) (100
other stains such as DAPI and PlI, serial dilutions of M#t42  ngjuL in nanopure HO) was added, followed by enough
QD were tested and it was determined thai\® generated digestion buffer (10 mM ammonium bicarbonate/10% ACN)
an appropriate level of fluorescence for quantitation. Dead to cover each piece when fully rehydrated and then incubated
cells were stained with PI. overnight at 37C. Next, 8uL of this solution was analyzed
Conjugation of Quantum Dots to Pep42 and Uptake by nanoflow LC-MSMS using an Agilent 1100 nanoflow
Studies Quatum Dots (Qdots 525, Quantum Dot Corp., LC system coupled to an Agilent 1100 ion trap. Peptides
Hayward, CA) were coupled to the peptide using a modified and their collisionaly induced fragments were searched
protocol provided by the manufacturer. EDC was purchased against theoretically derived protein digests and fragmenta-
from Sigma. In brief, 5Q:L of carboxyl Quantum Dots 525 tion patterns in the nonredundant protein database (NCBI)
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using a licensed version of Mascot (http://www.matrix-
science.com/).

Binding and Internalization Assay by FACS Analysis
Me6652/4 or Me6652/56 cells were detached for binding
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conducted on a YMC Combi-Screen ODS-A column (S-5
uM, 50 x 4.6 mm i.d.) with gradient elution of 0% solvent
B to 100% solvent B (solvent A= 0.05% TFA in HO;
solvent B= 0.05% TFA in CHCN) with gradient times of

assays or kept adherent for internalization assays. In generall0 min and a flow rate of 3.5 mL/min with UV 220 nm and
~2 x 10 cells/mL were either not pretreated or preincubated Electrospray MS detection. Additional analytical HPLC was

at 4 °C or at 37°C in the presence of either 1 mM
chloroquine (diphosphate salt; Sigma), 10 mM meibyl-
cyclodextrin (Fluka, Buchs SG, Switzerland), 0.1% NaN
(Sigma), or 50 units/mL heparin (sodium salt; Sigma). The
cells were then incubated with synthetic Pep#2TC
(several concentrations of Mut42 in DMSO) at@ (binding
curve on untreated cells) or at 3T (internalization curve
on untreated cells or internalization inhibition on treated
cells). For the analysis of phag®ep42 binding, the cells
(2 mL) were collected by centrifugation (1000 rpm for 2

conducted on a Thomson PFP column (60A4rB, 150 x

4.6 mm i.d.) with gradient elution of 30% solvent B to 95%
solvent B (solvent A= 0.05% TFA in HO; solvent B=
0.05% TFA in CHCN) with gradient times of 10 min and

a flow rate of 1.0 mL/min with UV 220 nm and UV 254 nm
detection. For a detailed description, see Supporting Informa-
tion.

Apoptosis AssayMe655/2/4 and Me655/2/56 cells were
seeded in medium plus 10% FCS. After 24 h, this medium
was replaced with medium containing 1% FCS with or

min), washed with 10 mL of ice-cold medium, resuspended without the Mut42-Taxol conjugate (DH402 in Supporting

in 700uL of medium containing mouse anti-M13 antibody,

Information), linear Lin42-Taxol (DH403 in Supporting

and incubated on ice for 1 h. The cells were then washed as|nformation), Mut42, or free Taxol, all at a concentration of

described above, resuspended in Z0®f medium contain-

4 x 10°° M. Apoptosis was evaluated after 72 h by flow

ing goat anti-mouse FITC conjugate, and incubated on ice cytometry using the Annexin ¥FITC kit (BD Biosciences,
for 1 h. Once again, the cells were washed, resuspended IrpharMingen, San Diegoi CA) as describeﬂi)( Percentages

medium containing propidium iodide, and immediately

of live and apoptotic cells were determined on the basis of

analyzed (FACScan; Becton Dickinson). For the synthetic negative controls obtained by staining controls only with Pl

Pep42-FITC binding curve, cells (10x 2 mL) were
collected by centrifugation (1000 rpm for 2 min), washed
with 10 mL of ice-cold medium, resuspended in 700 of
medium containing propidium iodide, and immediately

or only with Annexin V.

