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Abstract

The integrins oyp3 and o,5 and the membrane-spanning surface protein aminopeptidase-N (APN)
are highly expressed in tumor-induced angiogenesis, making them attractive targets for therapeutic
intervention. Both integrins and APN recognize a broad range of peptides containing RGD (Arg-
Gly-Asp) and NGR (Asn-Gly-Arg) motifs, respectively. Here, we describe the design, synthesis, and
characterization of a series of mono- and difunctionalized platinum(lV) complexes in which a
conjugated peptide motif, containing either RGD, CRGDC, (RGDfK)c or NGR, is appended as a
‘tumor-homing device’ to target tumor endothelial cells selectively over healthy cells. Platinum(1V)-
peptide complexes with non-specific amino acids or peptide moieties were prepared as controls.
Concentration-response curves of these compounds were evaluated against primary proliferating
endothelial cells and tumor cell lines and compared to those of cisplatin, a well-described platinum-
based chemotherapeutic agent. The Pt(IV)-RGD conjugates were highly and specifically cytotoxic
to ayfB3 and ayPs containing cell lines, approaching the activity of cisplatin. The Pt(1V)-NGR
complexes were less active than Pt(1V)-RGD-containing compounds but more active than non-
specific Pt-peptide controls. Integrin oy 3 mediated, at least in part, the anti-proliferative effect of
an Pt(1V)-RGD conjugate, as demonstrated by a decreased inhibitory response when endothelial cells
were either (1) incubated with an excess of a3 /0yp3-specific RGD pentapeptides, or (2) transfected
with RNAI for B3, but not B4, integrins. These results suggest a rational approach to improved
chemotherapy with Pt(1V)-peptide conjugates by selective drug delivery to the tumor compartment.

Introduction

Cisplatin, cis-diamminedichloroplatinum(ll), is standard chemotherapy for testicular, ovarian,
cervical, head, neck, esophageal, and non-small cell lung cancer (1-6). Cisplatin displays
limited activity toward the more common colon and breast cancers, however, and toxic side
effects are associated with its intake (1). A key objective of our current research program is to
synthesize novel Pt-based drugs with equal potency but reduced toxicity derived from their
ability to target tumor tissue. Targeted platinum therapy has the potential to increase the net
amount of platinum that reaches the tumor environment, thereby decreasing the amount of
platinum required and consequently reducing side effects on healthy, non-cancerous tissues.

Tumor cell survival, growth, and metastasis are driven by angiogenesis, the process by which
new blood vessels are formed (7-9). Tumor blood vessels are permeable and morphologically
distinct from normal blood vessels. Because the tumor endothelial cell can be selectively
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recognized, it has become a major target for treating cancer (10). Among the cell surface
proteins upregulated in endothelial cells and on certain tumor cells during tumor growth and
metastasis are the a,3 and a5 integrins (11-13) and aminopeptidase-N (APN or CD13)
(14), which are absent or barely detectable in resting endothelial cells. Integrins are
transmembrane-spanning receptors that participate in cell-cell and cell-matrix interactions in
all normal and malignant cell types (15,16). The integrin a, B3 plays a critical role in the
adhesion and migration of endothelial cells to extracellular matrix components. Integrins
ayB3 and ayfBs and APN recognize the peptide motifs RGD (Arg-Gly-Asp) (17,18) and NGR
(Asn-Gly-Arg) (14), respectively, with high affinity. The a3 integrin can also bind NGR but
with lower affinity (19). RGD- and NGR-containing peptide motifs and peptidomimetics
specifically target the tumor vasculature (10,14,20) and have been evaluated as antagonists of
ayB3 and APN. RGD-containing peptides compete in the binding of ECM proteins to cell
surface a,B3 and oy fs5, preventing cellular adhesion to the extracellular matrix, thwarting cell
metastasis, and inducing apoptosis (21,22). Linear and cyclic RGD peptide motifs have been
employed as delivery agents for small molecular weight drugs, peptides, and proteins to the
tumor endothelial cells, as recently reviewed (23).

On the basis of these findings, we have developed a strategy to prepare new platinum(lV)
anticancer drug candidates in which the conjugated peptide motif, containing either RGD or
NGR, would serve as a ‘tumor-targeting device’ and selectively kill angiogenic tumor
endothelial cells. Here we describe the design, synthesis, and characterization of the first such
conjugates, mono- and difunctionalized Pt(IV)-peptide complexes. As previously reported for
platinum(1V) analogues containing a tethered steroid hormone moiety, reduction in the cell
releases the axially appended ligand to unmask cisplatin (24).

As targeting moieties, we have used the RGD and NGR linear tripeptides; an RGD-containing
disulfide-bridged cyclic pentapeptide, (CRGDC)c; and the cyclic pentapeptide, (RGDfK)c.
CRGDC and (RGDfK)c were chosen because cyclic peptides target angiogenic endothelial
cells more efficiently compared to their linear counterparts (12,21,25,26). The two cysteine
residues in CRGDC form a disulfide bond which gives the RGD portion a constrained bent
structure that facilitates specific recognition by the integrins on the cell surface (20,21,25,26).
(RGDfK)c is an antiangiogenic peptide derived from the a,f3 and a,fs inhibitor (RGDfV)c.
(RGDfK)c preserves the biological activity of its parent compound (27) but can be readily
attached to different moieties through the lysine e-amino group without losing its selectivity
properties (28). In addition, several other Pt(1V) compounds linked to a nonspecific amino acid
or a tripeptide have been prepared as controls.

All peptides or amino acid residues were attached by means of an amide bond to the terminal
carboxylate group of the axially coordinated succinato ligands in cis, cis, trans-
diamminedichlorodisuccinatoplatinum(lV) complex, cis, cis, trans-[Pt
(NH3)2Cly(succinate),] (1) (24). Numerical designations and abbreviations of these complexes
and their charges at pH 7 are given in Chart 1. Concentration-response curves of these Pt(1V)-
peptide complexes along with that of cisplatin and 1 were assessed against different primary
endothelial cells and tumor cell lines, which include bovine capillary endothelial (BCE) cells,
human umbilical vein endothelial cells (HUVEC), human dermal microvascular endothelial
cells (HMVEC), human glioblastoma (U87), human pancreatic carcinoma (ASPC1), human
uterine sarcoma (MES-SA), and human cervical carcinoma (HeLa) cells. We found that both
endothelial cells and the tumor lines tested were positive either for both a3 and a, 5 or for
ayPs integrins. The activity profiles of all the platinum complexes against these cells are
described herein.
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Experimental Procedures (29)

Materials

Potassium tetrachloroplatinate(ll) was a gift from Englehard. Cisplatin, cis, cis, trans-
diamminedichlorodihydroxyplatinum(IV), and cis, cis, trans-
diamminedichlorodisuccinatoplatinum(IV) were synthesized according to literature
procedures (24,30,31). (RGDfK)c was prepared as reported (32,33). Chemicals and solvents
were of reagent grade quality and used as received from commercial suppliers.

