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ABSTRACT

The resistance to methotrexate by a number of cancer cells such as breast cancer cell-line MDA-MB-231
due to poor permeability renders it less effective as an anticancer agent for these cells. Proline prodrug of
methotrexate (Pro-MTX) was designed as a substrate of prolidase which is specific for imido bond of
dipeptide containing proline and expected to penetrate MDA-MB-231 cells more efficiently. The prodrug
was synthesized by solid-phase peptide synthesis method and examined as a substrate of pure prolidase
as well as cell homogenate. The cytotoxicity against MDA-MB-231 and non-methotrexate resistant breast
cancer cell line, MCF-7 was also examined by XTT assay. The results showed that Pro-MTX was a sub-
strate of prolidase. It was also shown that the prodrug could be converted to parent drug methotrexate
in Caco-2 and HeLa cell homogenate. When tested with Caco-2 and MCF-7 cells, Pro-MTX showed weaker
cytotoxicity compared with methotrexate. But for methotrexate resistant MDA-MB-231 cells, Pro-MTX
showed stronger activity than methotrexate. The results indicated that the proline prodrug of methotrex-
ate may overcome the resistance of human breast cancer cells in culture.

© 2010 Elsevier Ltd. All rights reserved.

For chemotherapeutic drugs, poor selectivity between neoplas-
tic cells and normal cells, often leading to adverse toxicity and nar-
rower therapeutic window, has been a huge problem for many
years. In addition, drug resistance occurs due to multiple mecha-
nisms ranging from diminished cellular uptake to increased efflux
to inactivation of active agents in cancerous cells.'”® Prodrugs can
be designed to target cancer cells over-expressing enzymes which
are able to release the parent drugs to achieve enhanced therapeu-
tic selectivity and efficacy.*> Drugs with poor permeability can be
transformed to highly permeable drugs by making them into pro-
drugs that are substrates of transporters to improve cellular up-
take. Many studies have proved the feasibility and efficiency of
this approach.®”’

Methotrexate (MTX) is an antitumor agent being used exten-
sively in cancer chemotherapy since 1948. The mechanism of action
is well understood at molecular level. The drug is transported into
cells by the reduced folate transporter and polyglutamylated to pre-
vent efflux, and exerts its cytotoxic effect by inhibiting dihydrofolate
reductase (DHFR). Adverse effects associated with methotrexate in-
clude severe damage to normal cells and organs, narrow therapeutic
index, poor selectivity for neoplastic cells, multidrug resistance due
to down-regulation of methotrexate polyglutamation, and de-
creased reduced folate carrier (RFC) mediated uptake.®-1° Metho-
trexate resistance by certain cancer cells significantly restricts the
effectiveness of the drug, and this phenomenon has drawn attention
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from many researchers. Breast cancer cell-line MDA-MB-231 is one
of the cell lines resistant to methotrexate due to low expression level
of reduced folate carrier (RFC) which can uptake methotrexate into
the cells. Methotrexate coupled with cell penetrating peptide has
been developed to overcome MTX resistance in MDA-MB-231
cells.!® It is also found that proline prodrug of melphalan can be
better transported into MDA-MB-231 cells compared with the par-
ent drug-melphalan. Melphalan is released from its prodrug, Mel-
phalan-proline, in MDA-MB-231 cells by a specific cytosolic
imidodipeptidase, prolidase [E.C.3.4.13.9] and responsible for the
cytotoxicity against MDA-MB-231.1"12 Although prolidase needs a
dipeptide substrate with small molecular weight, it is found that
prolidase may have broader substrate specificity than thought previ-
ously.’® For example, N-(anthraquinone-2-carbonyl)-L-proline, a
relatively larger molecule, could evoke susceptibility to the action
of prolidase comparable to glycyl-i-proline (GLY-PRO, standard
substrate for prolidase).! It is possible that the proline prodrug of
methotrexate could also be transported into MDA-MB-231 and re-
leased by the similar mechanisms and overcome the methotrexate
resistance due to the deficiency of RFC. The proline prodrug of meth-
otrexate, Proline-Methotrexate (Pro-MTX), is synthesized by solid-
phase chemistry with high purity.

