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Proline Prodrug of Melphalan Targeted to Prolidase, a Prodrug Activating
Enzyme Overexpressed in Melanoma
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Purpose. To determine the bioactivation and uptake of prolidase-targeted proline prodrugs of melphalan

in six cancer cell lines with variable prolidase expression and to evaluate prolidase-dependence of

prodrug cytotoxicity in the cell lines compared to that of the parent drug, melphalan.

Materials and Methods. Hydrolysis, cell uptake, and cell proliferation studies of melphalan and the L-

and D-proline prodrugs of melphalan, prophalan-L and prophalan-D, respectively, were conducted in the

cancer cell lines using established procedures.

Results. The bioactivation of prophalan-L in the cancer cell lines exhibited high correlation with their

prolidase expression levels (r2 = 0.86). There were no significant differences in uptake of melphalan and

its prodrugs. The cytotoxicity of prophalan-L (GI50) in cancer cells also showed high correlation with

prolidase expression (r2 = 0.88), while prophalan-D was ineffective at comparable concentrations. A

prolidase targeting index (ratio of melphalan to prophalan-L cytotoxicity normalized to their uptake)

was computed and showed high correlation with prolidase expression (r2 = 0.82).

Conclusions. The data corroborates the specificity of prophalan-L activation by prolidase as well as

prolidase-targeted cytotoxicity of prophalan-L in cancer cell lines. Hence, prophalan-L, a stable prodrug

of melphalan, exhibits potential for efficiently targeting melanoma with reduced systemic toxicity.
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INTRODUCTION

Adverse effects associated with chemotherapy include
unacceptable damage to normal cells and organs, a narrow
therapeutic index, a relatively poor selectivity for neoplastic
cells, and multidrug resistance upon prolonged treatment due
to up-regulation of efflux pumps, increased glutathione S-
transferase expression, and enhanced DNA repair (1–3). The
selectivity of anticancer agents can be improved by appro-
priate design of prodrugs of anticancer agents targeted to

enzymes or transporters that are overexpressed in cancers.
Information on the expression and substrate specificity of
such molecular targets would facilitate design of prodrugs for
enzyme-prodrug targeting strategies. These strategies had
been handicapped due to incomplete knowledge of desirable
molecular targets (4); however, recent advances in bioinfor-
matics tools and mapping of the human genome have allowed
the identification of such molecular targets for incorporation
into enzyme-targeted prodrug strategies.

We previously reported an analysis of public gene ex-
pression databases that revealed that prolidase might be a
desirable enzyme target based on its differential expression
in melanoma cancer cell lines and its high substrate speci-
ficity for dipeptides containing proline at the carboxy ter-
minus (5). Thus, the activation of a standard substrate of
prolidase, Gly-Pro, determined in NCI 60 cancer cell lines,
exhibited good correlation with prolidase expression in these
cells. Melanoma, one of the top five cancers afflicting both
men and women, is curable if detected early, but becomes
fatal in patients with deep primary tumors or tumors that
metastasize to regional lymph nodes. Dacarbazine, the first
drug approved by FDA for the treatment of melanoma, is
used alone or in combination but has a response rate of only
10–20% (6,7). Melphalan, phenylalanine mustard (L-PAM),
originally approved for the treatment of multiple myeloma,
has recently been used in the treatment of a variety of cancers
such as ovarian cancer, breast cancer, colorectal cancer and
melanoma (8). However, due to severe toxic side-effects such
as bone marrow suppression, leukopenia and thrombocyto-
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penia, novel alternative treatment approaches have become a
necessity. Thus, establishment of prolidase as a potential
enzyme target for melphalan prodrugs could be significant in
achieving desirable melanoma therapeutics.

In the previous study, we had also reported the synthesis
of proline prodrugs of melphalan and their cytotoxic activity
in SK-MEL-5 melanoma cell lines (5). It was found that the
L-proline prodrug of melphalan (Prophalan-L) was a sig-
nificantly better substrate for prolidase than the D-proline
prodrug (Prophalan-D). Further, the observation that propha-
lan-L was cyctotoxic in SK-MEL-5 cell proliferation assays
while prophalan-D was inherently ineffective suggested
selective cytotoxic action in SK-MEL-5 cells that was depen-
dent on bioactivation of the L-proline prodrug by prolidase
(5). These preliminary studies suggested that such selective
activation of melphalan prodrugs by prolidase in melanoma
cancer cells lines could provide enhanced therapeutic efficacy
and reduce systemic toxicity associated with melphalan.

In this report, we describe the results of bioactivation,
uptake, and cytotoxic activity of the proline prodrugs in six
NCI-60 cancer cell lines with variable prolidase expression
levels to determine the viability of prolidase as an enzyme
target for melanoma, and prophalan-L as a novel melphalan
prodrug for targeting melanoma.

