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Abstract

The objective of the present study was to identify a camptothecin (CPT) prodrug with optimal
release and cytotoxicity properties for immobilization on a passively targeted microparticle
delivery system. A series of a-amino acid ester prodrugs of CPT were synthesized, characterized
and evaluated. Four CPT prodrugs were synthesized with increasing aliphatic chain length
(glycine (Gly) (2a), alanine (Ala) (2b), aminobutyric acid (Abu) (2c) and norvaline (Nva) (2d)).
Prodrug reconversion was studied at pH 6.6, 7.0 and 7.4 corresponding to tumor, lung and
extracellular/physiological pH, respectively. Cytotoxicity was evaluated in A549 human lung
carcinoma cells using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.
The hydrolytic reconversion rate to parent CPT increased with decreasing side chain length as
well as increasing pH. The Hill slope of 2d was significantly less than CPT and the other prodrugs
tested, indicating a higher cell death rate at lower concentrations. These results suggest that 2d is
the best candidate for a passively targeted sustained release lung delivery system.
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Introduction

Camptothecin (CPT), a cytotoxic quinoline alkaloid, is a potent anticancer agent that inhibits
both DNA and RNA synthesis.13 The lactone form of CPT (i.e., the active form) is
responsible for its anticancer activity and the stabilization of the DNA-topoisomerase
complex.* > DNA enzyme topoisomerase | is a nuclear enzyme that is needed for DNA
replication. The lactone form of CPT binds to the topoisomerase I-DNA complex to form a
ternary complex that is very stable.5-8 CPT primarily exhibits cytotoxicity during the period
of DNA synthesis.® S-phase cells are 100-1000 times more sensitive to CPT than those in
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G1 or G2.19 Since typically less than 26% of cells are in the S-phase at any given point in
time,11 maintaining continuous low dose CPT exposure would appear to be an optimal
clinical strategy for treating cancer.

There are two major drawbacks to CPT and similar chemotherapeutic agents that have made
them less attractive for clinical use. First, CPT has unfavorable physical-chemical properties
and second, it has severe clinical toxicities. CPT has very poor aqueous solubility (2.5 g/
mL) making it difficult to formulate.12: 13 Under physiological conditions, CPT is rapidly
hydrolyzed to the carboxylate form.14 In addition, the carboxylate form is known to induce
severe cumulative hematological toxicity, diarrhea and chemical or hemorrhagic cystitis,
which are often formidable and unpredictable.1> Therefore, approaches that stabilize the
lactone ring prior to entry into the site of action are a critical feature in order to maximize
therapeutic activity and minimize toxicity. Several CPT analogues possessing stabilized
lactone structures have been developed to overcome this challenge.16-18 For example,
exatecan mesylate (DX-8951f), a novel hexacyclic topoisomerase | inhibitor analogue, in
Phase | studies demonstrated activity in solid tumors and less toxicity than CPT even though
myelosuppression remained a dose limiting toxicity.19-21 Phase Il studies demonstrated
moderate activity in patients with anthracycline-refractory and taxane-refractory, metastatic
breast carcinoma. In addition, the toxicity profile was considered to be acceptable.??

Esterification of the 20-position hydroxyl group of CPT to a molecule with a carboxylic acid
group is an often employed strategy because the linkage can be broken under physiological
conditions releasing the lactone form of CPT, which is essential for activity.* ® A variety of
water-soluble prodrug conjugates that link CPT via the hydroxyl group at the 20-position
have been reported.23-31 For example, polyacetal poly(1-
hydroxymethylethylenehydroxymethylformal)succinyl-Gly-CPT (XMT-1001) is a novel
polymeric CPT prodrug conjugate that utilizes a glycine linker, that releases the lactone
form of CPT via a two-step mechanism over an extended period of time. It is initially
degraded by esterases to form two lipophilic intermediates (camptothecin-20-O-(N-
succinimidoglycinate) and camptothecin-20-O-(N-succinamidoyl-glycinate)). These
intermediates readily enter the cell and are converted to active CPT (lactone form)
intracellularly.®> Other CPT prodrug conjugates using Gly linkers have also been reported
with improved physiochemical and biological properties including poly (N-(2-
hydroxypropyl) methacrylamide) copolymer,32 poly-(.-glutamic acid)-Gly-CPT
conjugates,33 34 PEG-B-camptothecin,3® PEG-Gly-CPT,3> carboxymethyldextran-(Gly)s-
CPT conjugates (T-0128),3¢ CPT-PEG-biotin bioconjugate,3” and CPT-PEG-folic acid
bioconjugates.38 Recently, NMR spectroscopy was used to characterize the kinetics of CPT
release from a 2a conjugate and to identify intermediates.3?

Previously, our group reported on CPT-prodrug conjugates in which an ester bond with the
carboxylic acid group of Gly was cleaved to generate the active form of CPT.37 A novel
CPT-Gly-PEG-folate bioconjugate was prepared for a targeted CPT delivery system.3” Gly
was used as a linker with the added advantage of ‘locking’ the lactone ring in its active form
by virtue of esterification at the 20-OH group in CPT.38 Results indicated significantly
higher efficacy of the CPT-Gly-PEG-folate in comparison to unconjugated CPT in which
the conjugated CPT-Gly-PEG-folate released the active form of CPT slowly enough for
folate receptor mediated endocytosis to occur. Although the CPT-Gly-PEG-folate design
suggests the importance of a linker, it is noted that in vivo release is expected to be quite
rapid since Gly does not offer a controlled rate of CPT release like other hydrophobic amino
acids. The current study was therefore designed to explore the stability of more hydrophobic
amino acid linkers in order to achieve the best CPT-prodrug candidate for a passively
targeted sustained release drug delivery system.

