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Abstract

Besides various side effects caused by platinum anticancer drugs, they are not efficiently absorbed
by the tumor cells. Two Pt-peptide conjugates; cyclic mPeg-CNGRC-Pt (7) and cyclic mPeg-
CNGRC-Pten (8) bearing the Asn-Gly-Arg (NGR) targeting sequence, a malonoy! linker and low
molecular weight miniPEG groups have been synthesized. The platinum ligand was attached to
the peptide via the carboxylic end of the malonate group at the end of the peptide. The pegylated
peptide is non toxic and highly soluble in water. Platinum conjugates synthesized using the
pegylated peptides are also water soluble with reduced or eliminated peptide immunogenicity. The
choice of carboplatin as our untargeted platinum complex was due to the fact that malonate linker
chelates platinum in a manner similar to carboplatin. Cell toxicity assay and competition assay on
the PC-3 cells (CD13 positive receptors) revealed selective delivery and destruction of PC-3 cells
using targeted Pt-peptide conjugates 7 and 8 significantly more than untargeted carboplatin.
Platinum uptake on PC-3 cells was 12-fold more for conjugate 7 and 3-fold more for conjugate 8
compared to the untargeted carboplatin indicating selectively activation of the CD13 receptors and
delivery of the conjugates to CD13 positive cells. Further analysis on effects of conjugates 7 and 8
on PC-3 cells using caspase-3/7, fluorescence microscopy and DNA fragmentation confirmed that
the cells were dying by apoptosis.

Introduction

Platinum compounds are widely used in cancer chemotherapy (1,2). Cisplatin is an FDA-
approved drug that is widely used for treatment of many types of cancers including lung,
ovarian, as well as head and neck cancer (3,4). Carboplatin, an analogue of cisplatin, is
being used more often because it has decreased non-specific toxicity and is active against
cisplatin-resistant tumors (2,5-7). Both carboplatin and cisplatin have been shown to form
similar adducts with DNA by the formation of covalent bonds with the N7 of purine bases.
This results in interference with normal transcription and DNA replication mechanisms
leading to eventual cell death. While these drugs are effective, they have very serious side
effects that include nephrotoxicity, myelotoxicity, neurotoxicity, vomiting and nausea (8).
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Certain cancers can also develop resistance to drugs like cisplatin via efflux pumps as
reported by Katano et al. (9,10).

One method to make toxic drugs more effective is by incorporation of a cell-specific
targeting group. A number of peptide sequences are capable of mediating the delivery of
therapeutic or imaging drugs (11,12). Using phage display libraries, several peptide
sequences that have the ability to target tumors have been discovered (13,14). The Asn-Gly-
Arg (NGR) motif was identified as a peptide that uniquely homed specifically to solid
tumors in murine breast carcinoma models and that bound strictly to the endothelium of
angiogenic blood vessels (15). Besides the NGR motif, other peptide sequences like Arg-
Gly-Asp (RGD) and luteinizing hormone releasing hormone (LHRH) have been used to
target specific receptors found mainly in certain tumor cells (16-20). The NGR motif may be
superior to the RGD-related motif for targeting, due to the many types of cells that express
the avB3 and avps integrins that bind RGD-type sequence, which may lead to nonspecific
targeting and toxicity (14). Recently, doxorubicin (DOX) and 5-fluoro-2'-deoxyuridine (5-
FdUrd) conjugates have successfully been targeted using NGR motif (21,22). Specifically,
DOX-peptide conjugate treated animals had increased life expectancies relative to animals
treated with DOX alone (23) and a 5-FdUrd-NGR conjugate produced selective
accumulation of 5-FdUrd in tumor cells having CD 13 receptors (24). Haubner et al.
revealed that radiolabeled RGD peptide was found to concentrate rapidly in the liver, which
can lead to liver toxicity in drugs that are based on RGD targeting, hence limiting the
usefulness of these drugs(14).

New blood vessels are required for tumor growth (15,25). Thus, around solid-tumors
angiogenesis is stimulated and endothelial cells proliferate to form new blood sources to
support the growing tumor. Modulating the growth of blood vessels is one of the effective
ways to control the growth and spread of tumors. Therefore, the search for targets that can
regulate angiogenesis is important. Aminopeptidase N (APN), also referred to as CD13, is a
cell-surface antigen that binds specifically to NGR peptides (26,27). CD13/APN is
expressed selectively on the endothelial cells of angiogenic tissues and the vasculature of
various carcinomas including kidney, colon, pancreas, prostate and lung (28-31). It is not
expressed in normal vasculature, which explains the tumor-specific destination of the NGR
peptide (3,32).

By conjugating the water-soluble cyclic peptide CNGRC to the conventional drugs cisplatin
and dichloro(ethylenediamine)platinum(ll) (PtenCl,), we hypothesized that we could
increase specificity for CD13-expressing cancerous tissues, and reduced toxicity to normal
tissues. In this work, we describe the preparation of several malonoyl CNGRC peptides and
their platinum conjugates and evaluate their specific targeting on tumor cells with CD13
receptors.

EXPERIMENTAL SECTION

All starting reagents listed below were obtained from commercial sources and used without
further purification: Di-tert-butyl malonate, dry solvents, AgQNOs3, 3-
bromopropylphthalimide, dichloro(ethylenediamine)platinum(ll), cis-diammineplatinum(Il)
dichloride and glutaric anhydride were obtained from Aldrich (Milwaukee WI); Fmoc-11-
amino-3,6,9-trioxaundecanoic acid (miniPEG, mPEG3) was obtained from Peptides
International (Louisville, KY), and all amino acids were from Novabiochem (Gibbstown,
NJ).