Instrumentation and Analytical Measurements

An Advanced ChemTech automated instrument (Model ACT 348Q) was used for peptide
synthesis. HPLC purifications using C18 analytical (VYDAC, 4 mm x 250 mm) and C18 semi-
preparative (VYDAC, 40 mm x 250 mm) columns were performed with Waters
instrumentation comprising a 600S system-controller coupled with an absorption detector
(Waters 2487) and pump (Waters 616). Purifications with a C18 preparative (VYDAC, 100
mm x 250 mm) column used a Waters 600E system-controller coupled with an absorption
detector (Waters 486) and pump (Waters 600). LC-MS analyses were performed on an Agilent
1100 series instrument using a ZORBAX extended SB-C18 column of dimensions 4.6 mm x
150 mm and a ZORBAX 80A extended C18 column of dimensions 2.1 mm x 100 mm. High-
resolution mass spectral analyses were performed at the MIT Department of Chemistry
Instrument Facility (DCIF).

Synthesis of Peptides and Platinum Complexes

RGD, NGR, AGR, (CRGDC)c—The linear peptides were prepared by using the standard
Fmoc protocol on an automated peptide synthesizer. The rink amide resin with a loading
capacity of 0.61 mmol/g was used as the solid support. In a typical 16-well synthesis, a total
of 1.2 g (0.74 mmol) of the resin and a ten-fold excess of each amino acid (7.36 mmol) in 24
mL of N-methyl-2-pyrrolidinone (NMP) solution were used in the presence of 1,3-
diisopropylcarbodiimide (DIC), acetic anhydride, 1-hydroxybenzotriazole (HOBt), and
diisopropylethylamine (DIPEA) (0.5 M solution of each in DMF). Fmoc-Asn(Trt)-OH, Fmoc-
Asp(OtBu)-OH, Fmoc-Arg(Pbf)-OH, and Fmoc-Cys(Trt)-OH provided sources of Asn, Asp,
Arg, and Cys, respectively. The Fmoc protecting group was removed with a 20% piperidine
solution in DMF. After the synthesis, the peptides were cleaved from the resin with a solution
of 95% TFA, 2.5% triisopropylsilane (TIPS), and 2.5% water to obtain amide functionalization
at the C-terminus. The resulting peptides were precipitated by cold ether. The aqueous solution
of linear CRGDC was air oxidized overnight to form the S-S bridged (CRGDC)c. The
purification of these peptides was carried out by reverse-phase HPLC by using a C18
preparative column (VYDAC, 100 mm x 250 mm) in greater than 90% yield. Their purity was
verified by LC-MS and mass spectrometry. ESI-MS: for RGD: Calcd [M+H]* 346.36 amu;
Found 346.3 amu; for NGR: Calcd [M+H]* 345.38 amu, Found 345.51 amu; for AGR: Calcd
[M+H]* 302.35 amu, Found 302.29 amu; and for (CRGDC)c: Calcd [M+H]* 550.2 amu, Found
550.4 amu.

RGD-Conjugated Diamminedichloroplatinum(lV) Complexes (2a and 2b)—To a
solution of 1 (0.025 g, 0.043 mmol) in 200 pL of water was added a 100 uL solution of EDC
(0.082 g, 0.43 mmol), followed by a 100 pL solution of NHS (0.050 g, 0.43 mmol) with
vigorous stirring. This solution was then added to an aqueous solution (200 pL) of RGD
tripeptide (0.075 g, 0.22 mmol) in a dropwise manner. The reaction mixture was stirred for
~24 h in dark. The products were purified by reverse-phase HPLC (C18 semi-preparative
column, 40 mm x 250 mm, linear gradient from 100% H»0 to 15% acetonitrile over 30 min).
The mono-(2a) and diconjugated (2b) products were collected separately and lyophilized to
yield ~4.3 mg of 2a (11.6% with respect to the starting complex, 1) and ~2.4 mg of 2b (5%

Bioconjug Chem. Author manuscript; available in PMC 2009 January 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mukhopadhyay et al.

Page 4

with respect to 1). The purity of these complexes was confirmed by LC-MS and mass
spectrometry. ESI-MS: for 2a, Calcd [M+H]* 861.1665 amu, Found 861.1646; for 2b, Calcd
[M+H]* 1188.332 amu, Found 1188.3235 amu; and Calcd [(M+2H)/2]2* 594.6699 amu, Found
594.6680 amu.

NGR-Conjugated Diamminedichloroplatinum(lV) Complexes (3a and 3b)—These
complexes were prepared and purified following the same procedure described above for 2a
and 2b except that the linear NGR tripeptide was used instead of RGD, and a shorter linear
gradient was used in the HPLC purification (25 min). The mono- (3a) and diconjugated (3b)
products were collected separately and lyophilized to afford 14% of 3a and 8% of 3b. The
purity of these complexes was confirmed by LC-MS and mass spectrometry. ESI-MS: for
3a, Calcd [M+H]* 860.1825 amu, Found 860.1618; for 3b, Calcd [M+H]* 1186.3639 amu,
Found 1186.3735 amu; and Calcd [(M+2H)/2]%* 593.6859 amu, Found 593.6715 amu.

AGR-Conjugated Diamminedichloroplatinum(lV) Complexes (4a and 4b)—These
complexes were prepared and purified by following the same procedure as 2a and 2b but with
the linear AGR tripeptide instead of RGD. The mono- (4a) and diconjugated (4b) products
were collected separately and lyophilized to afford 16% of 4a and 7% of 4b. The purity of
these complexes was confirmed by LC-MS and mass spectrometry. ESI-MS: for 4a, Calcd [M
+H]* 817.1766 amu, Found 817.1735 amu; for 4b, Calcd [M+H]* 1100.3523 amu, Found
1100.372 amu; and Calcd [(M+2H)/2]2* 550.68 amu, Found 550.50 amu.