J Med Chem. Author manuscript; available in PMC 2014 January 24.
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In the current report, the synthesis and characterization of a series of four a-amino acid ester
CPT prodrugs with increasing aliphatic side chain length (Gly (2a), Ala(2b), Abu(2c), and
Nva(2d)) are presented (Figure 1). Attachment of these amino acids to CPT offers several
advantages including: stabilization of the lactone ring, the ability to control CPT release rate,
and the ability to link the prodrugs to a drug delivery scaffold by means of a peptidic bond.
Prodrug hydrolysis studies were performed using three sodium phosphate buffers (PB) with
pH values 6.6, 7.0 (i.e., representative pH in tumor and lung),4% 41 and 7.4 (i.e.,
extracellular/physiological pH). Hydrolysis studies were monitored by HPLC, and the
cytotoxicity of the prodrugs were evaluated by MTT assay using the A549 cell line. The
current results demonstrate that 2c and 2d have increased cytotoxic potential as compared to
parent CPT, suggesting that sustained delivery (i.e., slow release, constant exposure) may be
an effective method to control lung cancer.

Synthesis of 2a-d Prodrugs

The 2a-d prodrugs were synthesized using a two-step procedure with DCM as the solvent.
CPT was coupled to four different Boc protected amino acids using the coupling reagent
DIPC, resulting in compound 1a-d (Scheme 1). Cleavage of the Boc group from compound
1a-d was performed using 30% TFA in DCM, resulting in 2a-d. The progress of the reaction
was monitored by thin layer chromatography (TLC). All reactions proceeded with good
yields and high purity. Each intermediate and the final product were confirmed by 1H NMR
and mass spectroscopy.

Analysis of CPT, Prodrugs and Intermediates

HPLC with fluorescence detection was used to identify the hydrolysis of prodrug and
formation of CPT from the parent prodrug. Triethylamine acetate buffer was used in the
mobile phase to serve as the ion-pairing reagent, provide an adequate retention of the
carboxylate form of the drug, act as a masking reagent for underivatized silanols to prevent
peak tailing, and to serve as the major buffer component.#2 The retention time of CPT and
2a-d using this HPLC method are shown in Table 1. The lower limit of detection for CPT
was 0.1 ng/mL.

Aliquots (2 mL) were taken from each of the four prodrug reaction mixtures at 6.5 h.
Samples were dried and 2a-d and their corresponding intermediates 1 ((lactam (I-1) and
hemiorthoester (1/-1)) were analyzed using *H NMR and |-1 and intermediate 2 (1-2) were
analyzed using mass spectroscopy.

The base catalalyzed mechanism proceeds via nucleophilic terminal amine attack at the CPT
E-ring carbonyl lactone producing I-1. This intermediate converts to I’-1 and I-2 via
intermolecular reactions. The lactone and carboxylate form of CPT are subsequently
generated from I-2 through either an intermolecular (pathway €) or intramolecular (pathway
f) reaction (Scheme 2). Based on the previously characterized 2a prodrug data,3° the
structure of 2b, 2c and 2d prodrug primary intermediates appear to be hemiortho esters.

Notable differences are evident in the chemical shifts in the 1H spectra for all of the
prodrugs at each pH value (6.6, 7.0 and 7.4) studied for peaks representing the H-17, H-23,
H-5, H-14 and H-7 protons in 2a-d as compared to the corresponding I”-1. The H-17 singlet
signal for 2a-d [2a: 5.51 (2H, H-17); 2b: 5.52 (2H, H-17); 2c: 5.53 (2H, H-17); 2d: 5.53
(2H, H-17)] has shifted up field and split to an AB spin system (2a: 64 4.8 ppm, 6g 5.0 ppm,
Jag = 16.2 Hz; 2b: 5 4.83 ppm, 8g 5.02 ppm, Jag = 16.2 Hz; 2¢: 5 4.83 ppm, g 4.81
ppm, Jag = 16.2 Hz; 2d: 8 4.82 ppm, 8g 5.02 ppm, Jag = 16.0 Hz) in the hemiortho ester
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because the two protons are becoming more magnetically nonequivalent after the formation
of the bicyclic intermediate.

This intermediate structure I-1 suggests intramolecular nucleophilic attack by the 17-
hydroxyl at the ester carbonyl to form a tetrahedral I’-1. The H-17 signal for 2a-d (2a: &
4.63-4.66 ppm; 2b: § 4.61-4.69 ppm; 2c: § 4.69-4.65 ppm; 2d: § 4.66-4.69 ppm) in the 1”-1
are shifted up field in the I-1, becoming an ABX system due to the adjacent hydroxyl group.
(Figure 2A)

The H-23 signal for 2a-d (2a: 5 4.16 ppm, 8g 4.22 ppm, Jag =25 Hz, 2b: 4.41-4.24, 2c:
4.13-4.18, 2d: 4.21-4.25) are shifted up field in I-1 (2a: 3.81-3.96; 2b: 3.92-4.09, 2c:
3.86-3.88, 2d: 3.88-3.90), due to the role of the C-22 carbonyl carbon in the formation of |
’-1, H-23 proton signal are shifted up field of the I”-1. The H-23 proton signal for I’-1 is not
visible for any prodrugs because its resonances have merged with the water signal that is
appears at 3.2 ppm (Figure 2C).