MATERIALS AND METHODS

Materials

SK-MEL-5 (melanoma), MCF-7 (Breast), NCI-H522
(Lung), U-251 (CNS), Caco-2 (colon), and HepG2 (liver)
cancer cell lines were obtained from National Cancer Institute
(Bethesda, MD) or ATCC. RPMI-1640 medium, Dulbecco_s
modified eagle medium (DMEM), fetal bovine serum (FBS),
fetal calf serum (FCS), and trypsin-EDTA were obtained from
GIBCO BRL (Grand Island, NY) while minimal essential
medium (MEM) was obtained from ATCC. Cell culture sup-
plies were purchased from Corning (Corning, NY) and Falcon
(Lincoln Park, NJ). L-proline, D-proline, glutathione (reduced
form), glacial acetic acid, o-phosphoric acid, ninhydrin,
prolidase from porcine kidney (134 units/mg solid), melpha-
lan (4-[Bis(2-chloroethyl)amino]-L-phenylalanine), chloram-
bucil (4-[Bis(2-chloroethyl)amino]benzebutyric acid), XTT
(sodium 30-[1-(phenylaminocarbonyl)-3,4-tetrazolium]-bis (4-
methoxy-6-nitro) benzene sulfonic acid hydrate), PMS (N-
methyl dibenzopyrazine methyl sulfate), and manganese
chloride tetrahydrate were purchased from Sigma Chemical
Company (St. Louis, MO). The L-proline benzyl ester hy-
drochloride was obtained from Bachem (Torrance, CA).
Palladium 10%, di-tert-butyl dicarbonate, and dicyclohexyl-

carbodiimide were purchased from Aldrich (Milwaukee, WI).
N-benzyloxycarbonyl L-proline (Cbz-PRO) was purchased
from Novabiochem (San Diego, CA). Access RT-PCR kit
consisting of nuclease free water, dNTP mix, Tfl DNA poly-
merase (5 U/ml), AMV reverse transcriptase (5 U/ml), 25 mM
magnesium sulfate, and AMV/Tfl 5X reaction buffer was ob-
tained from Promega (Madison, WI). The sense and anti-sense
primers were designed using Primer select2\ and ordered
from Invitrogen (Carlsbad, CA) along with the 4–20% TBE
gels. All other chemicals and reagents used were of analytical
or HPLC grade.

Synthesis of Proline Prodrugs of Melphalan

The synthesis of the proline prodrugs of melphalan, pro-
phalan-L and prophalan-D, was carried out in a step-wise
fashion as described earlier (5). Briefly, melphalan was con-
densed with L-proline benzyl ester (or D-proline benzyl ester)
by using the carbodiimide coupling method. The coupling
reaction was carried out in chloroform in the presence of
dicyclohexylcarbodiimide. The protecting benzyl group was
removed by catalytic dehydrogenation at room temperature
and atmospheric pressure. ESI-MS and 1H NMR spectral
analyses data that confirmed the structural identities of the
proline prodrugs (Fig. 1) were also reported earlier (5).

Synthesis of Proline Prodrug of Chlorambucil

Chlorambucil is a nitrogen-mustard with a high degree
of structural similarity to melphalan. The proline prodrug of
chlorambucil (chlorambucil-L-proline) was synthesized in a
step-wise fashion using chlorambucil and L-proline benzyl
ester as described earlier (9). The structure of the prodrug
(Fig. 2) was confirmed by elemental and spectral analyses.

1H-NMR (DMSO): d 7.03 (d, 2H, J = 8.79 Hz), 6.66 (d,
2H, J = 9 Hz), 4.25–4.53 (m, 1H), 3.44–3.69 (m, 10H), 2.21–
2.46 (m, 6H), 1.69–1.74 (m, 4H); ESI-MS: 400 (M–H)+

Hydrolysis of Chlorambucil and Melphalan Prodrugs
by Porcine Kidney Prolidase

The hydrolysis of prophalan-L, prophalan-D, and proline
prodrug of chlorambucil by porcine kidney prolidase was
examined. Porcine kidney prolidase was used in hydrolysis
studies since it was commercially available and more impor-
tantly because of its close alignment with human prolidase
(97% identity; BLASTP2.2.6). Briefly, prolidase solution was
prepared by suspending the lyophilized solid (1.2 mg solid,
0.7133 mg protein) in 50 mM cold Tris-HCl buffer (pH 8.0 at
40-C) to yield a 5 mg/ml solution. The enzyme activation and
assay were carried out according to the manufacturer_s pro-Fig. 1. Structure of prophalan, the proline prodrug of melphalan.

Fig. 2. Structure of the proline prodrug of chlorambucil.
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tocol (Sigma) by preparing two sets of reagents, Reagent A
and Reagent B. Reagent A consisted of 50 mM pH 7.8 Tris
HCl buffer (pH 8.0 at 40-C), 200 mM manganese chloride,
30 mM glutathione, and porcine kidney prolidase solution
(2.97 mg/ml). Reagent A was incubated at 40-C for 30 min
to activate the enzyme. Reagent B consisted of 2.53 mM
prophalan-L or prophalan-D or chlorambucil prodrug and 200
mM manganese chloride. The activated Reagent A (a final
enzyme concentration of 28.18 mg/ml in the reaction mixture)
was added to Reagent B for a final prodrug concentration
of 2 mM and incubated for 2 min (prophalan-L) and 30 min
(prophalan-D and chlorambucil prodrug) at 40-C. Solutions
of Reagent A without the enzyme mixed with Reagent B as
described above served as controls. The competitive inhibition
of prodrug hydrolysis by porcine kidney prolidase in the presence
of the inhibitor Cbz-PRO was determined by including Cbz-PRO
in Reagent B at the same concentration as the prodrug. The
enzymatic reaction was quenched by adding 10% ice-cold TFA
(trifluoroacetic acid). The mixtures were then centrifuged at
1,500 rpm (221 g) for 20 min and the supernatant was withdrawn
for colorimetric assay of the released proline content as described
below. Thus, initial hydrolysis rates (<10% of substrate hydroly-
sis) were calculated for the three compounds.