Glycinamide-Conjugated Diamminedichloroplatinum(lV) Complexes (5a and
5b)—These complexes were prepared by following a procedure similar to that for the other
platinum(1V)-peptide conjugates except that glycinamide was used instead of a tripeptide. The
complexes were purified as described for 3a and 3b. The mono (5a) and diconjugated (5b)
products were collected separately and lyophilized to afford ~50% of 5a and ~44% of 5b. The
purity of these complexes was confirmed by LC-MS and mass spectroscopy. ESI-MS: for
5a, Calcd [M+H]* 590.0384 amu, Found 590.0389 amu; for 5b, Calcd [M+H]* 646.0759 amu,
Found 646.0757 amu.

(CRGDC)c-Conjugated Diamminedichloroplatinum(lV) Complex (6)—This
complex was prepared by following the same procedure as described above for the Pt(1V)-
RGD complexes using (CRGDC)c peptide. A white precipitate, observed in the reaction
mixture upon stirring overnight, was discarded by filtration. In this case, however, the
diconjugated complex was not detected by LC-MS or HPLC. The monoconjugated product,
6, was purified by reverse-phase HPLC as described above for 2a and lyophilized to afford the
product in ~10% yield. The purity of this complex was confirmed by LC-MS and mass
spectrometry. ESI-MS: for 6, Calcd [M+H]* 1066.17 amu, Found 1066.2 amu.

(RGDfK)c-Conjugated Diamminedichloroplatinum(lV) Complexes (7a and 7b)—
These complexes were prepared by following a procedure similar to that for the other platinum
(IV)-peptide conjugates except that the cyclic pentapeptide, (RGDfK)c, was used instead of a
tripeptide and the lysine s-amino group of (RGDfK)c was activated with DIPEA prior to
reaction with 1. The products were purified by reverse-phase HPLC as described above for
3a and 3b. The mono- (7a) and diconjugated (7b) products were collected separately and
lyophilized to afford ~12% of 7a and ~8% of 7b. The purity of these complexes was confirmed
by LC-MS and mass spectroscopy. ESI-MS: for 7a Calcd [M+H]* 1120.30 amu, Found
1120.20 amu; for 7b Calcd [M+H]* 1705.61 amu, Found 1705.3 amu; and Calcd [(M+2H)/
2]?* 853.81 amu, Found 853.80 amu.
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Cell Culture—Endothelial and tumor cells were all grown at 37 °C under a 5% CO,
atmosphere, except for bovine capillary endothelial (BCE) cells, which were grown at 10%
CO»,. BCEs were isolated from bovine adrenal cortex and cultured in pre-gelatinized tissue
culture plates in Dulbecco's modified Eagle's medium (DMEM; Invitrogen/GIBCO)
containing 10% bovine calf serum (Hyclone Laboratories, Logan, UT) and 3 ng/mL basic
fibroblast growth factor (bFGF), and 1% GPS, as previously described (34). Human dermal
microvascular endothelial cells (HMVEC-d; Lonza Inc. and Cascade Biologics, Portland, OR,
USA) and human umbilical vein endothelial cells (HUVEC; Lonza Inc.) were maintained
according to supplier's directions. HMVEC-d were cultured in microvascular endothelial
growth medium (EGM-MV; Cambrex Bio Science); human umbilical vein endothelial cells
(HUVEC; Cambrex Bio Science) were cultured in endothelial growth medium-2 (EGM-2;
Cambrex Bio Science). All endothelial cells were plated on pre-gelatinized tissue culture plates
(1.5% gelatin in PBS). Human glioblastoma cell line U87, purchased from the American Type
Culture Collection (ATCC, Rockville, MD, USA), and HeLa cells were grown in DMEM
supplemented with 10% heat-inactivated (56 °C for 40 min) fetal calf serum (hi-FCS)
(Invitrogen/GIBCO, Grand Island, NY), 2 mM c-glutamine, and 1% penicillin-streptomycin
(GPS, glutamine/penicillin/streptomycin; Invitrogen/GIBCO). Human uterine sarcoma MES-
SA cells (ATCC) were cultured in modified McCoy's 5a medium (ATCC) supplemented with
10% hi-FCS and 1% GPS. Human pancreatic adenocarcinoma cell line ASPC-1 (ATCC) was
cultured in RPMI 1640 (ATCC) containing 10% hi-FBS and 1% GPS.

Concentration-Response Curves of Platinum Complexes—BCE cells were plated
at 7.5 x 102 cells per well in DMEM containing 10% bovine calf serum. After overnight
incubation at 37 °C (in 10% CO,), the media was replaced with DMEM containing 5% BCS,
2.0 ng/ml, and various concentrations of the Pt-compound (stock solutions prepared in PBS)
to a final concentration range of 10 nM to 1 mM. Wells with and without bFGF in the absence
of platinum complex were kept as positive and negative controls, respectively. All
concentrations were tested in triplicate. After 72 h, viable cells were trypsinized (Trypsin-
EDTA, Invitrogen/GIBCO BRL), resuspended in isotonic diluent (Fisher Scientific,
Pittsburgh, PA), and counted using a particle counter. Data were analyzed as described below.

HMVEC-d (passages 2-5) were seeded at 7.5 x 103 cells per well in pre-gelatinized 48-well
plates in endothelial basal medium (EBM-2; Cambrex Bio Science) supplemented with 5%
FBSandincubated at 37 °C (in 5% CO»). After 24 h, the media was replaced with microvascular
endothelial growth medium (EGM-MV) and the Pt-compound dissolved in PBS (10% volume)
or PBS alone (positive control). For the negative control, the media was replaced with EBM-2
supplemented with 5% FBS instead. Cells were incubated for 72 h, trypsinized, and counted
on a particle counter. HUVEC were performed as described for HMVEC-d with the following
changes. Cells were plated in EBM-2 supplemented with 2% FBS, challenged with EGM-2,
and EBM-2 containing 2% FBS was used as a negative control.

To investigate the effect of Pt(IV) complexes in tumor lines, tumor cells were seeded at a
density of 5.0 x 108 cells per well. For plating and challenging, the corresponding cultivation
media supplemented with 5% hi-FBS and 1% GPS were used (DMEM in the case of U87 and
HeL a cells; modified McCoy's 5a medium was employed in the case of MES-SA and MES-
SA/Dx; RPMI-1640 for ASPC-1). After 24 h, the media was replaced with fresh media
containing 5% FCS and the Pt-compound dissolved in PBS (10% volume). Cells were
incubated for 72 h, trypsinized, counted on a particle counter, and analyzed as described below.