The proton signals for H-5, H-7 and H-14 for 2a-d [(2a: § 5.39 (s, H-5), 8.83 (s, H-7), 7.31
(s, H-14) ppm; 2b: 8 5.40 (s, H-5), 8.99 (s, H-7), 7.35 (s, H-14); 2c: 6 5.26 (s, H-5), 8.93 (s,
H-7), 7.24 (s, H-14) ppm; 2d: § 5.27 (s, H-5), 8.94 (s, H-7), 7.22 (s, H-14) ppm)] are also
shifted up field in the I-1 [(2a:  5.26 (s, H-5), 8.65 (s, H-7), 7.19 (s, H-14) ppm; 2b: § 5.27
(s, H-5), 8.67 (s, H-7), 7.24 (s, H-14) ppm; 2c: 6 5.23 (s, H-5), 8.66 (s, H-7), 7.18 (s, H-14)
ppm; 2d: § 5.24 (s, H-5), 8.67 (s, H-7), 7.19 (s, H-14) ppm)]. The tetrahedral I’-1 was
formed by the intramolecular nucleophilic attack by the 17-hydroxyl group at the ester
carbonyl group. The H-5, H-7 and H-14 signal for 2a-2d [(2a: § 5.21(s, H-5), 8.62 (s, H-7),
7.0 (s, H-14); 2b: 8 8.67 (s, H-5), 8.63 (s, H-7), 7.22 (s, H-14); 2c: 6 5.21 (s, H-5), 8.63 (s,
H-7), 7.07 (s, H-14) ppm; 2d: § 5.22 (s, H-5), 8.64 (s, H-7), 7.08 (s, H-14) ppm)] in the 1’-1
are shifted up field in the I-1, shown in Figure 2A and Figure 2B.

LC-MS results confirm the identity of two intermediate species generated during hydrolysis.
LC-MS spectra of the I-1 and |-2 are shown in Figure 3. The mass spectrum of I-1 indicates
that it has the same molecular mass as its respective parent prodrug.

Hydrolysis of 2a-d Prodrugs

The hydrolysis studies of 2a-d were performed in PB at three pH values (pH 6.6, 7.0 and
7.4) at 37°C. The disappearance of 2a-d and the formation of CPT were quantified using
HPLC. The percentage of remaining 2a-d and reconverted CPT were plotted as a function of
time (Figures 4 and 5, respectively). The results were fit to single exponential decay (eq 1)
and association models (eq 2), and the best-fit apparent rate constants were determined.
Equation 3 was used to calculate the half-life from the rate constant. The half-lives of 2a-d
hydrolysis and CPT formation at three pH values are reported in supporting information.

Cy=Cy x e ¥4 Constant ()

For eq 1, C; is the concentration of 2a-d at time t, C is the initial concentration of 2a-d and
k is the first order rate constant.

Ci=Cx (1 — eikt> +Constant (2)

For eq 2, C; is CPT concentration at the sampling time indicated, C, is the final CPT
concentration at time co and K is the first order rate constant.
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0.693

751/227 ®)

For eq 3, ty, is the half-life and Kk is the first order rate constant determined from equation 1
or equation 2.

Cytotoxicity of 2a-d Prodrugs

The in vitro biological efficacy of 2a-d was evaluated in A549 human lung carcinoma cells
using an MTT assay. The data were fit to a sigmoidal nonlinear regression model and the
concentration at which 50% of the cells were viable (ICsp) was calculated based on the best-
fit model.

. 100
o 1+10(1ogIC5o—logDC)><HS 4)

Equation 4 is a sigmoidal nonlinear regression model with variable Hill slope (HS), where V
is the viability of cells in %, 1Csq is the drug concentration at which 50 % of the cells are
viable, and DC is the drug concentration.

The 1C5q value of CPT administered to A549 cells was determined to be 5.4 nM, which was
within its reported range.*3: 44 The ICxq values of both 2¢ (4.1 nM) and 2d (5.2 nM) were in
the same range as CPT; however, 2a (12.24 nM) and 2b (120.1 nM) were about 2- and 20-
fold less potent than their parent drug, respectively. The order of toxicity of the drugs tested
was 2¢ > 2d ~ CPT > 2a > 2b (Table 2).

Discussion

The development of CPT prodrugs is advantageous because of their increased stability and
enhanced solubility. CPT prodrugs were found to be more water soluble,3* providing a way
to formulate the poorly soluble CPT. CPT prodrugs are expected to display better S-phase
efficacy and a possibly synergistic role in cyclotherapy with other anticancer reagents.4®
Irinotecan has show antiangiogenic effects in vitro and in vivo in a metronomic regimen,
which refers to chemotherapy at low, nontoxic doses on a frequent schedule with no
prolonged breaks.*6 To stabilize the ester bond, a series of four a-amino acid ester prodrugs
of CPT containing an increasing aliphatic side chain length 2a-d were synthesized and
characterized. Hydrolysis studies were performed at pH 6.6, 7.0 (i.e. lung pH and
representative of a common pH range in tumors)#%: 41 and 7.4. In order to understand the
degradation pathway of 2a-d, HPLC was used to follow the hydrolysis of the prodrug and
the formation of CPT and intermediates generated from the parent prodrug. The hydrolysis
of 2a-d is complex, resulting in two degradation intermediates. In addition to the CPT
lactone, two additional peaks corresponding to the 1-1 and the ring-opened amide 1-2 were
observed in 2a (Scheme 2), which is consistent with a previously published hydrolysis
mechanism.3% 47 Similar results were observed for 2a-d. The structures of the intermediates,
which were produced during hydrolysis, were characterized using 'H NMR and ESI-MS
(Figures 2 and 3).