RESULTS AND DISCUSSION

analyzed. The fluorescence shifts were plotted against the Whole-Cell Panning and Selection of Pep42pool of

corresponding concentrations of Pep#/ITC (GraFit 5;
Erithacus Software Ltd., U.K.). For synthetic Pep4aTC
internalization analysis (internalization curve or effect of low

phage-displayed cyclic peptide libraries was screened to
select peptides that specifically target melanoma cancer cells.
The basic structure of these cyclic peptide libraries wagdCX

temperature and chemicals) cells were placed on ice, washedC = cysteine, X= any amino acid residuey = 3—12).

five times in the wells of a six-well plate with 2 mL of ice-

The highly metastatic melanoma clone Me6652/4 and the

cold medium, and lifted. The cells were then resuspended,low metastatic clone Me6652/56 were chosen as positive and
collected by centrifugation, washed once with medium, nhegative cell lines, respectively. A subtractive panning

resuspended in 5Q4L of medium containing %L of trypan strategy was applied, in which the phage were first adsorbed
blue (0.4% solution; Sigma), and analyzed immediately. The onto reference cells before the supernatant of this reaction
fluorescence shifts were either plotted against relative Was transferred to the target melanoma cells, Me6652/4. The
concentration of synthetic peptide (Enzyme Kinetic fit in Phage titer during the selection process increased 7-fold, an
GraFit 5) or graphed in a bar graph against the pretreatmentindication of enrichment of binding phage. After five rounds

conditions (Column Chart fit in GraFit 5).
FACS Analysis of GRP78 ExpressioWe6652/4 or
Me6652/56 cells were detached with trypsirersene (Cam-

of selection, 15 clones were picked and analyzed to assess
the diversity of the selected peptide sequences. DNA
sequencing of the 15 clones revealed that 9 clones were

brex Corp., East Rutherford, NJ), centrifuged, and resus- identical. The corresponding predominant peptide sequence

pended in TBS containing 18g/mL mouse anti-GRP78
(Beckton Dickinson, San Jose, CA) (purified to antibody
homogenicity) to a concentration of2 1 cells/mL. The

was the cyclic 13-mer CTVALPGGYVRVC, denoted Pep42.
A database search using the amino acid sequence (BLASTP,
search of short, nearly exact matches) revealed no significant

cells were incubated on ice for 45 min, washed once in 500 matches or any specific motifs. However, it is still possible

uL of TBS, resuspended in 50L of TBS containing 10
ug/mL goat anti-mouse-FITC (Invitrogen, Carlsbad, CA), and
incubated on ice for 45 min. After one wash in 500 of
TBS, the cells were resuspended in 500 of TBS
containing propidium iodide and immediately analyzed
(FACScan; Becton Dickinson).

Synthesis of PeptideTaxol ConjugatesPreparative RP-
HPLC purification was conducted on YMC-Pack ODS-A
columns (S-5M, 300 x 20 mm i.d.) with gradient elution
between 0% solvent B to 100% solvent B (solvent=A
0.05% TFA in HO; solvent B= 0.05% TFA in CHCN)
with gradient times of 10 min and a flow rate of 25 mL/min
with UV 220 nm detection. Analytical HPLC-MS was

that the identified peptide shares a motif with a yet
unidentified protein.