Analysis of Concentration-Response Curves and Determination of ICsg Values
—Cell numbers determined from the concentration-response curves were converted to percent
cell number. For each cell line and each compound tested, the data for all independent

experiments (2-9) were combined and analyzed by non-linear regression to a hyperbolic decay
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equation. The data were fitted by using SigmaPlot 8.0 to a 2-parameter hyperbolic decay model
y=axb/(b+x), where y = % cell number and x = concentration of platinum compound. A 3-
parameter hyperbolic decay model (y=y0 + axb/(b+x), tested both in the absence and presence
of constraints (a=95, y0=>5), yielded larger P-values, and was therefore not used. The 1Csq
values were determined based on the fitted data, and standard error and P values were derived
from the b parameter.

Competition Studies in BCE with Free Peptides—BCE cells were plated as described
for the concentration-dependent curves. After 24h, the medium was replaced with DMEM
containing 5% BCS, 2.0 ng/ml basic fibroblast growth factor, with or without 2a (2 uM) and
with or without various concentrations of RGD peptides (0.1-1 mM). The effects of the RGD
tripeptide, the cyclic pentapeptide (CRGDC)c, and the cyclic pentapeptide (RGDfK)c, in 2a-
treated cell proliferation were assessed. Wells with and without bFGF in the absence of
platinum complex were kept as positive and negative controls, respectively. All concentrations
were tested in triplicate. After 72 h, viable cells were trypsinized and counted using a particle
counter. Data were analyzed as described above.

siRNA Transfection—The B4, B3, and a,, integrins and control sSiRNAs were purchased as
four oligonucleotide SmartPools (Dharmacon Research, Inc.), containing an approximate 50%
guanidine-cytosine content (Dharmacon Research, Inc.). Subconfluent HMVEC-d were
washed with HBSS and transfected with 10nM siRNAs using SiLentFect (Biorad) following
manufacturer's protocol. The medium was changed after a 4-h transfection period. Cells were
trypsinized 24 h post-transfection and plated onto gelatin-coated 48-well plates at a density of
7500 cells/well, in EBM-2 supplemented with 5% FBS. After overnight incubation at 37 °C,
cells were challenged with either 2a or cisplatin. Cells were counted after 72 hours, and results
were analyzed as described above.

Western Analysis—Downregulation of protein expression following RNAI interference
was confirmed by Western analysis of cell lysates harvested 120 hours post-transfection, and
at the same time proliferation plates were counted. Lysate preparation and Western analysis
were performed as described previously (35). mAbs against integrin subunits included: anti-
1 (clone B3B11, Chemicon International), anti-p3 (R&D Systems), anti-a,, (Chemicon). mAb
against a-actin (Abcam) was used as control for equal protein loading. Immunoreactivity was
detected on Hyperfilm using ECL (Amersham Biosciences). Films were scanned and band
intensities were quantitated with Image J 1.37 software. Band intensities were normalized to
actin and shown as percent protein levels.

Fluorescence-Activated Cell Sorting—The expression of integrins a3 and o, p5 was
detected by immunofluorescence in unfixed cells. Cells were briefly trypsinized, washed in
PBS containing 2% FBS, and incubated on ice for 1 hr with Cy5-conjugated anti-human
ayB3 (MAB1976S) or a,p5 (MAB1961S) monoclonal antibodies in PBS containing 2% FBS
(10 pg/ml; Chemicon, Temecula, CA). Unlabeled cells were used as negative controls. BCE
and HMVEC cells were analyzed for APN expression using mouse anti-human CD13 IgG (10
ug/ml; BD Biosciences Pharmingen, San Jose, CA). Mouse 1gG was used as negative control.
After incubation on ice for 1 hr, the cells were washed 3 times in PBS containing 2% FBS,
incubated with FITC-labeled horse anti-mouse 1gG (1:100) (Vector Laboratories, Burlingame,
CA) for an additional hour, and then washed again. Cells were analyzed on a fluorescence-
activated cell sorting (FACS) VantageSE flow cytometer using the Cell Quest software
(Beckton Dickinson, San Jose, CA). For each cell type, the fluorescence emitted by negative
control cells was used to set a threshold gate. FITC or Cy5-labeled cells emitting higher
fluorescence than the threshold value were considered positive and were used to determine the
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percentage of positively-labeled cells. Each experiment was performed twice. FACS images
were overlayed in Adobe Photoshop 7.0.

Results and Discussion
Synthesis and Characterization of Pt(IV)-Peptide Conjugates

Cisplatin and other platinum(l1) drugs are generally administered to patients intravenously,
whereas platinum(IV) agents can be taken orally because of their greater stability in the gastro-
intestinal (G. I.) tract (31,36). One such compound, cis,trans,cis-amine(cyclohexylamine)
diacetatodichloroplatinum(IV), or satraplatin, is currently in a Phase Il clinical trial for
hormone-refractory prostate cancer (37). Whereas the half-life of satraplatin in tissue culture
medium and human plasma is long (22 h and 5.3 h, respectively), the Pt(I\V) compound
undergoes rapid biotransformation in blood to a Pt(ll) species, with a half-life of only 6.3
minutes (38). The Pt(ll) metabolite of satraplatin, cis-amine(cyclohexylamine)
dichloroplatinum(ll), forms DNA cross-links that are structurally very similar to those of
cisplatin (39).

Atargeted Pt(1V) complex requires a sufficiently long half-life to reach the tumor environment.
Because the average cardiac output in an adult resting human is 5 liters per minute, and the
average total circulating volume in an adult male is 5 liters, it takes approximately 1 minute
for the blood to circulate once through the body. Based on the satraplatin half-life in blood, we
estimate that an intravenous administration of a targeted Pt(IV) compound should have
sufficient time to reach the tumor site before its conversion to Pt(l1).

By exploiting integrin- and APN-specific peptide recognition as the guiding strategy, we have
designed new Pt(1V) anticancer drug candidates for targeting angiogenic tumor endothelial
cells and tumor cells expressing such integrins. The RGD and NGR containing tri- and
pentapeptide sequences in these molecules are tethered as axial ligands to the Pt(IV) center.
Following selective binding to the tumor cell surfaces, these Pt(IV) species have the potential
to enter the cells where they will be readily reduced by glutathione or other intracellular
reductants to afford cisplatin (40-42). If successful, the level of toxicity of these complexes
towards normal cells should be greatly diminished.

cis,trans,cis-Diamminedisuccinatodichloroplatinum(1V), cis-cis-trans-[Pt-
(NHs),(succinate),Clo] (1), was employed as the precursor in the synthesis of all Pt-peptide
conjugates. Compound 1, prepared as reported elsewhere (24), is suitable for additional
derivatization at its axial positions by appropriate coupling with the terminal carboxylate
groups of the succinato moieties. A similar strategy was employed successfully in our
laboratory to obtain a series of estrogen-tethered platinum(IV) compounds, which are capable
of inducing the over-expression of HMGB1 (high mobility group binding protein 1) in MCF-7
cells and thus sensitizing them to the conjugates (24).