Hydrolysis Studies

The hydrolysis studies of the 2a-d were performed in PB at three pH values (pH 6.6, 7.0 and
7.4). 2awas found to have the fastest CPT reconversion rate. The rate of 2a-d hydrolysis
was independent of pH. 2d was the most stable among all of the prodrugs tested. The rate of

J Med Chem. Author manuscript; available in PMC 2014 January 24.
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CPT formation from both 2c and 2d was slower than from 2a and 2b. Therefore, the former
two esters had longer CPT release profiles than the latter two prodrugs at all three pH
values. Furthermore, it was observed that the apparent hydrolysis rates of 2c and 2d were
slower than 2a and 2b at all three pH values (Figures 4 and 5).

The ester bond in 2a hydrolyzed within 72 h at pH 7.4 and within 96 h at pH 7.0 and pH 6.6
(Figures 4 and 5). The ester bond in 2b, cleaves within 72 h at pH 7.4 whereas the ester
bond in 2c and 2d, cleaves within 96 h and 120 h, respectively at pH 7.4. However,
hydrolysis studies at pH 7.0 show that the hydrolysis time for 2a, 2b and 2c increases by 24
h. 2aand 2b take 96 h and 2c takes ~120 h for total ester bond hydrolysis. The ester bond in
2d hydrolyzed by 120 h at pH 7.4 and 7.0. However 2d hydrolysis time increased by 24 h at
tumor pH (pH 6.6), whereas complete hydrolysis of the ester bond was observed in 144 h.
2b-d were completely hydrolyzed at pH 6.6 in 96 h, 120 h and 144 h, respectively.

Standard kinetics models were applied to the hydrolysis data. The data shows a good fit to
first order kinetics. It was observed that degradation is faster at pH 7.4 than pH 7.0 and 6.6.
The half-lives of both prodrug hydrolysis and CPT formation are shown in the supporting
information for 2a-d at three pH values (pH 7.4, 7.0 and 6.6). The correlation between the
apparent first order pH-dependent half-life of prodrug hydrolysis or CPT formation and
hydrophobicity constant are shown in Figures 6 and 7. The hydrophobicity constant appears
to be directly proportional to the half-life of both CPT formation and 2a-d hydrolysis. These
results suggest that increasing the length of the side chain of the hydrophobic amino acids
would sustain (i.e., slow) the release of CPT.

Increasing aliphatic chain length generally increases prodrug reconversion time because of
the effect of steric hindrance. In the case of 2a, steric hindrance was not suggested.
Nevertheless, the rate of hydrolysis is directly proportional to the hydrophobic amino acid
chain length for 2b, 2c and 2d. 2d contained the largest aliphatic side chain length and was
more slowly hydrolyzed as compared to 2c and 2b. Steric hindrance decreased the
hydrolysis rate thereby, slowing the formation of CPT via the conversion of |-1to I-2. The
rate of 2a-d hydrolysis at pH 6.6 and 7.0 was 1.7- and 1.9-fold slower, respectively, than at
pH 7.4. On the other hand, the formation of CPT post-prodrug hydrolysis was independent
of pH. Since 2a-d will eventually be immobilized on a passive lung targeting microparticle,
selective prodrug hydrolysis in the lung and at lung cancer sites is required and appears to be
readily achievable using the bulkier amino acid CPT prodrugs.

Cytotoxicity Studies

CPT is known to become nontoxic after esterification of the hydroxyl group at the C-20
position.#8: 49 For this series of prodrugs, the rank order of hydrolysis rate and CPT
formation rate is 2a > 2b > 2c > 2d. As expected, the ICgq value of 2ais greater than that of
2b; however, the 1Csq of 2d and 2c were much lower than that for 2a. The 1Cgq was
statistically the same as CPT alone at pH 7.4 suggesting that the toxicity of the 2a-d was not
solely dependent on the stability (i.e., prodrug hydrolysis and CPT formation), but also on
the physicochemical properties of the drugs.

There are several possible reasons that in vitro hydrolysis rates might not be indicative of in
vivo biological efficacy including: passive permeation or active transport of CPT analogues
into cells, differences in extracellular and/or intracellular hydrolysis kinetics of 2a-d due to
endogenous esterases and proteases, increased toxicity of intermediates, or a possible
synergistic effect between the hydrolysis products (i.e., CPT and amino acid).

In addition to 2a-d hydrolysis and CPT formation rates, the effectiveness of 2a-d at various
concentrations was tested. Unlike 1Cgq values, which are indicative of concentrations

J Med Chem. Author manuscript; available in PMC 2014 January 24.
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required for optimal cell death, the interpretation of the shape of the dose-response curve
and the importance of the Hill slope factor to the biological effect are still not clear.%0 It is
generally believe to be closely related to the duration of drug exposure to the cells.>% 51 The
estimated Hill slopes of 2a-c and CPT were similar. The Hill slope of 2d was significantly
(P < 0.05) less than other tested treatments (Figure 8, Table 2), suggesting a higher cell
death at lower drug concentrations than CPT and its other prodrug analogues at the same
concentration. This could be a potential benefit, as systemic side effects would be reduced.
In addition, although all of the treatments in this study had the same drug exposure time,
there was no definitive means of stopping cell apoptosis during the MTT assay. This was
due to residual drug remaining inside the cell after removing the extracellular source of the
drug.