The solid-phase synthesis of the L-proline prodrug of metho-
trexate, Pro-MTX (1) was carried out in a stepwise fashion on
Wang resin as described in Scheme 1. Purity of the prodrug
was determined by HPLC. Electrospray ionization mass spectra
(ESI-MS) were obtained on a Thermoquest LCQ electrospray ioniza-
tion mass spectrometer. The observed molecular weight of the
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Scheme 1. Synthesis of Pro-MTX (1).

prodrug was found to be identical to that required by the structure.
Structural identity was also confirmed using proton nuclear mag-
netic resonance spectra ('"H NMR). 'H NMR spectra were obtained
with a 400 MHz Bruker NMR spectrometer.'®

Methotrexate and prodrug were analyzed by reversed phase
chromatography performed at room temperature. Detection wave-
length was 274 nm. Samples were injected onto a C18 column
(Xorbax, Eclipse XDB-C18, 4.6 x 75 mm, 3.5 um, Agilent, CA, Part
No. WAT066224) equipped with a analytical guard cartridge sys-
tem (Phenomenex, cartridge 4.0 x 3.0, CA) and eluted at a flow rate
of 0.6 ml/min. Mobile phase consisted of 0.1% TFA in water/meth-
anol:water (50:50) (85/15). The HPLC equipment consisted of a
Waters 717 plus autosampler, Waters 2695 separation module,
Waters 2998 (Photodiode Array Detector), and Empower 2 soft-
ware (Water Corporation) data handling system.

The commercially available prolidase from porcine kidney is
similar to human prolidase (97% identity) so it is used in hydrolysis
studies to observe the conversion from prodrug to parent drug.
Prolidase solution was prepared by suspending the lyophilized so-
lid (0.8 mg solid, 0.551 mg protein) in 50 mM cold Tris-HCl buffer
(pH 8.0 at 40 °C) to yield a 5 mg/ml solution. The assays and en-
zyme activation were carried out according to protocol provided
by the manufacturer (Sigma/Aldrich, St. Louis, MO). First, two sets

of reagents (A and B) were prepared. Reagent A has 50 mM Tris—
HCI buffer, 200 mM manganese chloride, 30 mM glutathione, and
porcine kidney prolidase solution. Reagent A was incubated for
30 min at 40 °C to activate the enzyme. Reagent B was prepared
by mixing 1 mM Pro-MTX and 200 mM manganese chloride. After
activation, reagent A was added to reagent B at 40 °C. Reagent A
without prolidase was mixed with reagent B to serve as control.
Cbz-Pro was also added in Reagent B at the same concentration
of Pro-MTX as inhibitor. Samples were withdrawn after 15 min,
30 min, 1 h and added into same volume of 10% TFA to quench
the reaction. Then the samples were analyzed by colorimetric
method.

The hydrolysis of Pro-MTX to methotrexate was also deter-
mined in Caco-2 and HeLa cell lines to check the prolidase activity
in these cells. The cells were grown as described in cell culture
preparation. Cell homogenate were prepared when the cells were
90% confluent.'® Hydrolysis studies were conducted with 500 pl
supernatant at 37 °C. To activate the prolidase, 500 pl of Reagent
A with 50 mM Tris-HCI buffer, 200 mM manganese chloride,
30 mM glutathione were added and incubated for 2 h at 37 °C.
1 mM of Pro-MTX was added and 200 pl of samples were with-
drawn after 15, 30, 60 min and added into same volume of 10%
TFA to quench the reaction. The samples were then centrifuged
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at 5000 rpm for 5 min at 4 °C. Two hundred microliters of the
supernatant were analyzed by colorimetric method. In competitive
inhibition study, Cbz-Pro with the same concentration as Pro-MTX
was added as inhibitor.

By measuring the amount of proline released from the hydroly-
sis of Pro-MTX, we can determine the extent of the hydrolysis and
calculate the hydrolysis rate. Chinard’s reagent (25 g of ninhydrin
in 600 ml of glacial acetic acid and 400 ml of 6 M o-phosphoric
acid) was used according to Myara et al.'” 200 pl of the test sample
was added into 200 pl of Chinard’s reagent and 200 pl of glacial
acetic acid. The mixture was incubated at 90 °C for 10 min and
200 pl of the mixture was then withdrawn for UV absorbance mea-
surement at 495 nm.