Determination of Kinetic Parameters

The kinetic parameters of porcine kidney prolidase for
the hydrolysis of prophalan-L were determined as follows.
Kinetic measurements were carried out in 50 mM pH 7.8 Tris
HCl buffer (pH 8.0 at 40-C) supplemented with 200 mM man-
ganese chloride to which the activated Reagent A containing
prolidase (28.18 mg/ml prolidase concentration in reaction
mixture) was added as described in the previous section.
Kinetic parameters were calculated from the initial velocity
data (<10% substrate hydrolysis) at prophalan-L concentra-
tions ranging from 0.05 to 4 mM. The Michaelis-Menten
equation was fitted to the data by the nonlinear least square
regression analysis (one-site saturation kinetics) using Sigma
Plot 8.0 (SPSS Inc. Chicago, IL).

Selection of Cancer Cell Lines and Cell Culture

Candidate cancer cell lines for hydrolysis and cytotoxicity
studies were selected from the NCI 60 cell lines based on the
expression levels of prolidase, doubling time, and growth
requirements. Thus, the cancer cell lines selected, SK-MEL-5,
NCI-H522, U-251, and MCF-7, represent cells with high,
medium and low expression of prolidase, reasonably short
doubling times, and standard growth requirements. In addition,
Caco-2 and HepG2 cell lines were also used in the studies. HFF
cells were included to elicit comparisons between the tumor
cell activity (SK-MEL-5) and non-tumor cell activity (HFF)
from the same tissue.

Cells were cultured at 37-C in 5% CO2 and 90% relative
humidity. SK-MEL-5 and U-251 cell lines were cultured in
RPMI-1640 supplemented with 10% FBS. NCI-H522 and
MCF-7 cell lines were cultured in RPMI-1640 supplemented
with 10% FCS. Caco-2 cells were cultured in DMEM
supplemented with 10% FBS and 1% nonessential amino
acids. HFF and HepG2 cells were cultured in MEM supple-
mented with 10% FBS.

Reverse Transcription-PCR of Prolidase mRNA in Cancer
Cell Lines

Total cellular RNA was isolated from each cancer cell
line using Trizol\ reagent as per the directions of the manufac-
turer. The isolated RNA (0.5 mg) was reverse transcribed for
45 min at 48-C using AMV reverse transcriptase, oligo (dT)
as the downstream primer, and Access RT-PCR kit
(Promega). The primer pair, sense (20-mer, 50-CTGCAGG
GCGGGGAGGAGAC-30), and anti-sense (22-mer, 50-CGC
CCCGGGAGTAGCAGTAGTG-30), were used for the PCR
amplification. The PCR conditions were as follows: initial
2 min denaturation at 94-C, followed by 20 PCR amplification
cycles (30 s at 94-C, 30 s at 56-C, 1 min at 68-C) and a final 7
min extension at 68-C. The RT-PCR product was separated on
4–20% TBE gel. The gel was run at 200 V in TBE buffer (1X)
and then the DNA separated on the gel was stained with
SYBR green. The gel was then visualized in UV light and the
relative intensities of the RT-PCR product bands measured
using Metamorph\ software. RT-PCR measurements were
conducted three times with each cell line.

Hydrolysis of Proline Prodrugs of Melphalan in Cancer Cells
and Inhibition by Cbz-PRO