Three different tripeptide sequences, RGD, NGR, and AGR, and the disulfide-bridged
pentapeptide, (CRGDC)c, were prepared by solid-phase synthesis. The —=SH groups of cysteine
residues in linear CRGDC peptide were oxidized in air to form intrapeptide S-S bridged
(CRGDC)c. The peptides were purified by reverse-phase HPLC on a C18 column and
characterized by LC-MS, MALDI, and ESI-MS. The cyclopentapeptide, (RGDfK)c, was
prepared by following the literature procedure (32,33).

Five monofunctionalized Pt'Y(NH3),Cl,-peptide conjugates, denoted as Pt-RGD-mono (2a),
Pt-NGR-mono (3a), Pt-AGR-mono (4a), Pt-(CRGDC)c-mono (6), and Pt-(RGDfK)c-mono
(7a), and four difunctionalized analogues designated Pt-RGD-bis (2b), Pt-NGR-bis (3b), Pt-
AGR-bis (4b), and Pt-(RGDfK)c-bis (7b), were synthesized (Scheme 1). These complexes

Bioconjug Chem. Author manuscript; available in PMC 2009 January 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mukhopadhyay et al.

Page 8

form upon treatment of 1 with peptide molecules in aqueous solution in the presence of 1-[3-
(dimethylamino)propyl]-3-ethylcarbodiimide (EDC) and N-hydroxysuccinimide (NHS) as
activator and coupling reagents. In the case of (RGDfK)c, the e-amino group of the lysine side
chain was activated with a base, DIPEA, before it was allowed to react with 1. Except for the
(CRGDC)c peptide, these reactions afforded both mono- and diconjugated Pt-peptide species,
which were separated and purified by reverse-phase HPLC. An HPLC chromatogram for the
purification of linear RGD conjugated Pt(IV) complexes, 2a and 2b, is shown in Figure S1
(Supporting Information). For the (CRGDC)c peptide, no difunctionalized complex was
detected in the reaction mixture. In addition to the aforementioned complexes, a single amino
acid residue, glycinamide, was tethered to the succinato group(s) in a similar fashion to obtain
mono and difunctionalized Pt(1V) conjugates, 5a and 5b. These complexes were characterized
by LC-MS and high-resolution ESI-MS. The experimental mass-spectral data are in excellent
agreement with the calculated values and display the proper isotopic mass distribution patterns
(see Figure S2, Supporting Information, for representative mass spectra). Lower yields were
obtained for the platinum-peptide conjugates by comparison to the glycinamide-platinum
conjugates. The decreased yield is most likely the consequence of steric effects generated by
the longer amino acid side chains of tri- and pentapeptides. In contrast, glycinamide is a single
amino acid containing hydrogen as a side chain; therefore, the coupling reaction is facilitated.

Concentration-Response Curves of the Pt(IV)-Peptide Conjugates on Proliferating Cells

In vitro activity studies of the monofunctionalized (2a-5a, 6 and 7a) and difunctionalized
(2b-5b and 7b) platinum(1V) complexes, as well as cisplatin and 1, were performed on
proliferating endothelial and tumor cells that express APN and/or the integrins oy B3/ayBs,
discussed above. Cisplatin was used as positive control; compounds 4a, 4b, 5a, and 5b, and
complex 1 were investigated as negative controls. We used primary cultures of endothelial
cells, including bovine capillary endothelial (BCE) cells, human microvascular endothelial
cells (HMVEC), and human umbilical vein endothelial cells (HUVEC). The tumor cell lines
glioblastoma (U87), pancreatic carcinoma (ASPCL1), uterine sarcoma (MES-SA and MES-SA/
Dx-5), and cervical (HeLa) were also tested based on their expression of at least one of the two
ay B3 or ayPs integrins (43-47), which we determined by fluorescence-activated cell sorting
(Figure S4). The expression of aminopeptidase-N (CD13) was also confirmed in BCE and
HMVEC cells. As shown in Table 1 and supplementary figure S4, only endothelial cells and
the tumor lines U87 and ASPC1 expressed ayf3; all cells expressed a,fs.

Cell growth was evaluated in sub-confluent, serum- and growth factor-stimulated endothelial
cells or serum-stimulated tumor cells in the presence or absence of Pt compounds. BCE cells
were stimulated with basic fibroblast growth factor (bFGF); HMVEC and HUVEC were
stimulated with endothelial growth media containing bFGF, insulin-like growth factor 1
(IGF-1), hepatocyte growth factor (HGF), and vascular endothelial growth factor (VEGF). The
activities of the platinum complexes were determined after 72 h by comparing the number of
viable cells as a function of platinum concentration in treated versus untreated cells. Short pre-
incubation times (2 h or 6 h) of cisplatin and 1 with BCE and HMVEC cells afforded limited
decrease in cell viability, indicating the rates of internalization of platinum complexes to be
relatively slow. The activities of these complexes were independent of serum concentration,
tested at 5 and 10% (data not shown).

Concentration-response curves of the platinum-peptide complexes in all the cells were
compared to those with cisplatin and 1. To ensure unbiased data, two additional independent
double-blinded experiments with all the complexes were performed in BCE cells, with
reproducible results.
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Inhibition of BCE and HMVEC Proliferation by Pt(IV) Conjugates

The 1Csq values of these complexes, defined as the concentration at which 50% of the cells are
viable, were determined for BCE and HMVEC and are summarized in Table 2.

The concentration-response curves of the monoconjugated and diconjugated platinum(IV)
complexes, together with that of cisplatin and 1, toward the BCE cells are plotted in Figures
1A and 1B, respectively. Among all these complexes, cisplatin was most efficient at inhibiting
cell growth (IC5¢ = 1.1 uM). All Pt(IVV) compounds containing conjugated targeting moieties
were significantly more inhibitory than 1, with difunctionalized and monofunctionalized
compounds being equally effective. Targeted complexes 2a, 2b, containing the linear RGD
tripeptide, and 7a, 7b, containing the (RGDfK)c pentapeptide, were the most active (ICgg =
2.1 - 3.4 uM), followed by 3a and 3b consisting of NGR tripeptide. In contrast, all platinum
(V) conjugates containing non-targeting peptides or amino acid residues were equal to or less
active than 1. The monofunctionalized compounds 4a and 5a are comparable in activity to 1
(ICsq = 18.5 uM), whereas their difunctionalized counterparts are less active (4b, 5b) (IC5g =
29 uM).