The specific activity of Pro-MTX for porcine kidney prolidase
calculated from assays of released proline was 19.03 + 1.31 pmol/
min/pg. In the presence of the prolidase inhibitor Cbz-Pro, the spe-
cific activity decreased to 8.15 £+ 1.10 pmol/min/pg with inhibition
of 57%. The specific activity of Pro-MTX in various cancer cell
homogenate was calculated from assays of released proline.
Caco-2 and Hela cells exhibited similar prolidase activity (0.42
and 0.35 pmol/min/pg protein, respectively). The hydrolysis of
Pro-MTX in the presence of Cbz-Pro was significantly inhibited in
all cancer cell homogenates examined. In Caco-2 cells, the specific
activity was reduced to 0.28 pmol/min/pg protein with inhibition
of 33%. In Hela cells, the specific activity was reduced to
0.19 pmol/min/pg protein with inhibition of 46% (Table 1).

Methotrexate prodrug, Pro-MTX was examined for their cyto-
toxicity against Caco-2, MCF-7, or MDA-MB-231 cells to compare
with the parent drug, methotrexate.!® Cell viability was plotted
as a function of drug concentration in the following figures. When
tested with Caco-2 cells, Pro-MTX shows weaker activity compared
with methotrexate. Pro-MTX has estimated ECso value of 5.6 uM
while methotrexate has estimated ECsg value of 1.1 puM. This is also
confirmed by other studies showing methotrexate amino acid pro-
drugs are generally weaker than the parent drug for their anti-pro-
liferation activity. The results for MCF-7 cells are similar with
Caco-2 cells. Methotrexate has estimated ECso value of 0.9 uM
while Pro-MTX shows estimated ECsy value of 5.2 uM. But for
methotrexate resistant MDA-MB-231 cells, Pro-MTX shows stron-
ger activity than methotrexate. Pro-MTX has estimated ECsq value
of 11 uM while methotrexate shows estimated ECsy value of
80 pM. The results indicate that the proline prodrug of methotrex-
ate may overcome the resistance of human breast cancer cells in
culture (Figs. 1-3).

Prodrug strategy has been used to target specific enzymes that
are highly expressed in certain tissues to reduce toxicity and in-
crease efficacy of the drug. Prolidase is one of the enzymes being
studied extensively. It was found by Amidon et al. that prolidase
activities with GLY-PRO as substrate in different cancerous cells
correlate very well with the expression levels of prolidase in these
cells.” Proline prodrugs of melphalan and others with or without
linker were synthesized and studied by Bielawska!!~1319-21 and
Amidon®?%23 et al. The prodrugs were found to be good substrate
of prolidase with significant cytotoxicity against MCF-7, Mela-
noma, and MDA-MB-231 cell lines. It is found that the proline
prodrug of melphalan was more effectively transported into the

Table 1
Specific activity of Pro-MTX in the presence and absence of Cbz-Pro in prolidase and
various cancer cell lines (expressed as pmol/min/pg of protein, mean + SD, n = 3)

Cell lines Specific activity Specific activity % Inhibition
with out Cbz-Pro with Cbz-Pro

Prolidase 19.03 £1.31 8.15+1.10 57

Caco-2 0.42 +0.11 0.28 £ 0.08 33

Hela 0.35 +0.08 0.19 £0.07 46

B Pro-MTX

Viable Cells (%)
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Concentration
Figure 1. Cytotoxic study of methotrexate and Pro-MTX in Caco-2 cells viability of

Caco-2 cells treated for 24 h with different concentrations of methotrexate and Pro-
MTX (mean £ SD, n = 3).
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Figure 2. Cytotoxic study of methotrexate and Pro-MTX in MCF-7 cells viability of
MCF-7 cells treated for 24 h with different concentrations of methotrexate and Pro-
MTX (mean £ SD, n = 3).
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Figure 3. Cytotoxic study of methotrexate and Pro-MTX in MDA-MB-231 cells
viability of MDA-MB-231 cells treated for 24 h with different concentrations of
methotrexate and Pro-MTX (mean * SD, n = 3)..