Bioconjug Chem. Author manuscript; available in PMC 2010 December 21.
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NMR Spectroscopy

HPLC

1H NMR spectra were recorded on either 300 or 400 MHz spectrometers. Peak positions are
referenced to TMS. All NMR data were processed with XWINNMR and Mestre-C software.

HPLC was performed using a Water 600E multisolvent delivery system with a model 486
tunable detector controlled by Empower software and Water Deltaprep system, with
detection at 220 nm. Different columns were used for analysis and purification of the
peptides. Analytical and semi-preparative chromatography was performed on a Delta-Pak C4
(5 um; 100 A) reverse phase column (8 x 100 mm) at 1 mL/min (Column 1). Preparative
HPLC was performed on Waters Delta-Pak C4 (15 um; 100 A) reverse phase column (25 x
100 mm) at 15 mL/min (Column 2). Linear gradients of 0.1% TFA in H,O (Eluent A) and
0.1% TFA in MeCN (Eluent B) in all HPLC were used.

Mass Spectrometry

Compounds were analyzed using ESI on an Agilent Technologies instrument processed with
Analyst QS1.1 (Applied Biosystems) or Mass Hunter (Agilent).

Inductive Coupled Plasma-Optical Emission Spectroscopy

Synthesis

Platinum uptake was analyzed using a Varian, Vista MPX CCD simultaneous spectrometer.
PlasmaCal Pt (1000 ug/ml) from SCP Science was used for calibration by diluting it to
standard solutions of known concentration.

Peptide Synthesis

All peptides were synthesized using standard Fmoc solid phase chemistry. Fmoc-PAL-PEG-
PS (Peptide Amide Linker resin: 0.2 mmol, 0.24 mmol/g loading) was placed in a normal
resin column and washed with DMF in continuous flow mode using a Pioneer Peptide
Synthesizer. The side chain-protected amino acid derivatives used in the sequence were
Fmoc-Cys(Acm)-OH, Fmoc-Arg(Pbf)-OH, Fmoc-Gly-OH, Fmoc-Asn(Trt)-OH and Fmoc-
Cys(Acm)-OH. Fmoc-mini-peg-3™ and the derivatized malonate linker di-tert-butyl 2-(3-
glutaricaminopropyl)malonate were also used, depending on the peptide sequence. All
couplings utilized four equivalents each of amino acids, malonate and PyAOP (33) dissolved
in 0.5 M DIEA in DMF (final concentration being 0.25 M) for 1 hour at room temperature;
minimal preactivation time was used in the coupling. DMF was used for washing between
coupling and deprotection cycles. The Fmoc group was removed using 20% piperidine in
DMF for 5 min. Final washing was with DMF and dichloromethane.

Synthesis of CNGRC-Mal (1)

In an attempt to synthesize CNGRC-Mal, we synthesized cyclic CNGRC using the method
described by Anizon et al. using NovaSyn TGT alcohol resin (0.20 mmol, 0.20 mmol/g
loading) (23). Conjugation of CNGRC with di-tert-butyl 2-(3-aminopropyl)malonate was
unsuccessful (Scheme 1).

Synthesis of Mal-Glut-CNGRC (2)

Using standard Fmoc chemistry, we synthesized Mal-Glut-CNGRC using the procedure
described in the peptide synthesis section, using PAL-PEG-PS resin without the Fmoc-mini-
peg-3™ solubilizing group. Coupling the peptide with di-tert-butyl 2-(3-
glutaricaminopropyl)malonate gave crude Mal-Glut-CNGRC peptide, which was purified by
reverse phase HPLC on column 1 using a linear gradient from 5% to 70% B eluent in 60
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min, tg 11 min. The adduct gave the expected (M+H)* Peak at 807.2893, calculated for
CogHagN11012S, 807.2925 (see supporting information). Using the procedure described for
the preparation of cyclic mPeg-CNGRC-Pt, the peptide was reacted with cis-
[Pt(NH3),(H20),]2*(NO3), to give an insoluble yellow solid (Scheme 2) which was not
suitable for further characterization.

Synthesis of Di-tert-butyl 2-(3-Phthalimidopropyl)malonate (3)

Di-tert-butyl 2-(3-phthalimidopropyl)malonate was synthesized by a known method
(Scheme 3) with slight modifications (34). NaH (0.38 g, 16 mmol) was suspended in dry
THF (100 mL), and dry di-tert-butyl malonate (4.4 mL, 20 mmol) was added to the reaction
mixture (with stirring) until gas evolution ceased. A solution of 3-bromopropylphthalimide
(2.68 g, 10 mmol) was added drop-wise to the reaction mixture, followed by stirring
overnight. The THF was removed by evaporation, and the product was re-dissolved in
CH,Cl, and washed with 5% aqueous acetic acid. The organic fractions were combined,
dried over MgSOy4 and concentrated. The final product was isolated using silica column
chromatography (95% Hexane, 5% ethyl acetate). Di-tert-butyl 2-(3-
phthalimidopropyl)malonate was crystallized using a mixture of CH,Cl, and hexane to give
colorless plates (see supporting information). The yield was 80% (3.22 g). Spectroscopic
data obtained for this compound were in agreement with literature values (34).

Synthesis of Di-tert-butyl 2-(3-aminopropyl)malonate (4)

Compound 4 was prepared by known method as described by Aronov et al. (34). Di-tert-
butyl 2-(3-phthalimidopropyl)malonate was deprotected using absolute hydrazine to give di-
tert-butyl 2-(3-aminopropyl)malonate. The IH NMR spectrum of compound 4 (Scheme 3) in
CDClI3 matched the reported values.