The hydrolysis of the substrate prodrug, prophalan-L,
and the negative control prophalan-D was determined in the
selected cancer cell lines to assess the extent of prolidase
activity in the cells. Briefly, cancer cells were grown as de-
scribed above and the passage number and growth time of the
cells were noted. The cells were then washed with 0.15 M NaCl
and collected by scraping. The cells were resuspended in 0.15
M NaCl and then centrifuged at 3,000 rpm for 5 min. The cell
pellet was resuspended in 0.05 M Tris-HCl buffer (pH 7.8),
and sonicated for 10 s at 0-C three times. The sonicated
suspension was centrifuged at 18,000 g, for 30 min at 4-C. The
supernatant was then used in prodrug hydrolysis studies and to
determine protein content. The protein assay was carried out
using the method by Lowry et al. (10). The protein content
was adjusted to approximately 1,000 mg/ml by appropriate
dilutions before use in hydrolysis studies. For enzyme
activation, 1 ml of the supernatant was incubated with 1 ml
of 0.05 M Tris-HCl, pH 7.8 buffer containing 2 mM MnCl2
for 2 h at 37-C. Following incubation, the hydrolysis
(prolidase) reaction was initiated by adding 0.1 ml of the
pre-incubated mixture to 0.1 ml solution of 0.05 M Tris-HCl,
pH 7.8 buffer containing 2 mM prophalan-L or 2 mM
prophalan-D. In competitive inhibition studies, 0.1 ml of the
pre-incubated mixture was added to 0.1 ml solutions of 0.05
M Tris-HCl, pH 7.8 buffer containing 2 mM prophalan-L and
2 mM Cbz-PRO. Mixtures of 0.1 ml solutions of 0.05 M Tris-
HCl, pH 7.8 buffer containing 2 mM prophalan-L or 2 mM
prophalan-D with 0.1 ml of 0.05 M Tris-HCl buffer at pH 7.8
containing 2 mM MnCl2 served as controls. The mixtures
were incubated at 37-C for 60 min. After 60 min the reaction
was quenched by withdrawing 150 ml of the reaction mixture
and adding it to 150 ml of cold 10% TFA solution. The
quenched mixture was centrifuged at 1,500 rpm for 20 min at
4-C and 100 ml of the supernatant were withdrawn for color-
imetric assays of proline content. The initial hydrolysis rates
were then calculated for the two prodrugs.
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Colorimetric Analysis of Proline using Chinard_s Reagent

The extent of hydrolysis of substrates by prolidase was
determined by assaying the amount of proline released ac-
cording to the method described by Myara et al. (11) utilizing
Chinard_s reagent (25 g ninhydrin in 600 ml glacial acetic
acid and 400 ml of 6 M o-phosphoric acid). Briefly, 200
ml each of Chinard_s reagent and glacial acetic acid were
added to 100 ml of the test sample, and the mixture was
incubated at 90-C for 10 min. Two hundred microliters of the
mixture were then pipeted into a flat-bottom 96-well plate
and the absorbance read at 495 nm using a precision micro-
plate reader (Emax, Molecular Devices). The amount of
released proline was then calculated from standard curves
generated using pure proline solutions. The standard curves
generated showed excellent linearity over the proline
concentration range of 30 mM–2 mM examined, and the limit
of detection being approximately 10 mM.

Cell Proliferation Assay in Cancer Cells

Cell proliferation assays were conducted to determine
and compare the cytotoxic activities of the prodrugs, pro-
phalan-L and prophalan-D, and the parent drug melphalan.
Cell proliferation assays were carried out with the selected
cancer cell lines as well as with HFF cells. The cancer cells
were plated overnight in a 96-well cell culture plate at a den-
sity of 5,000 cells/well per 0.1 ml. Stock solutions (1 mM) of
the prodrugs, prophalan-L and prophalan-D, and the parent
drug, melphalan, were prepared in RPMI-1640 phenol red-
free medium supplemented with FBS. Stock solutions were
serially diluted to obtain a total of six drug concentrations, 1
mM, 0.5 mM, 0.25 mM, 0.125 mM, 0.0625 mM and 0.03125
mM, for cell proliferation studies. After 24 h, the media in
the 96-well plate was aspirated and replaced with drug solutions
in the phenol-free media. Growth media alone (phenol red-
free) served as controls. The cells were then incubated at 37-C
and 5% CO2 for 48 h. After 48 h, 50 ml of XTT (sodium 30-[1-
(phenylaminocarbonyl)-3,4-tetrazolium]-bis (4-methoxy-6-nitro)
benzene sulfonic acid hydrate) labeling mixture (5 ml of 1 mg/ml
XTT in RPMI-1640 phenol red-free medium mixed with 100 ml of
0.383 mg/ml PMS in phosphate buffered saline) was added to
each well. The color development, due to formation of formazan
dye by metabolically active cells, was monitored for 4 h after
which the plates were read at 490 nm (805 nm as the reference
wavelength) with a precision microplate reader (Emax, Molec-
ular Devices). The percent cell viability, at different drug and
prodrug concentrations, relative to control was then plotted
as a function of drug or prodrug concentration to compute the
GI50 values for melphalan, prophalan-L and prophalan-D in
all the cell lines studied.

Uptake of Melphalan, Prophalan-L, and Prophalan-D

in Cancer Cell Lines

Uptake studies were conducted with the cancer cell lines
by seeding around 300,000 cells per well in a 6-well plate.
After the cells were confluent, the media was aspirated and
the cells were washed with uptake buffer at room tempera-
ture. The uptake buffer contained 145 mM NaCl, 3 mM KCl,
1 mM NaH2PO4, 1 mM CaCl2, 0.5 mM MgCl2, 5 mM D-glucose,

and 5 mM MES (pH 6.0). The cells were then incubated with
0.5 ml of 0.5 mM drug or prodrug solution prepared in uptake
buffer for 20 min on a shaker at room temperature. After
20 min, the drug or prodrug solution was removed and the
cells were washed three times with 1 ml ice-cold PBS
(phosphate buffered saline, pH 7.4). The PBS was aspirated
and 1 ml 0.1% SDS solution was added to cells and shaken
vigorously for 1 hr to detach and lyse the cells. The cell sus-
pension was then transferred to an eppendorf tube and TFA
(final concentration of 5% v/v) was added to precipitate pro-
tein. The mixture was then briefly sonicated and the tube was
centrifuged at 9,720 g for 5 min after which the supernatant
was filtered (0.45 mm, Whatman GF membrane filter) and
analyzed by HPLC. The cell pellet was dissolved in 1% SDS
and assayed for protein content.