Cellular Uptake of Pep42 by Melanoma Cello study

the uptake and intracellular localization of Pep42, we
synthesized the peptide by replacing the valine at position
12 with a lysine residue in order to conjugate a fluorescein
isothiocyanate (FITC) moiety. This derivative was named
Mut42 and had the following sequence: CTVALPG-
GYVRKC (Figure 1A). Incubation of melanoma cells with
the Mut42-fluorescein conjugate confirmed that the inter-
nalization was more efficient in the Me6652/4 cells compared
to the control Me6652/56 cells (Figure 1B). To exclude
fixation artifacts as a reason for the observed peptide uptake,
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Ficure 1: Variants of Pep42 and internalization of Pep42 variants
in melanoma Me6652/4 or Me6652/56 cells as viewed by confocal
laser scanning microscopy. Label fluorescein isothiocyanate,
Quantum Dots, or Taxol; Ahx aminohexanoic acid; Ae acetyl Fl =109.0x10.6 20.5+5.8

group. (A) Synthetic variants of Pep42. (B) The cells were incubated ¢ or o Quantitative flow cytometry analysis of Mut42 inter-
with fluorescein-labeled Mut42 (green). The cells were neither fixed ,5ji7aion, ((?A) Me6652/4 cellsytwere eyither l)J/ntreated (control) or
nor permeabilized and viewed by differential interference contrast pretreated by prolonged exposure at@ or by incubation with
(DIC) with merging images from the green fluorescent channel. giier 1945 NaN, 1 mM chloroquine, 50 units/mL heparin, or 10
(C) Me6652/4 cells were incubated with fluorescein-labeled Mutd2 i ethy15-cyclodextrin and then incubated in the presence of
or Lin42 (green), fixed, permeabilized, and stained with propidium 144 uM fiuorescein-labeled Mut42 fol h at 37°C. External

iodide (P1) (nuclear and partial cytoplasm stain, red). binding was removed by trypsinization, and the cells were analyzed
immediately after addition of Pl. (B) Me6652/4 and Me6652/56
. . . . . cells were either (a) untreated or (b) pretreated with methyl-
a set of experiments was designed in which live cells were cyclodextrin and then incubated with fluorescein-labeled Mut42 and
used. Importantly, peptide uptake was still observed by the stained as described above. £l fluorescence intensity (FITC,

increase in the internal fluorescence signal. This provides green).
strong evidence that the internalization of Pep42 into fixed
cells was indeed not an experimental artifact. The cellular shifts against the corresponding peptide concentrations
uptake of Mut42 indicates that N-terminal capping and the yielded saturation curves with maxima greater for the
mutation V12K, required for the coupling of FITC and Me6652/4 than for the Me6652/56 melanoma cells (see
potentially other payloads, do not negatively affect the Supporting Information, S2). Overall, fluorescent shifts
internalizing capability of Pep42. Notably, no internalization observed in the internalization studies were smaller than those
was observed when the cells were treated with the linearseen in the binding analyses (see Supporting Infor-
derivative Lin42 peptide (Figure 1C), demonstrating that the mation, S3). This effect could be attributed to fluores-
cyclic constraint, which is likely to provide additional cence quenching inside the ceB2-34). To address the
structural elements to Pep42, is absolutely required for mechanism of Mut42 internalization, the cells were exposed
internalization. To exclude peptide uptake property alterna- to various conditions known to inhibit endocytosi35).
tion due to fluorescein conjugation, an additional set of Cellular peptide uptake was greatly reduced when incubation
experiments was designed in which phage-displayed Pep42vas performed at 4C (Figure 2A). Here, inhibition of
(phage-Pep42) were used, followed by antibody staining endocytosis can be attributed not only to a blockade of active
(see Supporting Information, S1). processes but also to the rigidification of the lipid membrane
Uptake and Internalization Inhibition Study by FAC® at this temperature3g). Therefore, peptide internaliza-
confirm the specificity of Mut42 internalization seen in tion was examined at 37C with or without preincuba-
the microscopy experiments and to quantify cellular uptake, tion with cytochrome oxidase inhibitor sodium azide
fluorescein-conjugated Mut42 was analyzed by flow cytom- (NaNs), which impairs energy-dependent translocation of
etry under conditions that either permit internalization or molecules into cells by depleting the intracellular ATP pool.
prevent active uptake by live cells. In analogy to pre- Sodium azide treatment reduced the level of internalization
viously described binding analyses, plotting of fluorescence at 37 °C to that observed at 4C, again indicating active