Therefore, it is reasonable to suggest that 2d had differential extracellular and intracellular
hydrolysis Kinetics, as demonstrated by the hydrolysis study, or a possible synergistic effect
of released Nva with CPT. Nva is commonly used in pharmacological studies as an inhibitor
of arginase, which degrades arginine irreversibly to ornithine.52: 53 Even though Nva is not
cytotoxic, it was found to suppress cell growth in mouse leukemia cells (L1210) and in a
human cervical cancer cell line (HeLa cells).>3 Therefore, the distinguishing shape of the
dose-response curve of 2d was possibly due to the combination of the stabilization effect of
Nva and the cytotoxicity of CPT. Moreover, a Nva containing tri-peptide analogue (MF13)
of an akylating anti-cancer agent, m-L-sarcolysin, showed the most potent and selective anti-
cancer activity in vitro® 55 to a panel of cancer cell lines, as well as in vivo®* 56 in studies
of more than 100 newly synthesized di- and tri-peptides with a variety of amino acids
analogues of m-L-sarcolysin. The molecular mechanism of selective apoptosis in tumor cells
of this Nva containing tripeptide was unclear, but it was proven to be S-phase specific and
act through the bcl-2/bax balance pathway.>* Unfortunately, the role of Nva to improved
anti-cancer activity of the tripeptide analogue to its parent compound, m-L-sarcolysin, was
not clear and more investigations were necessary for elucidation of the mechanism.

Conclusions

A series of a-amino acid ester prodrugs of CPT with increasing aliphatic chain lengths has
been prepared. The hydrolysis of 2a-d at three PB pH values, (pH 6.6, 7.0 and 7.4
corresponding to tumor, lung and extracellular/physiological pH, respectively) were
determined by HPLC, H NMR and mass spectroscopy. Essentially complete hydrolysis of
prodrugs containing terminal amines occurred, resulting in the formation of hydrolysis
intermediates (1-1, I’-1 and I-2) and eventually the release of active CPT. The hydrolysis of
the ester bond was found to be pH dependent and proportional to the size of the of aliphatic
amino acid side chain length. The formation of CPT was independent of pH. The
cytotoxicity of 2a-d to cancer cells was not solely dependent on the stability of the ester
bond. While the hydrolysis rates of 2d and 2c were similar, the favorable Hill slope and
toxicity profile of 2d suggest that it is the lead candidate for immobilization on passively
targeted, lung delivery microparticles.

Experimental Section

Materials

Boc-glycine, Boc-alanine, Boc-aminobutanoic acid and Boc-norvaline were purchased from
EMD Biosciences (Gibbstown, NJ). CPT, 4-dimethylaminopyridine (DMAP), dimethyl
sulfoxide (DMSO), trifluoroacetic acid (TFA), and N,N’-diisopropylcarbodiimide (DIPC)
were purchased from Sigma-Aldrich (St. Louis, MO). For in vitro assays, human lung
carcinoma cells (A549 cells) were purchased from American Type Culture Collection
(ATCC) (Manassas, VA). All purchased reagents were used without further purification.

J Med Chem. Author manuscript; available in PMC 2014 January 24.
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High-purity water was provided by a Milli-Q Plus purification system (Millipore, Billerica,
MA). Flash column chromatography was carried out using silica gel (35-70 . m, 6 nm pore
diameter, Fisher Scientific, Boston, MA). TLC analysis was conducted on alumina
precoated with silica gel 60 (EMD Chemicals Inc., Gibbstown, NJ). Apparent purity was
measured by HPLC (Waters, Milford, MA) with a scanning fluorescence detector
(Shimadzu Scientific Instruments Inc., Columbia, MO). 1H NMR spectra were recorded in
DMSO-dg, CDCl3, on a Varian 500 or 400 MHz instrument. Signals of solvents were used
as internal references. Chemical shifts (8) and coupling constants (J) are given in ppm and
hertz, respectively. HRMS was performed by the Washington University Mass Spectrometry
Resource, an NIH Research Resource.

Synthesis of 2a-d Prodrugs

General procedure (A)—The 1a-d was synthesized as shown in Figure 2. In general,
CPT (1 eq), Boc-amino acid (1.2 eq) and DMAP (1 eq) were dissolved in DCM (15 mL).
The reaction mixture was cooled to 0°C. DIPC (1.3 eq) was added drop wise into the
reaction mixture. The reaction was kept in an ice bath and stirred continuously for one hour
and then stirred at RT to avoid side reactions. The progress of the reaction was monitored
using TLC. After completion of the reaction, the solvent was removed and crude products
were purified through flash column chromatography (10% MeOH/CHCI5).

General procedure (B)—The product obtained by procedure A, was then dissolved in
30% TFA in DCM (10 mL) and continuously stirred for four hours at RT to cleave the Boc
group on the amino acids. After removal of 30% TFA in DCM, the 2a-d was precipitated by
adding ice cold anhydrous diethyl ether (20 mL). The precipitate was collected by
centrifugation and the product was washed twice using ice-cold diethyl ether (20 mL). The
crude product was purified using flash column chromatography (10% MeOH/CHCls).

All four prodrugs are pure (~ 99%). The purity of four prodrugs was measured using NMR,
ESI-MS and HRMS (Supporting information).

CPT-Gly-Boc (1a)

General Procedure A. Yield: 96 %; 1H(400 MHz, DMSO-dg): & = 8.65 (1H, s, H-7), 8.13
(2H, m, H-9 and H-12), 7.84 (1H, t, J=8.2 Hz, H-11), 7.66 (1H, d, J = 7.8 Hz, H-10), 7.40
(1H,t, J=6.0 Hz, NH), 7.21 (1H, s, H-14), 5.47 (2H, s, H-17), 5.40 (2H, s, H-5), 3.91 (1H,
dd, J= 18.0 Hz and J = 6.0Hz, Gly-a), 3.78 (1H, dd, J=18.0 Hz and J = 6.0 Hz Gly-a),
2.12 (2H, m, H-19), 1.36 (9H, s, Boc-CHj3), and 0.91 (3H, m, H-18). ESI-MS (MeOH) (m/
2): 519 (M + H)*, 542.1(M + Na)*.