HPLC Analysis

The concentrations of melphalan and its prodrugs were
determined using a Waters HPLC system (Waters Inc., Milford,
MA). The HPLC system consisted of two Waters pumps
(Model 515), a Waters auto-sampler (WISP model 712), and a
Waters UV detector (996 Photodiode Array Detector). The
system was controlled by Waters Millenniumi 32 software
(Version 3.0.1). Samples were injected onto a Waters Xterra
C18 reversed-phase column (5 mm, 4.6� 250 mm) equipped
with a guard column. The compounds were eluted using a
gradient method. The flow rate was 1 ml/min; the injection
volume was 30 ml. The aqueous mobile phase (Solvent A) was
0.1% (v/v) heptafluorobutyric acid (HFBA) in distilled water
and the organic mobile phase (Solvent B) was 0.1% (v/v)
heptafluorobutyric acid in acetonitrile. The prodrugs and
parent drug were eluted with a linear gradient of 25–100% of
Solvent B over 15 min at 260 nm. The standard curves gen-
erated for each of the two prodrugs and melphalan were used
to calculate their concentrations in the test samples.

RESULTS

Hydrolysis of Melphalan and Chlorambucil Prodrugs
by Porcine Kidney Prolidase

The specific activity of porcine kidney prolidase for
prophalan-L, determined using assay of released proline,
was 591.4 T 47.3 pmoles/min/mg of prolidase. In the presence
of the competitive inhibitor Cbz-PRO, prophalan-L specific ac-
tivity decreased substantially to 197.2T 36.1 pmoles/min/mg
prolidase. Prophalan-D and the proline prodrug of chlorambu-
cil were also examined with porcine kidney prolidase and their
activities relative to prophalan-L were observed to be 0.86%
and 0%, respectively (Fig. 3). The kinetic parameters, Km and
Vmax, for prophalan-L hydrolysis by prolidase as determined
from a V0 versus [S] plot (Fig. 4), were 0.97 T 0.16 mM and
1,193.0T 70.2 pmoles/min/mg of prolidase, respectively.

Hydrolysis of Proline Prodrugs of Melphalan in Cancer Cells
and Inhibition by Cbz-PRO

The specific activity of prolidase for the proline prodrugs
of melphalan in cell homogenates of the various cancer cell
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lines and in HFF control cells in the presence and absence of
the specific inhibitor CbzPro are listed in Table I. Table I
also shows the percent inhibition of prolidase activity in the
cell homogenates. The results indicate that prolidase activity
was in the order: SK-MEL-5 d NCI-H522 > Caco-2 $
HepG2 > HFF > U-251 > MCF-7 for prophalan-L. Prophalan-
L hydrolysis in the presence of the competitive inhibitor Cbz-
PRO was significantly inhibited in all cancer cell systems
tested. Thus, the average inhibition in the seven cell lines was
õ70% with individual values ranging from 60–83% (Table I).
The melanoma cell line SK-MEL-5 demonstrated approxi-
mately 5.5-fold higher hydrolysis of the prodrug compared to
the non-cancerous HFF cells. The specific activity of
prophalan-L in the seven systems in the presence and absence
of Cbz-PRO are plotted in Fig. 5.

Expression of Prolidase in Cancer Cell Lines using RT-PCR

The expression of prolidase in the selected cancer cell
lines excepting HFF control cells, determined using semi-

quantitative RT-PCR analysis, was reported earlier (5). The
relative expression of prolidase determined with RT-PCR in
the six cancer cell lines examined was in the order: SK-MEL-5
(1.28); Caco-2 (1.25); NCI-H522 (1.21); HFF (1.21); HepG2
(1.19); U-251 (1.18); and MCF-7 (1.09) (Table I). The RT-
PCR expression of prolidase in the cancer cell lines and HFF
cells was normalized with RT-PCR prolidase expression in
K-562 leukemia cells that was set to unity (5).

Cell Proliferation Studies with Prophalan-L

The two melphalan prodrugs, prophalan-L and propha-
lan-D were evaluated for their anti-proliferative activity in
the seven cell lines along with the parent drug melphalan.
The GI50 values for prophalan-L and parent melphalan cal-
culated from cell proliferation profiles are listed in Table II.
Typical profiles for SKME-5 and U-251 cell lines, represent-
ing high and low prolidase expression levels, respectively, are
depicted in Fig. 6. No apparent trends are evident with GI50

values for melphalan. The GI50 values for prophalan-L, how-
ever, appeared to be inversely related to prolidase expression
in the cancer cells. Thus, prophalan-L GI50 values were in the
order: SK-MEL-5 < Caco-2 < HFF $ NCI-H522 < U-251 <
HepG2 < MCF-7. Prophalan-D, the D-analog, was relatively
ineffective at comparable concentrations even in cell lines
with high expression of prolidase such as SK-MEL-5. Further,

Fig. 4. Prophalan-L kinetic profile with porcine kidney prolidase

(mean T SD, n = 3).