20um
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Ficure 3: (A) Western blot of Mut42Bpa with its interacting
proteins. The Mut42-bonded proteins on the cell surface were
purified by avidin—agarose affinity chromatography, separated by v
SDS-PAGE, and transferred onto a nitrocellulose membrane. Upon @ R
incubation with streptavidinHRP the membrane was developed
with luminol and analyzed by chemoluminescence. (B) FACS
analysis of GRP78 expression. Flow cytometry of anti-GRP78
binding to either melanoma cell, Me6652/4 (bold line) or Me6652/
56 (thin line). Upon treatment with the primary antibody, cells were :
incubated with FITC-conjugated secondary antibody and PI. o
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internalization as the underlying translocation mechanism
(Figure 2A).

For many cationic cell-penetrating peptides, cell internal-
ization involves electrostatic interaction with the negatively
charged sulfated proteoglycans of the plasma membrang
(37—40). To investigate this possibility with fluorescein
Mut42, cells were preincubated in the presence of heparin;
the lack of any measurable effect provides evidence that
interaction with sulfated proteoglycans is not a prerequisite
for Mut42 internalization. Furthermore, pretreatment with
the chloroquine, an inhibitor of lysosomal function, also
failed to affect the uptake. This finding suggests that the 20um 20um
peptide is not compartmentalized into lysosomes upon — —
internalization. Finally, pretreatment of the cells with methyl-
f-cyclodextrin strongly reduced Pep42 internalization as
measured by flow cytometry (see Supporting Information,
S3) and confirmed by confocal microscopy (Figure 2B).
Since methy|s-cyclodextrin is known to extract cholesterol
from cell membranes4(), this result provides strong
evidence for a potential involvement of lipid rafé&2(-44).
The mechanism of Pep42 uptake parallels to some extent
that reported for cell-penetrating peptides like T4#)(and
LL-37 (46); however, receptor-mediated translocation is 20um
involved in Pep42 internalization.

Photoaffinity Labeling of Pep42 Detects GRP®&ce a FiGure 4: Internalization of Mut42QD and SCR42QD in

more complex structure might facilitate specific interaction melanoma Me6652/4 or Me6652/56 cells as viewed by confocal

; P ; laser scanning microscopy. (A1) Me6652/4 cells and (B) Me6652/
with a Tecepto.“ thls f.mdmg led us to. the hypqthes!s that 56 cells were incubated with Mut42)D (green), fixed, and stained
Pep42 internalization is receptor-mediated. To identify cell ;i p (red) and DAPI (blue). (A2Y cross section of sample Al

surface receptors that interact with Pep42, a photoaffinity to show the localizing region of Mut42QD. Panels Al and A2
cross-linker|-p-benzoylphenylalanine (Bpa), was used. This demonstrate that Mut42QD is localized in the cytoplasm and does
photoreactive amino acid has been utilized in identifying sites Not enter the nucleus. (C) Me6652/4 and (D) Me6652/56: the cells

: . : : : . were incubated with Mut42QD, but neither fixed nor permeabi-
of interaction between a photolabile peptide ligand and its lized, and viewed by DIC and merged with images from the green

receptor by photoinsertion into-€H bonds of any adjacent  (vyt42—-QD) and red (PI) fluorescent channel. (E) HDFa human
amino acid 47). Mut42 was coupled to Bpa and biotinylated fibroblast cells were incubated with Mut4®)D (green), and (F)

at the K-12 position (Mut42Bpa—Dbiotin) for detection and ~ Me6652/4 cells were incubated only with QDs, and then they were

subsequent isolation of the covalent peptideceptor com- ﬂj(egaggfsgtaiﬂed with DAE It(%llue')th(e) Me6g|5%|/4 cells and (H%_ d
- ; e cells were incubated with a scrambled sequence peptide
plex. Me6652/4 cells were incubated with a Mut®pa— of Mut42—QD (SCR42-QD) (green), fixed, and stained with P!