Synthesis of Di-tert-butyl 2-(3-(4-carboxybutanamido)propyl)malonate (5)

Compound 5 was synthesized as previously described in the literature (34). Glutaric
anhydride was used for acylation in this reaction yielding the
glutaroyl(aminopropyl)malonic ester 5 (Scheme 3). The yield was 92%.1H NMR (CDCls)
(ppm): 3.27 (q, 2H), 3.14 (t, 1H), 2.41 (t, 2H), 2.28 (t, 2H), 1.98 (m, 2H), 1.81(m, 2H), 1.56
(m, 2H), 1.45(s, 18H).

Synthesis of cyclic mPeg-CNGRC-mal (6)

After synthesizing the linear mPeg-CNGRC-mal peptide, and confirming its purity, the resin
was suspended in DMF (60 mL) and the reaction mixture cooled to 0 °C in an ice bath
before the addition of 1, (10 equiv). The mixture was stirred at 0 °C for 2 h, filtered and
washed with DMF (10 x 10 mL) and CH,Cl, (10 x 10 mL). Using a cocktail of
TFA:phenol:water: TIPS (88:5:5:2) (15 mL), the peptide was cleaved from the resin,
precipitated with ether and dried under vacuum to give crude peptide 6. The crude peptide
was purified using reverse phase HPLC on column 1 with a linear gradient from 5% to 70%
B eluent in 60 min, tg 28 min. This yielded cyclic mPeg-CNGRC-mal (6) in 35% vyield. ESI-
MS (TOF) gave a signal at 1184.4764 (M + H)*, calculated for C45H77N13020S> 1184.4849
(see supporting information).

Synthesis of cyclic mPeg-CNGRC-Pt (7)

Cyclic mPeg-CNGRC-mal was dissolved in water and the pH of the solution was adjusted to
7, by titration with 1M NaOH (See supporting information). A solution of cis-
[Pt(NH3)2(H20),]2*(NO3), was made by stirring cis-PtClo(NH3), and AgNO3 vigorously
overnight in water in the dark. A precipitate was formed (AgCl) and then filtered to give cis-
[Pt(NH3),(H20),]27(NO3), (35, 36). A 2-fold excess of cis-[Pt(NH3)2(H20)2]2*(NO3), (10
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mmol) was reacted with compound 6 (30 mg, 5 mmol) to form the crude cyclic mPeg-
CNGRC-Pt conjugate (7), which was then purified by gel filtration on Sephadex-G10
column to give the final product in 15% yield. ESI-MS (TOF) gave a signal at 1412.4913
(M + H)*, calculated for C45Hg1N15020PtS, 1412.4955 (see supporting information).

Synthesis of cyclic mPeg-CNGRC-Pten (8)

Cyclic mPeg-CNGRC-mal was dissolved in water and the pH of the solution was adjusted to
7, by titration with 1M NaOH. Cis-[Pten(H,0),]2*(NO3), was synthesized by stirring
PtenCl, and AgNQg3 vigorously overnight, in water in the dark. A precipitate was formed
(AgCl) and then filtered to yield cis-[Pten(H,0),]2*(NOs), (37-39). A 2-fold excess of cis-
[Pten(H50),]2*(NO3), (10 mmol) was reacted with compound 6 (30 mg, 5 mmol) to give
crude cyclic mPeg-CNGRC-Pten conjugate, which was then purified by gel filtration on
Sephadex-G10 column to give cyclic mPeg-CNGRC-Pten (8) in 10-12% vyield. ESI-MS
(TOF) gave a signal at 719.7571 (M + H)2*, calculated for C47Hg3N15020PtS, 719.7593
(see supporting information).

Synthesis of cyclic mPeg-CNGRC (9)

Cell culture

Free peptide (9) was assembled as described in the peptide synthesis section, without the
malonate linker 5. The crude peptide was purified by reverse phase HPLC on column 1 with
a linear gradient from 5% to 70% B eluent in 60 min, tg 10 min to give cyclic mPeg-
CNGRC (9) in 38% yield. ESI-MS (TOF) gave a signal at 927.4032 (M + H)*, calculated
for C34HgoN12014S, 927.4023 (see supporting information).

The prostate cancer cell line PC-3 (CRL-1435) was obtained from the American Type
Culture Collection (Manassas, VA). Penicillin, streptomycin, RPMI 1640, and fetal bovine
serum (FBS) were obtained from Invitrogen (Grand Island, NY). The cell line was cultured
in RPMI 1640 supplemented with 10% FBS, 100 units/mL penicillin, and 100 ug/mL
streptomycin.

Fluorescence microscopy

PC-3 cells were seeded on 6-well plates (500,000 cells/well) and incubated for 24 h in RPMI
1640 media. The cells were treated with 200 pM of carboplatin, a mixture of carboplatin and
free peptide 9, or Pt-peptide conjugates 7 or 8 for 48 h. After incubation, the cells were
washed once with RPMI and stained with JC-1 dye for 30 min. The stained cells were
analyzed using a Leica DM RXA fluorescent microscope with Xenon lamp illumination,
using a 40 x dip objective with an N.A. of 0.80. The filter cube for the green channel had the
following characteristics: a 480/40 excitation filter, a 527/30 emission filter and a 505 nm
dichroic mirror. The filter cube used for the red channel had the following characteristics: a
537/45 excitation filter, an LP 590 emission filter, and a 580 nm dichroic mirror.