A similar inhibitory trend was observed when the complexes were tested on HMVEC (Figure
2). The Pt(IV)-RGD conjugates, mainly 6, 7a and 7b, were most potent at inhibiting
proliferation (ICsq = 2.7-3.4 uM) and comparable to cisplatin (ICsg = 1.2 uM), followed by
2a, 2b and the Pt-NGR conjugates, 3a and 3b (IC5q = 4.5-5.9 uM). Non-targeting platinum
(IV) complexes, 1, 4a, 4b, 5a and 5b were approximately an order of magnitude less potent
(IC5q = 33-55 uM) (see Table 2).

The enhanced activity of RGD-containing Pt(1\V) compounds was not caused by the targeting
peptide moiety, as shown in Figure 1C. None of the free peptides, RGD, (CRGDC)c, or
(RGDfK)c inhibited BCE growth, even at very high concentrations. In addition, non-
conjugated 1:1 and 2:1 mixtures of free-RGD and 1 did not improve the concentration-response
of 1 (IC50 ~ 36 nM) (data not shown). These results are consistent with the inhibitory properties
of RGD peptides in vitro. RGD-peptides interfere with cellular adhesion and migration by
antagonizing the interaction between integrins and the extracellular matrix, but do not affect
cellular proliferation when administered to sub-confluent pre-adherent cells, as is the case in
our study.

Competition Studies of 2 with Free RGD-Containing Peptides in BCE

To determine whether the increased inhibitory response of RGD-containing platinum
compounds could be blocked with an excess of RGD-containing peptides, we performed
competition studies in BCE cells using 2a as the RGD-platinum compound, and RGD,
(RGDfK)c and (CRGDC)c as the free peptides. As shown in Figure 3, the more constrained
cyclic pentapeptides (CRGDC)c (purple) and (RGDfK)c (light green) could partially decrease
the inhibitory effect of 2a in BCE cells treated with 2 uM of the Pt-RGD compound, and this
effect was statistically significant. In contrast, the RGD tripeptide had no effect, even at mM
concentrations (light blue). By themselves, none of the free peptides affected BCE proliferation
((CRGDC) in gray, (RGDfK)c in dark green, and RGD in dark blue), consistent with our
previous findings (Figure 1C). The fact that the integrin-specific a, 83 and o, f5 ligand (RGDfK)
c could reduce the inhibitory effect of the mono-functionalized RGD-Pt(1V) compound
suggests that these integrins are playing a role in the recognition of RGD-containing Pt(IV)
compounds.

Concentration-Response curves in HMVEC-d lacking ay, B1, and B3 integrins

Although the RGD tripeptide can bind to eight of the 24 known integrin heterodimers of the
integrin family, only three of these, asB1, ayB3, and oyps have been reported to be expressed
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in endothelial cells (reviewed in (48)). Integrin levels asp1, ayPs and ayP3 are increased,
mobilized, or induced during angiogenesis, respectively, and they can promote apoptosis of
angiogenic endothelial cells in vitro and in vivo (reviewed in (48)). To determine whether some
or all of these integrins are responsible for the increased sensitivity of cells toward RGD-
containing platinum compounds, we performed RNAI interference studies on HMVEC-d cells.
HMVEC-d cells were transfected with 31, B3, a,, or control RNAI, and loss of the integrins was
confirmed by Western analysis at the end of the experiment (120 hours post-transfection).
Complete knockdown of the integrins was obtained for 3, and 3 but not for oy, for which a
significant decrease in protein expression was achieved (Figure 4E,F). An increase in 3 and
1 protein expression was observed in cells transfected with 3, and a, respectively, suggesting
compensation by other integrin pairs. This was not the case of Bs-transfected cells, for which
a decrease in oy, integrin was also observed.

Cells were plated 24 hours after RNAI transfection, treated with either cisplatin or 2a, and
counted 3 days after treatment. We found poor cell growth in HMVEC-d transfected with B3
RNAI. The cell numbers in B3 knockdown cells 72 h post-treatment were nearly identical to
the number of plated cells, demonstrating the critical role of B3 integrin in endothelial cell
proliferation (See Figure 4B,D). In contrast, HMVEC-d transfected with control RNA., o,
and B, integrins proliferated and had comparable cell numbers at the end of the experiment.

Despite differences in cell growth between the integrin knockdown HMVEC cells, cisplatin
treatment afforded identical concentration-response curves (Fig. 4A). In contrast, a shift in
IC-50 was obtained with 2a (Fig. 4C), particularly with 3 knockdown (5 to 13 uM),
demonstrating that this integrin is involved in 2a-mediated inhibition of cell growth (See also
Table 4). Integrin 5 could be compensating for the remaining targeting in the 3 knockdown
cells. Although, o, RNAI transfections were intended to remove the contribution from o33
and oy fs integrins, it was not possible to knock down a,, entirely (Figure 4 E,F), possibly due
to the importance of integrin a,B3 in endothelial cell proliferation. The low levels of a,, found
in ay-transfected HMVEC-d may be sufficient to mediate an inhibitory effect by RGD-Pt(IV).
Given the differences in B1 expression in By and ay-transfected cells (Figure 4 E,F) and their
similarities in 1Csq values (Table 4), B1 is most likely not involved in the inhibition of cell
proliferation by 2a.

Because the (RGDfK)c pentapeptide specifically binds to ayf3 and ayBs, and our results with
RGD- and (RGDfK)c-Pt(IV) conjugates are comparable, recognition of the Pt(1V) complex by
the cells most likely occurs, at least in part, through either the oy B3 or oyfs integrin. This
conclusion is supported by our RNAI knockdown studies. Incorporation of NGR-containing
Pt(IV) conjugates 3a/3b may also be mediated in part by integrin a, 3, because this integrin
binds NGR peptides, albeit with lower affinity than their RGD analogues (19). APN does not
appear to be solely responsible for recognition of 3a/3b given that the 1Csq values were
comparable in BCE and HMVEC despite differences in their APN/CD13 expression levels
(Table 1).