b|0t|n at 40C fOI’ 1 h, and the Bpa m0|ety was aCt|Vated by and DAPI. No green Signal was observed in pane{é—'E

long near-UV wavelengths (320 nm). The cell lysates were

purified by avidin-agarose beads and analyzed by SDS masses of 80 and 130 kDa, respectively (Figure 3A). Mass
PAGE followed by western blot analysis. Two bands were spectrometry analysis identified the band at 80 kDa as
observed, corresponding to proteins with apparent molecularGRP78, whereas no protein was identified with a significant




9440 Biochemistry, Vol. 45, No. 31, 2006 Kim et al.

B pAPi-nucleus |

Mut42-QD [ Glibenclamide-ER Merged

. .‘ ’ . . .
& -
‘Qr . .
& . '
* 3 -
j
2 »

Ficure 5: Colocalization of Mut42QD in melanoma Me6652/4 or Me6652/56 cells as viewed by confocal laser scanning microscopy.
(A) Me6652/4 cells and (B) Me6652/56 cells were incubated with Mat@D (green), fixed, and stained with Glibenclamide (ER and
partial cytoplasm stain, red) and DAPI (blue). (C) Me6652/4 cells were incubated with only the QDs (green), fixed, and stained in the same
manner above as a negative control. Mut42 is localized in the ER region.

ion score for the 130 kDa band. To serve as a receptor forintracellular distribution of Pep42 after internalization, QDs
Pep42, GRP78 would have to be present at the cell surfacewere conjugated to Mut42 (Mut42)D). These conjugates
FACS analysis of Me6652/4 and Me6652/56 cells treated were added to fixed and live Me6652/4 and Me6652/56 cells,
with anti-GRP78 antibody confirmed that these cells indeed and upon optical excitation, accumulation of Pep@D was
expressed GRP78 on their surface, resulting in a shift of the observed in the perinuclear region of these cells (Figure
fluorescence peak relative to control IgG. As expected, the 4A1,A2). The internalization of Mut42QD and the routing
observed expression level of GRP78 was higher on theto the perinuclear region were observed within 30 min (see
surface of Me6652/4 cells than on control Me6652/56 cells Supporting Information, S5). Comparing the uptake of
(Figure 3B). These results support the previously proposedMut42—QD into the two cell lines, a stronger signal was
role for GRP78 as a functional receptor for peptide ligands detected in the Me6652/4 cells (Figure 4A1,A2,C), while a
in vivo and a relevant molecular target expressed in weak signal was observed in the Me6652/56 cells (Figure
metastatic tumors4g). We note that peptidic ligands have 4B,D), and no uptake was seen in the human dermal
been identified which bind to immobilized GRP78; however, fibroblast cell line (HDFa), which served as an additional
these were linear peptides and do not share any sequenceontrol (Figure 4E,F). QDs were conjugated to a scrambled
similarities with Pep42 48, 49), and furthermore, the sequence peptide (SCR4QD). The control peptide con-
intracellular fate of these ligands has not been determined.jugate was added to fixed and live Me6652/4 and Me6652/
Receptor identification by affinity chromatography was 56 cells, and as expected, no uptake was seen in these cell
performed prior to this experiment as a pilot assay using lines (Figure 4G,H). The co-incubation of cells with Mut42
both Me6652/56 and Me6652/4, and GRP78 was also QD and Glibenclamide, a biochemical marker that stains the
identified as a receptor on Me6652/4 while no receptor could ER, revealed that Mut42QD colocalized with the ER
be found on Me6652/56 (see Supporting Information, S4). (Figure 5A), which is consistent with the above observed
Quantum Dot (QD) Labeled Mut42 Localizes in Peri- perinuclear enrichment of Pep4®D. No uptake and no
nuclear RegionThe use of organic fluorophores such as colocalization of Pep42QD were observed in the control
fluorescein for certain applications is limited because of their cells (Figure 5B), and QD without peptide attached also did
inherent tendency to undergo photobleaching. In contrast, not enter the cell (Figure 5C). To exclude QD conjugation
nanocrystals, like semiconductor QD, are used as stable andartifacts as a reason for the observed peptide uptake, a set
bright fluorophores with high quantum vyields, a high of experiments was designed in which unconjugated Quan-
absorbency, and resistance to photobleaching. To assess thieim Dots were used (see Supporting Information, S6). These
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Ficure 6: Receptor detection and internalization inhibition by anti-