Cytotoxicity assay

The cytotoxicity of the free carboplatin, free peptide cyclic mPeg-CNGRC-mal (6), the
mixture of carboplatin and mPeg-CNGRC (9) as well as the two platinum conjugates (cyclic
mPeg-CNGRC-Pt (7) and cyclic mPeg-CNGRC-Pten (8)) was assayed using the MTT (3-(4,
5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide) assay as described (40). Briefly,
2000 cells/well were incubated in 96-well plates in triplicate, using different concentrations
of platinum complexes in a cell growth medium. Three wells were used as controls,
receiving an equivalent volume of RPMI medium alone. The cells were treated with
different concentrations (0 uM, 50 uM, 150 pM, 200 pM and 300 uM) of carboplatin, free
peptide 6, the mixture of carboplatin and mPeg-CNGRC (9) and the Pt-peptide conjugates 7

Bioconjug Chem. Author manuscript; available in PMC 2010 December 21.
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and 8 for 48 h. After 48 h, a solution of MTT (5 mg/ml in PBS) was added to each well, and
the cells were incubated for 2 h at 37 °C. The cells were then lysed using a lysis buffer (20%
SDS and 50% DMSO). The lysed cells were incubated for 3 h at 37 °C, before the
absorbance of the cell suspension was measured at 590 nm using an MRX Revelation 96-
well multiscanner (Dynex Technologies, Chantilly, VA).

Drug competition assay

Using various concentrations of mPeg-CNGRC (9), a cell competition assay for carboplatin
and conjugates 8 was carried out using the MTT assay. 2,000 cells/well were incubated in
96-well plates one day prior to the treatment to allow the cells to adhere to the plate in
triplicate. On the next day the cells were treated using various concentrations of the free
peptide mPeg-CNGRC (9) (1 mM, 2 mM, 4 mM, 8 mM and 10 mM) followed by the
addition of 200 uM of carboplatin and conjugate 8 for 48 h. The plate was analyzed as
described in the cell cytotoxicity assay.

Drug uptake measurements

One million PC-3 cells were plated in a 6-well plate a day before for adherence. On the next
day, the cells were treated with fresh medium containing 200 uM carboplatin, and Pt-peptide
conjugates 7 and 8 for 24 h. After incubation, the cells were washed with PBS once and
collected in a tube for further analysis. The collected samples were dissolved in 0.25 ml
nitric acid (trace metal grade) and heated for 2 h at 60 °C for digestion. Upon cooling,
approximately 5 mL of deionized water was added to dilute the samples to the minimum
volume required for the ICP spectrometer.

The apo-ONE homogenous caspase-3/7 assay

The homogenous caspase-3/7 assay kit (Promega, Madison, WI), which provides a
profluorescent substrate with an optimized bifunctional cell lysis/activity buffer for
caspase-3/7 activity assays, was used. PC-3 cells were treated with free peptide 9, or a
mixture of free peptide 9 and carboplatin, conjugate 7 or conjugate 8 at 100 uM
concentration. After 24 h of incubation, apo-ONE homogenous caspase-3/7 assay was
performed according to the manufacturer’s protocol. The buffer and substrate were mixed
and added to the samples. Upon sequential cleavage and removal of the DEVD (Asp-Glu-
Val-Asp) peptides by caspase-3/7 activity and excitation at 499 nm, the rhodamine 110
leaving group became intensely fluorescent with emission maximum at 512 nm (41). The
excitation/emission was recorded on FlexStation from Molecular Devices (Sunnyvale, CA)
with softMax Pro version 4.8 software. This experiment was performed in duplicate and the
statistical analysis was done.

DNA fragmentation assay

The evaluation of nuclear morphological event such as internucleosomal DNA
fragmentation was performed by standard agarose gel electrophoresis as described
previously (42). Briefly, treated cells (one million cells) were washed in ice-cold PBS,
resuspended in 0.2 ml PBS in 1.5 ml Eppendorf tubes. Next 0.2 ml of lysis buffer (20 mM
Tris-HCI, pH 7.4, 1% triton x-100.10 mM EDTA, 0.1 mg/ml proteinase K) was added and
the mixture was incubated at 55 °C for 2 h. Proteinase K was then heat inactivated at 70 °C
for 10 min and the sample was cooled to room temperature. RNAse was added (10 ul of 20
mM Tris—HCI pH 7.4 containing 0.5 mg/ml RNase) to the sample which was further
incubated for 2 h at 37 °C. Extraction of DNA was achieved with 1:1 mixture of phenol:
chloroform and precipitated with two volumes of cold ethanol and one-tenth volume of
sodium acetate. The sample was centrifuged and the pellet was resuspended in 50 ul of
deinonized water. Samples were loaded on a 1.5% agarose gel and electrophoresed at 60 V
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for 2 h in TBE. The gel was stained with EtBr and visualized by UV trans-illumination using
a Bio-Rad Versa Doc Imaging system (Model 3000).

Results and discussion

In order to evaluate the optimal construct for delivering a platinum-peptide conjugate,
several CNGRC-chelator constructs were evaluated. Figure 1 shows the two designs that we
tested for the formation of Pt-peptide complexes, with design B being the more successful of
the two. Design A was based on attaching the chelator to the C-terminus of the peptide acid
as had been done for DOX-NGR conjugate. (23) Design B has the linker attached to the N-
terminus, which has potential advantages for incorporation by solid-phase synthesis.