Inhibition of Cell Proliferation by RGD-Containing Pt(IV) Conjugates in a,B3 Positive and
a, B3 Negative Cells

To determine whether a5 could mediate delivery of the RGD-containing complexes in the
absence of a3, we compared the inhibition of Pt(IV) conjugates in endothelial cells or tumor
lines that were positive (HUVEC, U87) and negative (MES-SA, MES-SA/DX-5, HeLa) for
ayP3. The concentration-response curves of the Pt-RGD conjugates were comparable on
HUVEC, U87, ASPC1, MES-SA, and HeLa cell lines. The ICgq values of these complexes
and cisplatin are summarized in Table 4 (See Figure S3, Supporting Information, for U87).
Because each cell type had a different sensitivity to cisplatin, the ICgq ratio between 2a/cisplatin
and 7a/cisplatin was used to compare the RGD and (RGDfK)c conjugates (see Tables 2 and
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3). The best inhibitory effect was obtained in BCE, U87, ASPC1, and HeL a; because the last
two cell lines are negative for o, B3, our results suggest that o, B5 is equally efficient at delivering
Pt(1V) into the cell.

Targeting Efficiency: Linear vs. Cyclic Peptides

According to literature reports, the cyclic RGD and NGR peptides containing cysteine residues
that form disulfide bonds mark angiogenic endothelial cells with more efficiency compared to
their linear counterparts (20,21,25,26). It is believed that the presence of disulfide linkage in
the cyclic peptides provides the RGD and NGR motifs a constrained conformational
arrangement resulting in stronger interactions with the integrins expressed on the cell surfaces.
In some cases, the cyclic peptides containing the RGD and NGR motifs were 10- to 200-fold
more effective over the corresponding linear peptides in recognizing the receptors (21,25,26).
In the present study we examined both linear RGD and cyclic CRGDC peptides to serve as the
marker to transport the attached platinum complexes to the tumor cells. We also included the
cyclic pentapeptide, (RGDfK)c, which is a potent inhibitor of oy B3/a,p5 (27,49).

The differential recognition of linear vs cyclic RGD peptides to integrins was indirectly
confirmed in our competition studies, because both cyclic pentapeptides, (CRGDC)c and
(RGDfK)c, could partially compete the inhibitory effect of 2a in BCE cells, whereas the linear
tripeptide RGD was ineffective. Although we have not yet determined the binding affinities
of the linear RGD-containing Pt(IVV) compounds and the cyclic RGD containing Pt(1V)
complexes, our results indicate that the linear RGD tri-peptide containing Pt(IV) complexes
are equally effective in inhibiting cell proliferation and cell killing, Only for about half of the
cells tested did we find that the mono and diconjugated (RGDfK)c compounds were slightly
superior to the mono and bis-conjugated RGD compounds (HMVEC, U87, MES-SA). As
supported by the values listed in Table 3, the 1Cgg ratios of the monoconjugated RGD
containing Pt(IV) complexes, 2a and 7a, with respect to cisplatin are quite comparable for a
given cell type. We have also demonstrated that at least some of the anti-proliferative effect
of 2a is mediated by the ayB3/oyps5 integrins, as (1) the oy Pa/ayPs integrin-specific ligand,
(RGDfK)c, and (CRGDC)c could partially compete off 2a in BCE cells, and (2) Loss of B3 in
HMVEC decreased the I1Csq of 2a but not of cisplatin. It is possible that upon conjugation to
the succinate group in Pt(1V), the RGD linear tripeptide and the cyclic RGD pentapeptide
targeting moieties become comparable at recognizing o, f3/ayfs integrins. The Pt(1V) center
could sterically hinder binding of the cyclic pentapeptides, decreasing their enhanced binding,
or the Pt(1V) center may impose a more rigid conformation to the RGD linear targeting moiety
enhancing its binding potential to the ayf3/0ypBs integrins. A high degree of targeting ability
with linear RGD tripeptide attached to glycosylated porphyrins was also observed in
photodynamic cancer therapy against K562 leukemia cell lines (50).

Cell Internalization of Pt-Peptide Conjugates

The platinum complexes can enter the cells selectively, through internalization by a surface
marker such as a3 integrin, or non-selectively, by diffusion across the cell membrane or via
other transporters or carriers. Cisplatin, a small neutral molecule, enters cells by passive
diffusion (4) and, to a degree not yet quantified, other transporters (51,52). Differences in the
size and overall charge on the complex will affect passive diffusion of the complexes through
the cell membrane, with smaller, planar, and neutral complexes being more readily
incorporated than large, non-planar, and charged ones. Some of our platinum-peptide
complexes are neutral at pH 7 in aqueous solution, whereas a few of the complexes are
positively charged and several of them are negative (Chart 1). All of the Pt(1\V) complexes have
an octahedral geometry which, together with their variable overall charges, makes it unlikely
that they would be internalized by passive diffusion. Except for cisplatin, the non-targeted Pt-
complexes should therefore enter cells by selective uptake. The toxicity profiles of the
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negatively charged mono-glycinamide-tethered complex (5a), the neutral mono-AGR (4a) and
bis-glycinamide complexes (5b) and the positively charged bis-AGR complexes (4b), are quite
similar to that of 1, which is smaller and negatively charged in aqueous solution. Although the
monoconjugated RGD complexes are negatively charged, and the diconjugated complexes are
neutral in water, they have very similar inhibitory effect and are significantly more potent than
the non-targeted Pt(IV) complexes. No significant differences in anti-proliferative effect were
observed between the targeted mono and di-conjugated complexes, suggesting that only one

ligand is sufficient for cell surface recognition. These results indicate that the cellular uptake
of the targeted platinum(IV) complexes is most likely mediated by internalization by surface
markers, a3 and ayfs integrins, which would account for their greater potency compared to
the non-targeted analogues.

From the perspective of evaluating compounds for further study in animal models and,
eventually, human cancer treatment, it would have been valuable to test them against cells that
were oy f5 negative. The cell lines that we tested were all positive for this integrin (Table 1),
however. Nevertheless, the significantly improved effectiveness of the targeted RGD, NGR,
and (CRGDC)c conjugates compared to the non-targeted AGR, Gly, and disuccinate precursor
clearly establishes the value of targeting receptors involved in tumor vasculature as a strategy
for improving the efficacy and selectivity of platinum-based drugs.