Fig. 3. Relative activities of prophalan-L (in the presence and ab-

sence of Cbz-PRO), prophalan-D, and proline prodrug of chloram-

bucil, with porcine kidney prolidase (mean TSD, n = 3). Activity of

prophalan-L set to 100.0

Table I. Specific Activity of Prophalan-L in the Presence and

Absence of Cbz-PRO in Various Cancer Cell Lines (expressed as

pmoles/min/mg protein, mean TSD, n = 3) and Prolidase Expression

Determined with RT-PCR

Cell Lines

Specific Activity

w/o Cbz-PRO

Specific Activity

w/Cbz-PRO

Percent

Inhibition

Relative

RT-PCR

Expression

SK-MEL-5 7.61 T 0.27 2.49 T 0.08 67.3 1.29

Caco-2 2.22 T 0.08 0.49 T 0.20 78.0 1.25

NCI-H522 2.40 T 0.08 0.82 T 0.42 66.0 1.21

HepG2 2.14 T 0.13 0.36 T 0.15 83.3 1.19

U-251 1.33 T 0.35 0.53 T 0.13 60.0 1.18

MCF-7 0.71 T 0.15 0.22 T 0.15 69.0 1.09

HFFa 1.35 T 0.29 0.42 T 0.15 68.8 1.21

Plasma 0.22 T 0.01 – –

a Human foreskin fibroblasts, non-cancerous cell line

Fig. 5. Specific activity of prophalan-L in the presence and absence of

Cbz-PRO and of prophalan-D in various cancer cell lines and in human

plasma (expressed as pmoles/min/mg protein, mean T SD, n = 3).
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prophalan-L was found to be less cytotoxic than melphalan
under the conditions of the cell proliferation study, exhibiting a
GI50 value of 74.8 mM compared to 57.0 mM for melphalan in
the highest expression cell line, SK-MEL-5. More importantly,
the cytotoxicity of prophalan-L was significantly lower
(GI50 = 147 mM) than that of parent melphalan (GI50 = 25 mM)
in the non-cancerous HFF control cells.

Uptake of Melphalan, Prophalan-L, and Prophalan-D

in the Cancer Cell Lines

The uptake of melphalan, prophalan-L and prophalan-D

was determined in the cancer cell lines. With a few excep-
tions, the uptake of melphalan, prophalan-L, and prophalan-D

in a given cancer cell line was not significantly different (Fig.
7). Melphalan uptake in the cancer cell lines was in the order
U-251 < Caco-2 < MCF-7 < SK-MEL-5 < NCI-H522 <
HepG2, whereas prophalan-L uptake in the cancer cell lines
increased in the order Caco-2 < SK-MEL-5 < MCF-7 < NCI-
H522 < HepG2 < U-251. Prophalan-D uptake in the cancer
cell lines was in the order Caco-2 < SK-MEL-5 < NCI-H522
< MCF-7 < HepG2 < U-251.

Correlation between Prophalan-L Activity and Prolidase
Expression

The specific activity in the cancer cell lines determined
using prophalan-L exhibited a linear correlation (r 2 = 0.62)
with RT-PCR expression of prolidase in the cancer cell lines
(Fig. 8). However, an exponential fit was found to provide a
better correlation (r 2 = 0.86); inclusion of HFF cells lowered
the correlation coefficient for an exponential fit to r 2 = 0.79.
The antiproliferative activity of prophalan-L (GI50) exhibited
an excellent linear correlation with RT-PCR expression of
prolidase in the cancer cell lines (r 2 = 0.88) (Fig. 9). Inclusion
of HFF cells in the correlation lowered the correlation co-
efficient marginally to r 2 = 0.87. Melphalan GI50 values in
cancer cells exhibited a poorer correlation with RT-PCR
expression of prolidase in the cells (r 2 = 0.66); inclusion of
HFF cells, however, further lowered the correlation coeffi-
cient (r 2 = 0.60).

Fig. 6. Cell proliferation assays of melphalan, prophalan-L, and

prophalan-D, after 48 h incubation with a SK-MEL-5 and b U-251

cell lines (expressed as mean T SD, n = 3, for each treatment at each

concentration).

Table II. Melphalan and Prophalan-L Cytotoxicity (expressed as

GI50; n = 3) in Various Cell Lines and the Prolidase Targeting Index

in the Cell Lines Calculated from the Melphalan and Prophalan-L

GI50 Values and Normalized to Uptake

Cell lines

Melphalan

GI50 (mM)

Prophalan-L

GI50 (mM)

Prolidase

Targeting

Indexb

SK-MEL-5 57.0 74.8 1.02

Caco-2 56.3 119.7 0.54

NCI-H522 60.0 149.3 0.33

HepG2 73.6 263.4 0.44

U-251 51.7 203.1 0.08

MCF-7 218.8 300.6 0.69

HFFa 24.9 146.6 –

a Human foreskin fibroblasts, non-cancerous cell line
b Prolidase Targeting Index = (Melphalan GI50/Prophalan-L GI50)/

(Prophalan-L uptake/Melphalan uptake)

Fig. 7. Uptake rates in the cancer cell lines determined for melphalan,

prophalan-L, and prophalan-D (expressed as pmoles/min/mg protein,

mean TSEM).
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The relative cytotoxicity (GI50) of melphalan and
prophalan-L in each cell line normalized to their uptake,
denoted as the prolidase targeting index, exhibited a good
correlation (r 2 = 0.82) with prolidase expression in the cancer
cell lines (Fig. 10).