Following Design A, our initial attempt was to couple the cyclic CNGRC peptide with di-
tert-butyl 2-(3-aminopropyl)malonate using solution phase chemistry by conjugating the free
carboxylic end of the cysteine with the free amine end of di-tert-butyl 2-(3-
aminopropyl)malonate (Scheme 1). The cyclic CNGRC peptide was prepared as described
by Anizon et al. (23), where the trityl alcohol resin was converted to the trityl chloride
derivative with acetyl chloride. This was followed by loading of the Fmoc-Cys(Acm)-OH
onto resin resulting in a 0.14 mmol/g (70%) loading yield. The resin was treated with Fmoc-
Arg(Pbf)-OH, Fmoc-Gly-OH, Fmoc-Asn(Trt)-OH, and Fmoc-Cys(Acm)-OH to give crude
CNGRC. The HPLC chromatogram and the mass spectrum revealed the expected (M + H)*
peak at 550.76, which was in agreement with the reported values. Di-tert-butyl 2-(3-
aminopropyl)malonate was prepared as described in the experimental section using a slight
modification of the Aronov method (34). The malonate was alkylated using a strong base to
give product in 80% yield. A similar synthesis was achieved by the Aronov group using
KOt-Bu as a base; however, using a stronger base (NaH) in the reaction improved the yields
from 60% to 80% yield. A 2-fold excess of di-tert-butyl malonate was used to ensure
monoalkylation and the ease of separation between the malonate and di-tert-butyl 2-(3-
phthalimidopropyl)malonate. The excess of the di-tert-butyl malonate that was used was
easily removed by column chromatography (34). Attempts to couple the cyclic peptide
CNGRC and di-tert-butyl 2-(3-aminopropyl)malonate (Scheme 3) using various coupling
reagents were unsuccessful (Scheme 1). We do not understand why the reaction failed as
similar reactions between CNGRC and DOX with similar functional groups have been
successful (23). Analysis of the crude product revealed high amounts of the starting
materials, including CNGRC, di-tert-butyl 2-(3-aminopropyl)malonate, and coupling
reagents.

In order to overcome the above problem we explored Design B. This enabled us to
conjugate the linker on the N-terminus of peptide resin, thereby avoiding solution phase
chemistry in the conjugation of the linker-chelator group to the peptide CNGRC, as shown
in Scheme 2. To achieve this synthesis, malonate linker with a carboxylic acid end (5) was
synthesized using glutaric anhydride and di-tert-butyl 2-(3-aminopropyl)malonate (4), as
shown in Scheme 3. Starting from an amide-based resin and using Fmoc chemistry, the
peptide was assembled and then conjugated to di-tert-butyl 2-(3-
glutaricaminopropyl)malonate and cyclized on the solid support to yield Mal-Glut-CNGRC.
After purification, HPLC and mass spectral analysis confirmed the purity and identity of the
cyclic Mal-Glut-CNGRC. Platination of the purified Mal-Glut-CNGRC using cis-
[Pt(NH3),(H20),]2*(NO3), gave an insoluble yellow compound in most solvents, including
water, DMSO, DMF, MeOH, acetone, MeCN, CH3Cl, and CH,Cl,. The compound could
not be characterized by mass spectra to confirm the formation of platinum complex.

Our third and final approach was to increase the solubility of the CNGRC sequence by
adding short oligomeric PEG-based residues to both the N- and C-termini of the peptide.

Bioconjug Chem. Author manuscript; available in PMC 2010 December 21.
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Additionally, the PEG linker would provide additional spacing of the Pt-ligand from the
targeting peptide. Various studies have shown that pegylation does not affect targeting and
may have other positive effects such as an increase in stability that reduces the chance of the
drug efflux (34), and it reduces or eliminates immunogenicity (43-45). We chose the mPEG3
derivative as the spacer as it is conveniently available as an Fmoc-protected amino acid
derivative. The peptide was prepared as before adding on these residues at each terminus.
The glutaric anhydride and linker-malonate were added at the N-terminus and the linear
peptide was cyclized on solid support and cleaved to give target compound 6 (Scheme 4)
which was purified by HPLC and its identity was confirmed by mass spectroscopy (see
supporting information).

Peptide-Platinum complexes

Platination with a 2-fold excess of activated cis-[Pt(NH3)2(H20)2]2+(NO3), and cis-
[Pten(H,0),]%*(NO3), using a standard procedure gave Pt-Peptide conjugates 7 and 8 as
shown in Scheme 4. The platinum complexes could not be purified by HPLC using either an
acidic or a neutral buffer system because the platinum complexes dissociated. The products
were therefore purified by gel filtration to remove the excess platinum. Fractions containing
the Pt-peptide complex in water were identified by ESI-MS and then combined and
lyophilized to give pure platinum complexes for cyclic mPeg-CNGRC-Pt (7) and cyclic
mPeg-CNGRC-Pten (8) in a 10-15% yield. Mass spectra revealed the expected (M + H)*
peak at 1412.4913 for conjugate 7 and the (M + 2H)2* peak at 719.7571 for conjugate 8.
During the study, we noticed that platinum conjugate 7 was not very stable in PBS at —20 °C
and formed precipitates after a day of storage. Any experiment with conjugate 7 had to use
freshly dissolved conjugate. The ethylene diamine Pt conjugate 8 was stable at —20 °C, and
the stock solutions could be used in later experiments. Both Pt conjugates were stable as
lyophilized powders at —20 °C and fresh samples were made by reconstituting the dry
samples to the desired concentration. The integrity of redissolved Pt-peptide conjugates was
confirmed by ESI mass spectrometry before use.