Conclusion

Targeted drug delivery is currently an active area of research in cancer therapy. It offers two
major advantages over traditional chemotherapy: (1) it avoids damage to the normal tissue,
and (2) it can limit drug resistance, which is a real concern for the current palette of platinum
anticancer drugs. In the present investigation, several Pt(1V)-peptide conjugates were designed
and synthesized for the purpose of targeted drug delivery to tumor endothelial cells and tumor
cells expressing oy B3/ayBs integrins. The tri- and pentapeptides, containing either an RGD or
an NGR motif, attached by an amide linkage to the platinum(IV) center through a succinato
group, serve as tumor-targeting units. The concentration-response curves of these complexes
were examined against different endothelial and human cancer cells in vitro. RGD-tethered Pt
(IV) complexes are potent inhibitors of cellular proliferation when compared to both non-
targeted platinum(1VV) compounds and to the unconjugated targeting RGD tri- and pentapeptide
moieties. NGR conjugates were less inhibitory than RGD counterparts but were still more
active than nonspecific Pt(1V)-peptide analogues, suggesting greater affinity of RGD units to
the transmembrane receptors over NGR containing peptides. These results introduce the
possibility of selective transport of platinum anticancer agents into tumor endothelial cells.
Studies of the newly developed Pt(1VV) RGD complexes in vivo are currently in progress.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Concentration-response curves of the platinum complexes on BCE cells. (A)
Monofunctionalized platinum(IV) complexes along with cisplatin, and 1. (B) Difunctionalized
platinum(1V) complexes along with cisplatin, and 1. (C) Pt-RGD complexes and the RGD-
containing tri- and pentapeptides. The cells were treated for 72 h with each complex and
counted by using a Coulter Counter.
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A. Monoconjugated Platinum-Peptide Compounds
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Figure 2.

Concentration-response curves of platinum complexes on HMVEC cells. (A)
Monofunctionalized platinum(1V) complexes along with cisplatin and 1. (B) Difunctionalized
platinum(1V) complexes along with cisplatin, and 1. The cells were treated for 72 h with each
complex and counted using Coulter counter.
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Figure 3. Competition of 2a with RGD peptides in BCE cells

bFGF-stimulated BCE cells treated with 2a (2 uM) either alone (red) or in the presence of a
large excess of RGD-containing peptides: (CRGDC)c (purple), (RGDfK)c (light green), RGD
(light blue). Controls: BCE proliferation with and without bFGF (black), and with bFGF and
free RGD-peptides ((CRGDC)c in gray, (RGDfK)c in dark green, and RGD in dark blue).
Asterisks indicate statistical significance, as measured with One-way Analysis of Variance
(ANOVA), using the Tukey-Kramer multiple comparison test (P<0.05 (*), P<0.01 (**);
P<0.001 (***). Samples run in triplicate; experiments performed in duplicate.
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Figure 4. Integrin beta-3 partially mediates Pt(I1V)-RGD inhibition of proliferation in HMVEC-d

cells

Concentration-response curves in HMVEC-d cells after RNAi knockdown of integrins B,
B3, or ay displayed as total cell number (A, B) or percent cell number (C, D) 72 hours after
treatment. Poor cell growth was observed in HMVEC-d cells lacking integrin B3, but not oy, or
B1 (A, B). Despite differences in cell growth between control, B; and p3 knockdown cells,
identical concentration response curves were obtained with cisplatin (C). In contrast, a shift in
IC-50 was obtained with 2a (D), particularly with B3 knockdown. (E) Western Blot of lysates
from transfected HMVEC 120h post-transfection. In lanes: control, ay, 1, and B3 RNAI
transfected HMVEC; in rows: lysates probed with mAb against integrins B4, B3, oy, and actin.
(F) Gel quantitation and normalization to actin, demonstrating nearly complete knockdown of
B1and B3, increased B1 levels in ay-transfected cells, and increased B3 levels in B1-transfected
cells. Integrin ay, was significantly decreased (>45%) in both av- and p3-transfected cells.
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Chart 1

Designations, Abbreviations and Charges on Complexes

Page 20

No. Complex Charge at pH 7.0
Cisplatin 0
1 [Pt-(NH,),Cl,(succinate),] -2
2a Pt-RGD-mono -1
2b Pt-RGD-bis 0
3a Pt-NGR-mono 0
3b Pt-NGR-bis +2
4a Pt-AGR-mono 0
4b Pt-AGR-bis +2
5a Pt-Gly mono -1
5b Pt-Gly —bis 0
6 Pt-(CRGDC)c-mono -1
Ta Pt-(RGDfK)c-mono -1
7b Pt-(RGDfK)c-bis 0
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Table 1
Expression Level of ayf3 and a,ps Integrins in Different Cell Lines

Cell Line % Labeling
avBS avﬁ5 APN
BCE 77£12 44+23 25+5
HMVEC 4543 9845 96+1
HUVEC 9045 965 n.d.
us7 8247 94+7 n.d.
ASPC1 12+6 4615 n.d.
MES-SA 1+1 59426 n.d.
Hela 1+0.02 83+13 n.d.
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Table 2
ICsg (M) Values of Platinum Complexes for BCE and HMVEC Cells

Complex BCE ICy, P-value HMVEC ICq, P-value
Cisplatin 1.1+0.11 Fkkk 1.2+0.22 Fkkk
1 21+3.0 ke 33+3.7 ookl
2a 3.1+0.33 kil 5.5£0.74 ki
2b 2.1+0.31 Fkkk 4.5+14 *x
3a 5.1+0.61 falaiold 5.9+£0.66 ookl
3b 7.1+0.86 kil 5.1+0.45 ki
4a 18+2.2 Fkkk n.d.

4b 28+3.9 ke n.d.

5a 19+2.6 kel 55+11 Hxx
5b 30£3.4 Fkkk 55+6.0 Fkkk
6 nd 2.7+0.60 *x
Ta 2.8+0.43 kel 3.4+0.67 Hxx
b 3.4+0.55 Fkkk 3.3£0.85 *x
2a/cisplatin 2.8 4.5

Talcisplatin 25 2.8

Sa/cisplatin 17 45

P-value = P<0.01 (**), P<0.001(***), and P<0.0001 (****),

n.d. = not determined.
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Table 3
1C:, on HMVEC-d| Cisplatin (uM) P-valug] 2a (uM) P-valug]
Control RNAI 2.2+04 ** 5.1+0.8 **
Alpha-v RNAI 2.2+0.6 7.5£0.7 falaloiel
Beta-1 RNAI 2.2+0.8 8.0+0.7 kol
Beta-3 RNAI 2.2+0.7 13+43 *

P-value = P<0.05 (*), P<0.01 (**), P<0.001(***), and P<0.0001 (****).

n.d. = not determined.
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Scheme 1
Synthesis and Labeling of Complexes
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. 0. = not observed

g-amino group of the lysine side chain was activated by using a base, DIPEA, before reacting it with 1.
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