CPT-Ala-Boc (1b)

General Procedure A. Yield: 94 %; 1H(400 MHz, DMSO-dg) & = 8.66 (1H, d, J = 6.0 Hz,
H-7), 8.08 (2H, m, H-9 and H-12), 7.85 (1H, t, J = 8.0 Hz, H-11), 7.69 (1H, t, J = 5.8 Hz,
H-10), 7.57 (1H, d, J= 6.4 Hz, CONH), 7.42 (1H, d, J = 6.8 Hz, CONH), 7.32 (1H, d, J =
19.5 Hz, H-14), 5.46 (2H, s, H-17), 5.27 (2H, s, H-5), 4.06 (2H, m, Ala-a), 3.55 (2H, m,
H-19), 1.32 (3H, m, Ala-B), 1.0 (9H, m, Boc-CHj3), and 0.94 (3H, m, H-18). ESI-MS
(MeOH) (m/z): 507 (M + H)*.

CPT-Abu-Boc (1c)

General Procedure A. Yield: 97 %; 1H(400 MHz, DMSO-dg): § = 8.64 (1H, s, H-7), 8.07
(2H, m, H-9 and H-12), 7.85 (1H, t, J = 6.8 Hz, H-11), 7.70 (1H, t, J = 6.8 Hz, H-10), 7.52
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(1H, d, J=6.6 Hz, CONH), 7.40 (1H, d, J=7.0 Hz, CONH), 7.30 (1H, d, J=11.9 Hz,
H-14), 5.47 (2H, s, H-17), 5.26 (2H, s, H-5), 4.06 (2H, m, Abu-a), 3.28 (2H, m, H-19), 2.09
(1H, m, Abu-f), 1.84 (1H, m, Abu-p), 1.4 (3H, s, Abu-y), 1.24 (9H, m, Boc-CH3), and 0.95
(38H, m, H-18). ESI-MS (MeOH) (m/z): 534.0 (M + H)*, 1067 (2M + H)*.

CPT-Nva-Boc (1d)

Prodrug 2a

Prodrug 2b

Prodrug 2c

Prodrug 2d

General Procedure A. Yield: 98 %; 1H(400 MHz, DMSO-dg) & = 8.65 (1H, s, H-7), 8.07
(2H, m, H-9 and H-12), 7.85 (1H, t, J= 7.0 Hz, H-11), 7.68 (1H, t, J = 6.8 Hz, H-10), 7.51
(1H, d, J=7.2 Hz, CONH), 7.41 (1H, d, J=7.2 Hz, CONH), 7.26 (1H, d, J = 15.6 Hz,
H-14), 5.47 (2H, s, H-17), 5.26 (2H, s, H-5), 4.07 (2H, m, Nva-a), 2.10 (2H, m, H-19), 1.63
(2H, m, Nva-B), 1.47 (3H, m, Nva-y), 1.4 (3H, s, Nva-3), 0.96 (9H, m, Boc-CH3), and 0.90
(3H, m, H-18). ESI-MS (MeOH) (m/z): 548.0 (M + H) *, 1094.0 (2M + H) *.

General Procedure B. Yield: 87 %; 1H(400 MHz, DMSO-dg): § = 8.70 (1H, s, H-7), 8.29
(2H, s, Gly-NH>), 8.13 (2H, dd, J= 7.9 Hz & J= 3.0 Hz, H-9 and H-12), 7.85 (1H, t, J =
7.9 Hz, H-11), 7.71 (1H, d, J= 7.0 Hz, H-10), 7.27 (1H, s, H-14), 5.53 (2H, s, H-17), 5.31
(2H, s, H-5),4.32 (1H, d, J = 18.0 Hz, Gly-a), 4.08 (1H, d, J=18.0 Hz, Gly-a), 2.16 (2H,
m, H-19), and 0.93 (3H, m, H-18). ESI-MS (MeOH) (m/z): 406.0 (M + H)*, 810.0 (2M +
H)*. HRMS (m/z): observed 406.1389, calculated 406.140.

General Procedure B. Yield: 84 %; 1H(400 MHz, DMSO-dg) § = 8.70 (1H, s, H-7), 8.48
(2H, br. d, NH>), 8.13 (2H, g, J = 8.6 Hz, H-9 and H-12), 7.85 (1H, t, J = 8.1 Hz, H-11),
7.71 (1H, t, J= 8.0 Hz, H-10), 7.21 (1H, s, H-14), 5.53 (2H, s, H-17), 5.28 (2H, d, J= 15.8
Hz, H-5), 4.40 (1H, g, J=6 Hz Ala-a), 2.24 (2H, m, H-19), 2.24 (2H, dd, J=7.0 Hzand J =
7.2 Hz, H-19), and 0.95 (3H, m, H-18). ESI-MS (MeOH) (m/z): 420.0 (M + H) *, 839.0 (2M
+1)*. HRMS (m/z): observed 420.1554, calculated 420.155.

General Procedure B. Yield: 85 %; H(400 MHz, DMSO-dg) & = 8.70 (1H, s, H-7), 8.49
(2H, d, NH,), 8.13 (2H, d, J = 8.4 Hz, H-9 and H-12), 7.85 (1H, dd, J=8.5 Hz J = 1.3 Hz,
H-11), 7.71 (1H, t, J= 7.2 Hz, H-10), 7.25 (1H, d, J = 13 Hz, H-14), 5.52 (2H, s, H-17),
5.30 (2H, s, H-5), 4.31 (1H, dd, J=5.4 Hz, Abu-a), 2.17 (2H, g, H-19), 1.98 (2H, m, Abu-
B), 1.0 (3H, m, Abu-y), and 0.94 (3H, m, H-18). ESI-MS (MeOH) (m/z): 434.0 (M + H)",
867.0 (2M + H)*. HRMS (m/z): observed 434.1700, calculated 434.171.