In vitro studies on Pt-conjugates: their toxicity and uptake

It has been shown that the NGR motif binds specifically to the CD13 receptors that are
expressed on some tumor cells. We examined the effect of the free peptide as a control
experiment to determine the effect of the peptide. As shown in Figure 2, the free peptide (6)
was not toxic to the PC-3 cells and caused a slight increase in the MTT assay, suggesting
that the PC-3 receptors were activated by the NGR ligand. Two CNGRC platinum
conjugates were prepared to test our hypothesis. As expected, the targeted Pt-peptide
conjugates 7 and 8 were more toxic to the PC-3 cells at all concentrations tested compared
to the untargeted carboplatin (even at concentrations as low as 50 uM). Pt-conjugate 8
shows the highest effect on the suppression of cell proliferation, followed by Pt-conjugate 7
and carboplatin. Carboplatin was the least toxic to PC-3 cells of this series of platinum
compounds, indicating that the platinum complexes bearing the CNGRC sequence are more
effective at suppressing tumor cell proliferation. The % growth inhibition on PC-3 cells
caused by the mixture of mPeg-CNGRC (9); (peptide not bearing a Pt-chelating group) and
carboplatin was similar to that caused by carboplatin alone, suggesting that there was no
effect of the peptide on the toxicity of carboplatin. At 150 uM, less than 50% of the PC-3
cells were viable when exposed to the targeted Pt-peptide conjugates, compared to greater
than 60% for the untargeted carboplatin drug. A concentration of 200 uM showed the most
substantial effect on cell proliferation (Figure 2). These results suggest that higher uptake of
Pt leads to greater suppression of the proliferation of PC-3 cells. Our results are in
agreement with the other groups, who have shown that CNGRC motif contributes to the
increased intracellular concentration of drugs that are attached to this motif, due to targeting
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to CD13 positive cells. A 5-FdUrd conjugate bearing the homing peptide CNGRC was
found to penetrate into the CD13 positive cells (HT-1080) but not in CD13 negative cells
(MDA-MB-231). This enhanced the selective accumulation of 5-FdUrd, resulting in a more
effective immunotherapy (24). ICsq values for conjugate 7 and conjugate 8 are 149 uM and
115 pM respectively.

Competition assay

Figure 3 demonstrates that the free peptide 9 had no cytotoxic effect on the PC-3 cells and
can effectively compete off the NGR-Pt conjugate toxicity by simultaneous incubation of
the free peptide 9 and conjugate 8. A slight increase in the % viability with peptide 9
suggests the activation and nourishment of the PC-3 cells. The use of free peptide 9 instead
of free peptide 6 was to ensure that carboplatin was not chelated by the free peptide 6 which
has free malonate group that is capable of reacting with the hydrolyzed carboplatin to give
ambiguous results. Carboplatin and conjugate 8 were incubated with various concentration
of free peptide 9. Incubation of carboplatin with various concentration of free peptide 9 had
the same effect on the % viability irrespective of the amount of free peptide 9 used.
Incubation of conjugate 8 with various concentrations of free peptide 9 showed that the free
peptide was competing with conjugate 8 in targeting the CD13 receptors. With an initial 5-
fold excess of free peptide 9, conjugate 8 was more cytotoxic than free carboplatin, but with
a 10-fold excess, the free peptide 9 was able to compete away the effect of conjugate 8 in
comparison to carboplatin. A further 50-fold increase in the free peptide concentration
resulted in the elimination of the cytotoxic effect from conjugate 8. The results also
demonstrate that the CNGRC motif contributes to the accumulation of platinum in the tumor
cells, causing a significant difference in the suppression of the proliferation of PC-3 tumor
cells.

High uptake seems related to the toxicity of Pt-peptide conjugates 7 and 8, supporting the
hypothesis that high uptake of platinum drugs results in high cytotoxicity. When other
targeting ligands have been used, platinum uptake in some cell lines show comparable
values and trends closely related to our results, where targeted drugs had a higher uptake
than untargeted platinum drugs (46-49). To our surprise, even though the uptake of Pt-
peptide conjugate 8 was lower than that of Pt-peptide conjugate 7, conjugate 8 was more
toxic than conjugate 7. This suggests that either the activation mechanism or the delivery
pathway of conjugates 7 and 8 might be different. Clinical trials of ethylenediamine
platinum complexes were suspended, as previous animal studies have shown high
nephrotoxicity relative to cisplatin (50,51). Our findings suggest that targeting of the Pten
conjugate 8 may be a mechanism to reduce the non-specific toxicity of this extremely potent
compound. This shows that care should be taken when interpreting whether high platinum
uptake has a direct relationship with cell death, and that more studies need to be done on this
area. Our major concern during this experiment was to ensure that the cisplatin/carboplatin
moiety detaches from the carrier at the right place at the right time. With this in mind, we
chose carboplatin as our control drug in the experiment because we expected that our
targeted compound would release the drug in a manner similar to carboplatin

To confirm the cell toxicity results obtained above, the uptake of platinum by PC-3 cells was
determined by exposing the cells to 200 uM carboplatin, Pt-peptide conjugate 7 and Pt-
peptide conjugate 8 for 24 h. The greatest Pt uptake occurred with Pt-peptide conjugate 7
followed by conjugate 8, and the lowest uptake occurred with carboplatin, in PC-3 cells. The
uptake of untargeted carboplatin was determined to evaluate the difference with the targeted
complexes. From the data in Figure 4, platinum uptake by the PC-3 cells was 12-fold greater
when using conjugate 7 and 3-fold greater when using conjugate 8 compared to untargeted
carboplatin. These results clearly suggest that the PC-3 cells more readily take up Pt when it
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is conjugated with the CNGRC-containing ligands, most likely mediated by the CD13
receptors. However, there is not a direct correlation between the amount of Pt that is taken in
and how toxic the compounds are. For example, Pten complex 8 has a lower 1Csq, but shows
less uptake of platinum. Thus, the form of the Pt-complex may make a difference in the
ultimate effectiveness of the drug. This may explain why the Pten complex 8 still is more
toxic to the PC-3 cells than the more readily taken up Pt-amine complex 7.