GRP78 antibody. GRP78 receptors on Me6652/4 were blocked by

anti-GRP78 antibody in concentrations of (Ay®/mL, (B) 0.5
ug/mL, and (C) 0.0%g/mL, and cells were incubated with Mut42

QD (green), fixed, and stained with PI (red) and DAPI (blue). (D)
Me6652/4 cells were incubated with anti-GRP78 antibody, fixed,
and stained with a secondary FITC-conjugated antibody (green),
PI (red), and DAPI (blue).
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studies were carried out after preincubation of Me6652/4 cells
with the monoclonal anti-GRP78 antibody. Preincubation
with different concentrations of mAb prevented the cellular
uptake of Mut42-QD in a concentration-dependent manner
(Figure 6A—C). These results indicate that the internalization
of Pep42 is mediated by GRP78 and also provides additional
evidence for the specificity of the Pep4®&RP78 interaction
and the presence of GRP78 on Me6652/4 cells (Figure 6D).

Induction of GRP78 Expression Leads to Increased
Accumulation of Mut42QD. It has been reported that
glucose starvation of cells induces the overexpression of
GRP78 48). To achieve this, Me6652/56 cells were starved
in glucose-free medium, and after 24 h, medium containing
deoxyglucose was added to the cells, resulting in GRP78
overexpression within 24 h compared to noninduced
control cells, as demonstrated by immuncytochemical stain-
ing (Figure 7A). The cells were then incubated with Mut42
QD, and an increased intracellular fluorescence signal was
observed (Figure 7B,C). The starvation led to an overex-
pression of GRP78 on the cell surface which made the cells
more susceptible for Mut42QD uptake. These results
provide additional evidence that the uptake of peptide is
indeed receptor-mediated and GRP78 is involved in the
internalization and intracellular transport of Pep42.

Mut42—Taxol Induces Apoptosis in Cells in VitrG.o
evaluate the potential of Pep42 as a delivery agent of
cytotoxic drugs, melanoma cells Me6652/4 and Me6652/56
were cultured for 72 h in the presence of>xd 105 M

results show that Pep42 has the remarkable property toMut42—Taxol DH402 (see Supporting Information, S7),

internalize selectively into Me6652/4 cells while carrying a

using the unconjugated Mut42 and the free Taxol (DH393;

cargo, in this case QD. The fact that HSPs are ER-residentsee Supporting Information, S7) as controls. MutZ2xol

chaperones might explain that, after binding to GRP78, the
resulting complex of the peptigdeonjugate and GRP78
protein colocalized with the ER. Notably, so far no cell-
type specificity has been reported to date for any cell-
penetrating peptide5Q). This specificity, however, is
absolutely essential to drug targeting in vivo. Furthermore,
our data show that the uptake of Pep42 is specific for cells
overexpressing GRP78.