General Procedure B. Yield: 81 %; 1H(400 MHz, DMSO-dg) & = 8.7 (1H, s, H-7), 8.48 (2H,
d, NH>), 8.10 (2H, m, H-9 and H-12), 7.85 (1H, dd, J=8.5 Hz and J = 1.3 Hz, H-11), 7.70
(1H, dd, J=8.2 Hz and J = 0.9 Hz, H-10), 7.25 (1H, d, J = 9.7 Hz, H-14), 5.51 (2H, s,
H-17), 5.3 (2H, s, H-5), 4.4 (1H, dd, J = 5.6 Hz Nva-a), 2.19 (2H, m, H-19), 1.9 (2H, m,
Nva-f), 1.52 (3H, m, Nva-v), 1.05 (3H, m, Nva-3), and 0.94 (3H, m, H-18). ESI-MS
(MeOH) (m/z): 448.0 (M + H)*, 895.0 (2M + H)*. HRMS (m/z): observed 448.1855,
calculated 448.187.

Analysis of CPT

HPLC methods have been used for the quantitative analysis of CPT by several groups.>’: 58
The analysis of CPT formation and prodrug hydrolysis were performed using a C-18 reverse
phase column (Waters Symmetry® C-18 5um, 150 x 4.6 mm). HPLC parameters were as
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follows: 0.8% triethylamine/acetic acid (v/v) in a mixture of 20% acetonitrile and 80% water
(mobile phase A) and acetonitrile (mobile phase B), linear gradient (t= 0 min, 90% A, 10%
B; t= 10 min, 70% A, 30% B; t=15 min, 0% A, 100% B; t=25 min 0% A, 100% B; t=30
min, 90% A, 10% B; t=40 min stop), flow rate = 1 mL/min. The detection was performed
using a fluorescence detector (Shimadzu Scientific Instruments Inc., Columbia, MO) with an
excitation wavelength of 360 nm and an emission wavelength of 440 nm.

In vitro characterization of 2a-d prodrugs

Hydrolysis of 2a-d was carried out as follows. 2a-d (5 mg) were dissolved in PB (2 mL, 100
mM PB) and kept on a shaker plate at 37 °C. Studies were performed at three pH values (pH
6.6, 7.0 and 7.4). Aliquots (50 pL) were taken at predetermined time points. Samples
aliquots were dried using a CentriVap™ concentrator (Labconco Corp., Kansas City, MO)
and reconstituted in methanol and analyzed using HPLC. The concentration of 2a-d and
CPT were analyzed using HPLC with fluorescence detection. Prodrug hydrolysis studies
were performed in PB in triplicate at three different pH values (pH 6.6, 7.0, or 7.4).

Cytotoxicity of 2a-d prodrugs

Cell culture—The human lung carcinoma cell line A549 was cultured as recommended.
The cells were cultured in Dulbecco’s Modified Eagle Medium: Nutrient Mixture F-12 1:1
Mixture (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum, 100 U
penicillin and 100 pg streptomycin, and grown at 37 °C in a humidified atmosphere of 5%
CO, in air. Cells were passages when they reached 90% confluency by using 0.25% (w/v)
trypsin-0.53 mM EDTA solution (Invitrogen, Carlsbad, CA).

Cytotoxicity Assay—The cytotoxicity of CPT and its amino acid prodrugs on A549 cells
were assessed using a modified MTT assay as previously described.%9 A549 cells were
harvested with trypsin-EDTA solution and seeded on 96-well polystyrene cell culture plates
at a density of 10,000 cells per well. The cells were allowed to attach for 24 hours. Various
treatments with a wide range of concentrations (30 dilutions) and a control (blank) were
applied to the cells in triplicate for 48 hours. At the end of incubation, the media was
removed, and the cells were rinsed three times with phosphate buffered saline (PBS) to
remove any unspecificly bound CPT. Cell viability was determined by the addition of 25 pL
of MTT solution (5 mg/mL in PBS) for 5 hours at 37 °C in the dark. The crystals were then
dissolved by addition of sodium dodecyl sulfate (SDS) in DMF:water (20.9 g SDS in 1:1
DMF:water). The absorption wavelength 570+£10 nm of each well was determined in a plate
reader (Tecan U.S. Inc., Durham, NC) with a reference wavelength of 690+10 nm.

Data Analysis—GraphPad Prism v.4.0.1 for Windows (GraphPad Software, San Diego,
CA) was used for the analysis of cytotoxicity data. Cells incubated with drug-free medium
were the negative control, and considered to be 100% viable. The cell viability for each drug
treatment was calculated by comparing the absorption intensity to the average value of the
control wells. The data were fit to a nonlinear regression sigmoidal curve. The log value of
ICsq for each treatment was estimated as the concentration at which 50% of the cells were
viable.

Statistical analysis—Statistical analyses were performed using Microsoft Excel v.9.0
(Microsoft Corp.). The experimental values are expressed by mean * standard deviation.
Differences between experimental groups were tested using a t-test at a = 0.05. The
significance of a single factor in groups was tested by analysis of variance (ANOVA) at a =
0.05.
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HzN

x = H, CHg, C2Hs, C3Hy

Figure 1.

Schematic representation of prodrugs. Hydrolysis site is shown by the red zig-zag line.
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Figure 2.