MDA-MB-231 cells with higher cytotoxicity compared to melpha-
lan.’? The nature of the transport is unknown currently, but proline
should play an important role in improving transport. Other pro-
line prodrugs, such as proline-linked nitrosoureas, also exhibit
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stronger cytotoxicity against MDA-MB-231 cell line compared to
MCEF-7. Whether the proline improved cellular transport is not con-
firmed, but it is found that the prolidase activity in MDA-MB-231
cell line was threefold higher than in MCF-7 cell.?° MDA-MB-231
was obtained from a patient who developed resistance while being
treated with methotrexate. It is an ideal cell line to study metho-
trexate resistant cancer.’* The mechanism of the resistance was
found to be lack of reduced folate carrier (RFC) expressed on
MDA-MB-231 and that makes it more attractive to overcome the
resistance by a prodrug utilizing other transport route.

In this study, we have synthesized the proline prodrug of meth-
otrexate using solid-phase peptide synthesis method. To specifi-
cally synthesize the prodrug coupling the amino group of proline
and o-carboxylic acid group of methotrexate, we utilized the
v-protected glutamate. The acid-labile t-butyl protecting group of
glutamate was easily removed when the prodrug is cleaved off
from Wang resin in acidic condition. The o-coupling is preferred
over y-coupling to mimic natural dipeptide substrate. It is also pro-
posed that y-carboxylic acid contribute more to the binding with
DHEFR than o-carboxylic acid. This would increase the possibility
for Pro-MTX to exhibit cytotoxicity without being converted to
methotrexate itself.

Pro-MTX showed good chemical stability in pH 7.4 PBS buffer
without the presence of prolidase or other hydrolyzing enzymes
(data not shown). In hydrolysis studies with prolidase, Pro-MTX
was found to be a modest substrate. Caco-2 and HeLa cell homog-
enates were also capable of hydrolyzing Pro-MTX to release pro-
line. This suggests that enzymes contribute significantly to the
hydrolysis of the Pro-MTX. In addition to prolidase, other enzymes
may also play important roles in hydrolysis of Pro-MTX. For exam-
ple, carboxypeptidase A was found to be able to activate a number
of amino acid methotrexate prodrugs effectively.?> Other possible
enzymes include prolylcarboxypeptidase and carboxypeptidase
P.25 Although prolidase is thought to require a dipeptide substrate
with small molecular weight,?” it is found that prolidase may have
a broader substrate specificity than thought previously.'>?!

Proline analog of methotrexate evokes weaker cytotoxicity than
methotrexate in Caco-2 and MCF-7 Cells. This is consistent with
other researcher’s results.!® The intrinsic cytotoxicity of metho-
trexate prodrugs was lower compared to that of the parent drug
even we purposely synthesized the a-coupling prodrug to improve
the chance to bind to DHFR. Resistance to chemotherapy limits the
effectiveness of anticancer drugs. For MDA-MB-231 cell line, which
is resistant to methotrexate due to compromised RFC, Pro-MTX im-
proved cytotoxicity significantly compared to methotrexate itself.
This suggests proline prodrug of methotrexate may overcome the
resistance of MDA-MB-231 cell. The increased cytotoxicity might
be due to two mechanisms. First, Pro-MTX could be more effec-
tively transported into the MDA-MB-231 cells. Although the exact
mechanism is not known, transporters may play important roles
here. It has been proven that many amino acid coupled nucleosides
including valcyclovir and valganciclovir could be transported into
cells as substrates of peptide or nucleoside transporters.?®2° Lind-
gren et al. discovered that methotrexate can be successfully deliv-
ered by the new cell penetrating peptide into MDA-MB-231 cell
line to improve cytotoxicity.!® Secondly, it is also possible that
higher prolidase activity in MDA-MB-231 cell line (threefold higher
than that in non-methotrexate-resistant MCF-7 cell) contributes to
release of the more cytotoxic methotrexate in the cells. The combi-
nation of both mechanisms is also possible to be responsible for
the observed results. Further studies such as uptake study using
cell lines over-expressing peptide or nucleoside transporters could
be carried out to elucidate the exact mechanisms.

In this study, we designed and synthesized proline prodrug of
methotrexate (Pro-MTX) to target methotrexate resistant MDA-
MB-231 which has higher prolidase activity and proline prodrug

permeability. The results indicated that the proline prodrug of
methotrexate may overcome the resistance of human breast can-
cer cells in culture.
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