Mechanism of Action of Pt-complex toxicity

The putative mechanism of action of Pt drugs is crosslinking of nuclear DNA through
reaction with the N7 of purines, there are several competing hypotheses that suggest that Pt
compounds may react with effector molecules in the mitochondria that lead to apoptosis
(52). We have investigated the mechanism of action of the Pt-peptide conjugates relative to
carboplatin. Since it was established that both the diamino-Pt conjugate 7 and the
ethylenediamino-Pt complex 8 have cellular toxicity mediated by binding to the CD13
receptor and that Pt was getting into the cells, we wanted to further establish the mechanism
of action of these complexes. It is known that Pt drugs act by a variety mechanisms on cells
including interaction with the mitochondria resulting in apoptosis (52,53). To determine
whether Pt-peptide conjugates 7 and 8 can induce apoptosis, we used a series of experiments
to further elucidate their mechanism of toxicity relative to carboplatin. We investigated
various steps of the apoptotic pathway that are in response to Pt-compounds. Decrease in
mitochondrial membrane potential during apoptosis, leads to the loss of outer mitochondrial
membrane integrity and release of cytochrome ¢ from the mitochondria. The released
cytochrome c binds APAF1, forming an “apoptosome” that activates the apoptotic protease
caspase 9, which, in turn activates downstream caspases, such as caspase 3, 6, and 7 (54),
leading to the final stages of apoptosis, which is typified by DNA fragmentation.

Using the JC-1 dye that is sensitive to mitochondrial membrane potential, we qualitatively
examined the action of Pt-peptide conjugates on PC-3 cells (Figure 5) by fluorescence
microscopy. Image A shows untreated, healthy cells grown in media which have aggregated
JC-1 dye concentrated in their mitochondrial membranes that give a predominantly red
fluorescence. Apoptotic cells have a low membrane potential resulting in a green
fluorescence which is evident in image B. 50% DMSO was used to induce 100% cell
cytotoxicity. The results shown in Figure C confirmed that targeted Pt-peptides conjugate 8
(see supporting information for data on compound 7) cause a decrease in the membrane
potential, suggesting death by apoptosis in the PC-3 cell line. Images D and E show PC-3
cells treated with mixture of carboplatin/free peptide 9 (1:50) and carboplatin alone,
respectively. The images show more cells with normal membrane potentials when compared
to PC-3 cells treated with targeted conjugate 7 (55).

DNA fragmentation assay

The microscopy results suggest that the Pt-peptide conjugates may be acting by an apoptotic
mechanism. To confirm that conjugates 7 and 8 induce internucleosomal DNA
fragmentation, we incubated PC-3 cells with 100 uM each of conjugate 7 and conjugate 8
for 48 h along with appropriate controls. Result from Figure 6 clearly indicates that
conjugate 7 and conjugate 8 displayed increased DNA fragmentation relative to carboplatin
alone.

An intermediate step in apoptosis is the activation of caspase 9 and eventually activation of
caspase 3. Figure 7 shows the results of the apo-ONE caspase assay of cells treated with Pt-
peptide conjugates and carboplatin relative to controls. Treatment of the cells with
carboplatin alone induces the caspase-3/7 activity significantly relative to treatment with
medium alone or a non-Pt-containing peptide 9. This result is consistent with literature
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reports that anticancer Pt drugs act at least in part through an apoptotic pathway (56).
Incubation of PC-3 cells with 100 uM of conjugate 7 and conjugate 8 results in significantly
higher activation of caspase-3/7 relative to carboplatin treatment, which suggests stronger
induction of apoptosis in PC-3 cells with the Pt-peptide conjugates. This is consistent with
the DNA fragmentation assay as well as the microscopy results with JC-1 that supports
targeted conjugates being much more efficient at entering and activating apoptosis than the
non targeted carboplatin alone.

Beside interaction of Pt(11) compound with DNA, other effectors in the cell including
mitochondrial RNA, sulfur-containing enzymes such as metallothionein and glutathione also
bind to platinum (1,2). Although, much attention has been focused on the various Pt-DNA
adducts formation, (57-59) their role in cytotoxicity and anti-tumor activity is still unclear
(60-62). There are many studies that have described the depolarization of the mitochondrial
membrane as an important characteristic of the mitochondrial or intrinsic pathway leading to
apoptosis (63,64). However, data with drop in mitochondrial membrane potential is argued
for and against apoptosis and therefore remains controversial (65). From the fluorescence
microscopy, caspase-3/7 and DNA fragmentation data, it is clear that the intrinsic pathway is
engaged through mitochondria leading to cell death but we cannot exclude extrinsic
pathway. However, more studies need to be done to delineate, the exact pathway leading to
apoptosis. Below is the suggested pathway that is leading to the apoptotic death of the PC-3
cells incubated with conjugate 7 and conjugate 8.

Conclusion

Our work focused on synthesizing novel targeted Pt-peptide conjugates using the NGR
motif and a malonoyl linker. The advantage of the targeted platinum analogues that we
synthesized and studied in this work is that they increase the selectivity and specificity for
the cancer cells and are less toxic to normal tissues. This study reveals two new low
molecular weight Pt-peptide conjugates that effectively deliver the cisplatin and PtenCl, to
the tumor cells, thereby increasing the toxicity towards PC-3 tumor cells. Pegylation of the
peptide CNGRC allowed us to study the carrier at physiological conditions; however, the
solubility problem did not allow us to compare the difference in cytotoxicity of the non
pegylated. The presence of the bidentate dicarboxylate ligand in carboplatin has been shown
to slow the degradation of carboplatin into potentially damaging derivatives, thereby
reducing nonspecific toxicity and increasing the potency relative to cisplatin (66,67). With
the aid of the miniPEG and the bidentate ligand, we show that Pt-peptide conjugates 7 and 8
which are analogues of carboplatin were able to target tumor cells that had CD13 receptors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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PyAOP (7-Azabenzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate
DMF N,N-dimethylformamide
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TFA trifluoroacetic acid
DIEA N,N-diisopropylethylamine
TIPS triisopropylsilane
DMSO dimethyl sulfoxide
Fmoc fluorenylmethoxy carbonyl
PBS phosphate-buffered saline
FBS fetal bovine serum
ESI-MS electrospray ionization mass spectrometry
TOF time of flight
KOt-Bu potassium tert-butoxide
PAL 5-(4-aminomethyl-3,5-dimethoxyphenoxy)valeric acid (Peptide Amide Linker)
PEG-PS poly(ethylene glycol)-polystyrene
Pten ethylenediamine platinum(ll)
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Figure 1.
CNGRC model conjugate with platinum pro-drug
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Figure 2. Cytotoxic effects of Pt complexes on PC-3 cells