1I-?NMR spectrum of all four prodrugs in DMSO-dg at 37 °C after 6.5 h of incubation in PB
pH7.4: (A) section of 'H NMR spectrum showing changes in the H-5 and H-17 signals of
2a-d, -1, and 10-1; (B) section of 1H NMR spectrum showing changes in the H-23 signals
of 2a-d, and 1-1; (C) section of IH NMR spectrum showing changes in the H-7 and H-14
signals of 2a-d, -1, and 10-1. Similar spectra were observed at pH 7.0 and 6.6.

J Med Chem. Author manuscript; available in PMC 2014 January 24.



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

1duosnuei\ Joyiny Vd-HIN

Deshmukh et al.

Page 18

ey
SA
©]
“q M
]
EFrmmtng 20 Ganes M08 02 1a1s 1958 2 11 s NI amr
w0 % e am wm 10w e wo | axe 100 190 280 370 460 550 640 730 820 910
mr m/z
: e
100 oz, 007 D 3
| M+1
dc M+1 ]
] w]
b i
o] u—i o MK
0 27:2; LT
2 " i ;I . .
. Ay 1 o T e a0 iz a0 e Joarol o smem o B s i S8 sy s
E) tn E) 3 L A R ) @ &0 N R R )
=
100 R
w E 9" F 451,..
] M+1 M
% |
|
o]
] e |8 1530 54.7 W03 L s828
) Y L N 734430 801 911.0 638467024 783 0.6 91
wf® |PMAK o wwn e o e oo IR 3 L2 2509 9112572
0w se o so e | w | e e e w100 190 280 370 460 550 640 730 820 910
- nz
“ G wn 100 4652
ul M+1 H (MJrl
] |
w | BRI L | s
& 3 r s1880 27, 01,945 4 . 1493 7144 9 2
Tl TR M e ew s ome e TR RS TS e sk phal;
Ao a0 8o om0

Figure 3.
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LC-MS spectra of the intermediates obtained during the hydrolysis studies of 2a-d: (A) 2a
(1-2); (B) 2a(1-2); (C) 2b (1-1); (D) 2b (1-2); (E) 2c (1-1); (F) 2c (1-2); (G) 2d (1-1); (H) 2d

(1-2).
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Figure4.

Release of CPT in PB at three pH values at 37 °C: (A) pH 7.4; (B) pH 7.0; (C) pH 6.6.
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Hydrolysis of 2a-d in PB at three pH values at 37°C: (A) pH 7.4; (B) pH 7.0; (C) pH 6.6.
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Figure®6.
Correlation of 2a-d hydrolysis h

] !

alf-life (see steps b and d, Scheme 2) and hydrophobicity

constants (w) of amino acid. The hydrolysis half-lives of 2a-d in PB (pH 6.6, 7.0, and 7.4) at

37°C are reported as the mean +

SD (n=3). Slopes: pH 7.4 = 0.7788 (r?= 0.8493), pH 7.0 =

1.465 (r2= 0.9731), pH 6.6 = 1.322 (r?= 0.7161). The slopes at pH 6.6 and 7.0 are
approximately twice as large as the slope at pH 7.4 suggesting that the prodrug reconversion
in cancerous tissues or in the lung (the target organ) would be expected to be twice as fast.
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Figure7.

Correlation of CPT formation half-life (see step e, Scheme 2) at three pH values and
hydrophobicity constant () of amino acid. The reported half-life of CPT formation in PB in
three pH values at 37°C represents the mean £ SD (n=3). Even though the rate of prodrug
hydrolysis is dependent upon pH (Figure 6), once prodrug hydrolysis occurs the rate of CPT
formation is independent of pH. Slopes: pH 7.4 = 14.89 (r?= 0.9837), pH 7.0 = 17.26 (r2=
0.9783), pH 6.6 = 17.42 (2= 0.9954).

J Med Chem. Author manuscript; available in PMC 2014 January 24.



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

1duosnuei\ Joyiny Vd-HIN

Deshmukh et al.

Viability (%)

Page 23

s 40 40+ 0% 407 0% 40° 40 400 400 q0'  q0*  10f

Drug Concentration (um)

Cytotoxicity of CPT and 2a-d in A549 human lung carcinoma cells. The data were fit using
the Hill equation.
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1a, 2a: X=H

1b, 2b: X = CHj
1C, 2c: X = Csz
1d, 2d: X = C3H;

Scheme 1.
Synthesis of 2a-d: Reagents and conditions: (a) DIPC, DMAP, DCM, RT, 4 h; (b) 30% TFA
in DCM, RT, 1 h.
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Scheme 2.
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The proposed degradation pathway of 2a-d in three pH values: pH 6.6, 7.0 and 7.4. Prodrug
hydrolysis involves steps b and d whereas CPT formation is possible via pathways a, €, or f.

However, results in this study demonstrate that only pathway e is responsible for CPT
formation.
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Retention Times of 2a—d (tR ester) and CPT (tr cpT)

CPT ester no.of lReter [RcCPT

prodrug intermediates (min)  (min)
2a 2 35 6.8
2b 2 38 6.8
2c 2 5.0 6.8
2d 2 7.0 6.8
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Best-Fit Parameters of Cytotoxic Activity of CPT and 2a—d to the Human Lung Carcinoma A549 Cells?

Table 2

drug and

prodr ugs 1Cxq (95% ClI) Hill slope (95% Cl) R?2

CPT 5.379 (4.409/6.562)  -0.692(-0768/-0.617)  0.9796
2a 12.24 (10.04/14.93) -0.622 (—690/-0.555) 0.9769
2b 120.1 (94.15/153.3) —0.565 (-0.634/-0.495)  0.9594
2c 4.103 (3.226/5.218)  -0.649 (—0.739/-0.560)  0.9662
2d 5.203 (4.141/6.537)  —0.443 (-0.483/-0.403) 0.9734

aIC50 is expressed in units of nM
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