Anti-GRP78 Antibody Inhibits Internalization of Pep42
QD by Cells Several reports have shown that GRP78 is
localized on the surface of cells under stressful conditions
(48). Therefore, to study whether GRP78 is required for the

was effective in promoting apoptosis of Me6652/4 cells
(92.1% of the cells in late stages of apoptosis, Figure 8),
which is consistent with peptide binding and internalization,
results in agreement with flow cytometry and confocal
microscopy (vide supra). Furthermore, the apoptotic response
of Me6652/56 cells was reduced compared to Me66652/4
cells. Importantly, a lower overall apoptotic response was
observed when both cell lines were cultured in the presence
of Lin4d2—Taxol (DH403; see Supporting Information, S7).
Comparable cytotoxic effects of Lin4Z'axol and free Taxol
were observed with both cell lines by flow cytometry; this
suggests that Lin42Taxol was taken up via unspecific

internalization of Pep42, we used an anti-GRP78 monoclonal pinocytosis. Finally, incubation of both cell lines in the

antibody to block GRP78 and, thus, to inhibit the binding
and subsequent internalization of MutdQD. The uptake

presence of unconjugated Mut42 resulted in apoptosis, which
paralleled the minimal extent of cell death seen in the

20um

FicurRe 7: GRP78 overexpressing Me6652/56 cells as viewed by confocal laser scanning microscopy. (A) GRP78 overexpressing Me6652/
56 cells were incubated with anti-GRP78 antibody and a secondary FITC-conjugated antibody (green), and (B) untreated Me6652/56 and

(C) GRP78 overexpressing Me6652/56 cells were incubated with Mu@2 (green). Cells were fixed and stained with PI (red) and DAPI

(blue).
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100 carrier to target the ER and deliver therapeutic agents
organelle specific into cancer cells.
9% MMeBa52/4 QIMefsh2/56 | In summary, we report the selection and identification of
Pep42, a cyclic peptide ligand of GPR78, which internalizes
80 selectively into highly metastatic human melanoma cells
through a receptor-mediated process. Photoaffinity chroma-
70 tography and antibody uptake inhibition studies were utilized
in the identification of the Pep42 target receptor GRP78,
— 80 which is a recently identified cancer cell surface antigen,
2 thus providing cancer cell specific targeting of Pep42. The
% 2 Taxol-conjugated cyclic peptide exhibited selective cytotox-
s icity against highly metastatic melanoma cells, as the
2 i nonspecific toxicity of anticancer drugs toward normal tissues
s can result in serious side effects, thereby limiting their clinical
< application. Taken together, our results establish the potential
- of Pep42 as a tool for the construction of drug conjugates
designed to selectively kill malignant cancer cells while
=2 reducing side effects caused by drug interactions with normal
cells.
10
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Mut42-Taxol  Lin42-Taxol Mut42 Taxol Medium

Ficure 8: Promotion of apoptosis in melanoma clones by peptide
Taxol conjugates. Extent of late apoptosis induced by peptide
Taxol conjugates or free Taxol, all at a concentration of 40-°

M, in two melanoma clones, Me6652/4 and Me6652/56. Numbers SUPPORTING INFORMATION AVAILABLE

within the Y-axis indicate the percentage of cells in each apoptosis

experiment. Late stage apoptosis was determined by Annexin V. Flow cytometry analysis of Pep42 binding and internaliza-
and Pl assays, and the numbers were obtained by FACS. Dat&jon confocal microscopy of Pep42 internalization in dif-

shown above are from one representative apoptosis experiment ou - . . .
of three performed. The selection and identification of Pep42, a %erem time frames, synthesis of Pep42 variants, synthesis of

cyclic peptide ligand of GPR78, which internalizes selectively into Pep42-Taxol, and receptor identification by affinity chro-
highly metastatic human melanoma cells through a receptor- matography. This material is available free of charge via the
mediated process are reported: DAPI (blue), fluorescent peptide |nternet at http://pubs.acs.org.

(green), and PI (red).

NOTE ADDED AFTER ASAP PUBLICATION
presence of growth medium. It is important to note that the
cyclic Mut42—Taxol induces apoptosis more efficiently than ~ This paper was published ASAP on 07/01/06. Figure 1
free Taxol. In total, our data demonstrate that the melanomahas been revised, and the correct version was published on
cells are more sensitive to the peptidEaxol conjugate than ~ 07/11/06.
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