Cyclic mPeg-CNGRC-mal (6), carboplatin, mixture of carboplatin and free peptide 9
(carboplatin + compound 9), Pt-peptide conjugates; cyclic mPeg-CNGRC-Pt (7) and cyclic
mPeg-CNGRC-Pten (8) on the proliferation of prostate cancer PC-3 (CD13 positive) cells.
PC-3 cells were exposed to the compounds listed above and incubated for 48 h at different
concentration. All points are a representative of mean +— SD of triplicate readings of the
three independent experiment. *P = 0.0190 (carboplatin and conjugate 7); P = 0.0126
(carboplatin and conjugate 8); *P = 0.0407 (conjugate 7 and conjugate 8). The difference is
statistically significant as P < 0.05 at 150 uM concentrations. Statistical difference was
determined by student’s t test; one tailed by using Graph Pad Prism software version 5.0.
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Figure 3. Role of the NRG peptide in cytoxicity

The effect of various concentrations of the free peptide 9 on 200 uM of carboplatin and
conjugate 8. Two thousand PC-3 cells were incubated with various concentrations of the
free peptide mPeg-CNGRC (9) and 200 uM of carboplatin and conjugate 8 for 48 h. All
points are a representative of mean +— SD of triplicate readings of the three independent
experiment.
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Figure 4. Platinum uptake of PC-3 (CD13 positive) cancer cells

One million cells were incubated with 200 uM carboplatin or Pt-peptide conjugate 7 or 8 for
24 h. Pt levels in the washed cells were measured by atomic absorption spectroscopy as
described in the Experimental section. All points are a representative of mean +— SD of
triplicate readings of the three independent experiment.
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Figure 5. JC-1 Dye staining of cells treated with Pt-compounds

Fluorescence microscopy of cells that have been treated with various compounds, incubated
for 48 h at 37 °C and then imaged by JC-1 staining after a further 30 min of incubation.
Image A shows PC-3 cells, treated with RPMI media only. Image B shows PC-3 cells,
treated with 50% DMSO. Image C shows PC-3 cells, treated with 200 uM of Pt-peptide
conjugate 8 in RPMI media. Images D and E shows PC-3 cells incubated with a mixture of
carboplatin/free peptide 9 (1:50) and carboplatin only (200 uM), respectively. Scale bar: 10
um.
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Figure 6. DNA fragmentation assay

PC-3 cells were treated with 5 ul of 1Kb DNA marker (lane 1), medium only (Lane 2), and
100 pM each of compound 9 alone (lane 3), carboplatin alone (lane 4), compound 9 +
carboplatin (lane 5), conjugate 7 (lane 6) and conjugate 8 (lane 7) for 48 h. DNA was
extracted and internucleosomal cleavage visualized on a 1.5% agarose gel. Image is
representative of three independent experiment.

Bioconjug Chem. Author manuscript; available in PMC 2010 December 21.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ndinguri et al.

3000

2500

2000

1500

RFLU

1000

Page 22

™ P=0.0027
**p=0.0031

"P=0.0013

N & N
& Q@ 0&“;'
&

L3
(\bQ
W
o«
34

Figure 7. Caspase activation as a result of Pt-drug treatment

The apo-ONE homogenous caspase-3/7 assay where PC-3 cells (10,000 cells/well) in
triplicate were treated with medium only and 100 uM concentration of the compound 9,
carboplatin alone, mixture of compound 9 and carboplatin, conjugate 7 and conjugate 8 for
24 h. After 24 h, the caspase activity was measured in the wells by adding 100 pl of the apo-
ONE caspase-3/7 assay reagent. The cells were incubated for an additional hour at ambient
temperature prior to recording fluorescence (485 Ex/527Em). The P values are statistically
significant and calculated by student’s t-test; one tailed.
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Page 23

Predicted pathways of apoptosis by conjugate 7 or 8. The cell-extrinsic apoptosis is engaged
through death receptors (DR4 and DR5) and cell-intrinsic apoptosis is triggered through

mitochondrial.
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O-tBu
OtBu

Coupling of CNGRC with di-tert-butyl 2-(3-aminopropyl)malonate.

Bioconjug Chem. Author manuscript; available in PMC 2010 December 21.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Ndinguri et al. Page 25
HN NH,

Y
NH
NH,
gy 8
O H
(0]
" N¢”J{f
NH

O;\:AS_S/\\:/

H : :
NMNH 07 NH,
o 0
o o 2, Mal-Glut-CNGRC

OH OH

Cis-[P{(NH3)2(H,0)2]**(NO3),
H,O

INSOLUBLE YELLOW COMPOUND

Scheme 2.
Platination reaction using Mal-Glut-CNGRC
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Scheme 3.
Synthesis of di-tert-butyl 2-(3-glutaricaminopropyl)malonate
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Scheme 4.

Formation of cyclic mPeg-CNGRC-Pt (7) and cyclic mPeg-CNGRC-Pten (8).
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