DISCUSSION

Due to severe toxicity associated with most chemother-
apeutic agents, a prodrug approach where the prodrug is
selectively activated in cancerous tissues over-expressing the
prodrug-activating enzyme(s) could reduce systemic toxicity
while maintaining the therapeutic efficacy. In a previous
report we had identified prolidase, an enzyme that is over-
expressed in melanomas, as a suitable enzyme target for selec-
tive action of anticancer agents (5). In this study, we evaluate
the targetability of prolidase using cancer cell lines with var-
iable expression levels of prolidase. Thus, the activation of

proline prodrugs of an anticancer agent melphalan as well
their cytotoxic activity in these cancer cell lines was deter-
mined in order to validate our hypothesis. Further, this report
also compares a chlorambucil prodrug to illustrate the in-
fluence of high specificity and differential expression on cyto-
toxicity and targetability of the enzyme. We also describe the
results of studies aimed at elucidating the rate-determining
step for cytotoxicity of the prodrugs which would provide a
sound rationale for a successful enzyme-targeted prodrug
strategy to be examined in vivo.

We had demonstrated in an earlier study that prophalan-
L is a substrate of prolidase. Hydrolysis studies with porcine
kidney prolidase revealed that prolidase was highly selective
and specific for its substrates (5). The studies confirmed
previously established substrate requirements for prolidase;
L-proline at the C-terminus of the dipeptide and a free a-
amino group in the dipeptide (12–14). Thus, prolidase is a
very specific peptidase for proline-containing dipeptides (15).
The significant inhibition (õ67%) in the presence of Cbz-
PRO, a specific inhibitor of prolidase (16), suggests that
determination of prophalan-L activity in cell homogenates
may be accurate indicators of prolidase activity in the cells.

The extent of inhibition in the presence of Cbz-Pro in
cell homogenates with human prolidase compared favorably
with the extent of Cbz-Pro inhibition observed using porcine
kidney prolidase. Thus, the relative extent of hydrolysis of
prophalan-L and prophalan-D, and the inhibition of propha-
lan-L hydrolysis by Cbz-PRO (õ70%) in the cancer cell lines
were similar to that observed with porcine kidney prolidase
(prophalan-D hydrolysis being 4- to 7-fold lower), and vali-
dates the evaluation of prolidase activity in cancer cell homo-
genates. The hydrolytic activity of prophalan-L in the cell
homogenates was comparable to carboxylesterase activity for
irinotecan, an established prodrug of CPT-11 (17). The
observation that prolidase hydrolytic activity for prophalan-
L correlated well with prolidase RT-PCR expression data
(Fig. 8) suggests that prolidase may be a viable target for
melanoma therapy. The excellent linear correlations of pro-
lidase activity and relative RT-PCR data for a limited number
of cell lines with previously cited Affymetrix prolidase
expression data (5) (r2 values of 0.95 and 0.87, respectively;

Fig. 8. Correlation of specific activity of prophalan-L in cancer cells

with prolidase expression determined using RT-PCR.

Fig. 9. Correlation of cytotoxicity of prophalan-L represented by its

GI50 value in cancer cells with prolidase expression determined using

RT-PCR.

Fig. 10. Correlation of prolidase targeting index with prolidase

expression determined using RT-PCR.
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plots not shown), provided validation for the RT-PCR data
and its correlation with prolidase activity. Melanomas in
general exhibit high expression levels of prolidase; thus, the
approximately ten-fold higher prolidase activity in the SK-
MEL-5 melanoma cell line compared to the breast adeno-
carcinoma cell line is consistent with their respective prolidase
expression data.

Since the activation of the prodrug to the parent drug is
essential for cytotoxic action, cytotoxicity profiles are ex-
pected to be dependent on the expression of prolidase, the
prodrug activating enzyme. In this regard, prophalan-D, with
approximately a 100-fold lower activity than prophalan-L

with porcine kidney prolidase (Fig. 3), could serve as a nega-
tive control for cell proliferation studies in cell systems.

The cell proliferation studies demonstrated a four-fold
higher cytotoxicity in the melanoma cells as compared to the
breast adenocarcinoma cells, a trend similar to the hydrolysis
profile. Prophalan-L cytotoxicity in the non-cancerous HFF
cells, with relatively low prolidase activity and expression,
was much lower than in the SK-MEL-5 cells even though
the parent drug, melphalan, exhibited higher cytotoxicity in
HFF cells (GI50 = 25 mM) compared to SK-MEL-5 cells
(GI50 = 57 mM). Thus, prophalan-L was õ6-fold less cytotoxic
than melphalan in the non-cancerous skin cells while exhib-
iting cytotoxicity similar to melphalan in melanoma cells with
high prolidase expression.

The correlation between melphalan cytotoxicity (GI50)
and prolidase expression in the cancer cells was surprisingly
decent (r 2 = 0.66). However, a closer examination indicated
that melphalan_s low cytotoxicity in MCF-7 cells dominated
this correlation. Thus, exclusion of MCF-7 cells from this plot
revealed the absence of any systematic correlation between
cytotoxicity of melphalan and prolidase expression in the
other five cancer cell lines—SK-MEL-5, NCI-H522, U-251,
Caco-2 and HepG2 (r 2 = 0.0004). In contrast, the correlation
between prophalan-L GI50 values and expression of prolidase
was graded and only slightly lowered from r 2 = 0.88 (Fig. 8)
to 0.83 upon exclusion of MCF-7 cells and suggests prolidase-
dependent cytotoxic action of prophalan-L. Prophalan-D was
inherently ineffective and the computed GI50 did not demon-
strate any significant correlation with expression of prolidase.

Since cytotoxicity in a given cell line is a function of both
uptake of prodrug as well as its bioactivation in the cell, it
was necessary to examine uptake of the prodrugs and mel-
phalan in order to ascertain the cytotoxicity governing step.
The finding that prodrugs exhibited comparable or higher
uptake than melphalan (a known substrate of LAT1 (L-type
amino acid) transporter) in each cell line (18), suggested that
mere differences in transport do not account for differences
in GI50 or cytotoxic action. Thus, despite a 2.5-fold higher
uptake of prophalan-L compared to melphalan in U-251 CNS
cancer cells (Fig. 7), prophalan-L cytotoxicity was approxi-
mately 3-fold lower than that of melphalan in these cells
(Table II). The lower cytoxicity of prophalan-L in U-251 cells,
however, is quite consistent with the low prolidase activity and
expression levels in these cells and underlines the relative
insignificance of uptake compared to specific prolidase-
targeted activation of the prodrug in determining cytotoxic
action.

The role of specific transporters involved in prophalan-L

uptake is speculative at this juncture. Melphalan uptake in
the NCI 60 cell lines correlated highly (r 2 = 0.96) with the
expression of LAT1 (SLC36A1) transporter in the cell lines
(expression data from U95Av2 genechip from Novartis).
Similarly, prophalan-L uptake in the NCI 60 cell lines
exhibited high correlation (r 2 = 0.97) with the expression of
monocarboxylic acid transporter (MCT; SLC16A1) and a fair
correlation (r 2 = 0.77) with the organic anion transporters
(OATs; SLC21A11) expression. However, no correlation was
observed between prophalan-L uptake and amino acid
(SLC36), oligopeptide (SLC15), organic cation (SLC22),
sodium glucose co-transporter (SLC5), bile acid (SLC10), or
nucleoside (SLC 28/29) transporters.

A correlation plot of the ratio of prophalan-L to mel-
phalan GI50 values normalized for uptake, the prolidase tar-
geting index, with prolidase expression in cancer cell lines
indicated that MCF-7 was once again an outlier (r 2 = 0.10).
Exclusion of MCF-7 cells dramatically improved the
correlation (r 2 = 0.82; Fig. 10). It is clear that the breakdown
of targeting index correlations with prolidase expression is
related to the rather low toxicity of melphalan obtained in this
study in these cells. The much lower cytotoxicity in this study
for MCF-7 cells is not consistent with values listed in the NCI
DTP database (5 mM; (19)). It is to be noted that the
relatively similar values for SK-MEL-5, U-251, and NCI-522
cell lines in this study (57.0, 52.0, and 60.0 mM) are qualitatively
consistent with the similarity of values listed in the NCI
database (20.0, 12.6, and 15.9 mM, respectively). Other authors
have reported GI50 values ranging from 50–125 mM for
melphalan in MCF-7 cells (20, 21). Despite this breakdown
of the targeting index correlation in a cell line with relatively
low prolidase expression levels, it is clear that the cytotoxic
action of prophalan-L in the cell lines is significantly
dependent on prolidase expression levels. This is quite
clearly evidenced in the excellent linear correlation of
prophalan-L GI50 with prolidase RT-PCR expression
(r 2 = 0.88, Fig. 9). The results reported in this study support
our hypothesis that prolidase-targeted activation and
cytotoxicity with prophalan-L may be a viable therapeutic
alternative to melphalan.

CONCLUSIONS

The results of the studies in this report suggest that
prolidase is a viable enzyme target for selective activation of
proline prodrugs of melphalan in melanoma cells. The cor-
relations of specific activity of prolphalan-L as well as its
cytotoxicity in various cancer lines with prolidase expression
indicates that prophalan-L may exert its cytotoxic action fol-
lowing cytosolic bioactivation to the parent melphalan. The
excellent correlation of the prolidase-targeting index with pro-
lidase expression in the cells further underscores the suitability
of the prodrug approach for selective cytotoxic action. Future
studies in animal models such as the murine melanoma model
should shed some light on the effect of this strategy on the
therapeutic index of fschemotherapeutic agents.
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