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Ligand-targeted therapeutics have increased in prominence because of their potential for improved
potency and reduced toxicity. However, with the advent of personalized medicine, a need for greater
versatility in ligand-targeted drug design has emerged, where each tumor-targeting ligand should be
capable of delivering a variety of therapeutic agents to the same tumor, each therapeutic agent being
selected for its activity on a specific patient’s cancer. In this report, we describe the use of a prostate-specific
membrane antigen (PSMA)-targeting ligand to deliver multiple unrelated cytotoxic drugs to human
prostate cancer (LNCaP) cells. We demonstrate that the PSMA-specific ligand, 2-[3-(1, 3-dicarboxy
propyl)ureido] pentanedioic acid, is capable of mediating the targeted killing of LNCaP cells with many
different therapeutic warheads. These results suggest that flexibility can be designed into ligand-targeted
therapeutics, enabling adaptation of a single targeting ligand for the treatment of patients with different
sensitivities to different chemotherapies.

Introduction

Most cancer therapies today involve treatmentwith cytotoxic
drugs that distribute indiscriminately into virtually all cells of
the body and cause damage to malignant and healthy cells
alike. Because such conventional chemotherapies are primarily
designed to kill rapidly dividing cells, they also destroy pro-
liferating healthy cells, leading to off-target toxicities that can
include myelosuppression, mucositis, alopecia, nausea/vomiting,
anemia, peripheral neuropathy, fatigue, etc.1-6 Clearly, cyto-
toxic therapies that can be targeted selectively to pathologic cells,
avoiding collateral damage tohealthy cells, would constitute a
significant advance in the treatment of cancer.

Twomajor classes of targeted therapies are currently under
clinical development. First, chemotherapeutic agents are being
designed to target novel functionalities or processes that emerge
primarily during pathogenesis and are critical for proliferation
and/or survival of the pathologic cell but are not important for
the function or survival of normal cells. A prominent example
of this class of targeted therapeutics is imatinib mesylate,
a tyrosine kinase inhibitor that is designed to block bcr-abl
(breakpoint cluster region-abelson), a proto-oncogene product

formed by chromosomal translocation only in chronic mye-
logenous leukemia (CML)a cells.7 Another example of a
functionality-targeted therapeutic agent is bevacizumab, which
suppresses growth of new blood vessels required for tumor
proliferation, but has little impact on the maintenance or
survival of the vasculature healthy tissues.8-11

A second major class of targeted therapies involves the use
of tumor-specific ligands to deliver an attached nonselective
cancer drug specifically to malignant cells.12-15 When such
a homing ligand exhibits strong specificity for a cancer cell,
the derived ligand-targeted therapies can yield high tumor
response rates with low toxicity to normal tissues. Moreover,
if the chemotherapeutic agent is released only after uptake
and trafficking deep into the target cell, efflux of the drug by
multidrug resistance pumps can be greatly reduced.16 Ligands
that have been exploited for chemotherapeutic agent targeting
include both monoclonal antibodies17-20 and low molecular
weight receptor-binding ligands such as peptide hormones,21,22

receptor antagonists and agonists,23 aptamers,24 oligosac-
charides,25,26 oligopeptides,27 and vitamins.15,28

In an effort to expand the arsenal of tumor-targeting ligands,
we have synthesized a molecule termed 2-[3-(1,3-dicarboxy
propyl)ureido] pentanedioic acid (DUPA)29 that selectively
binds to a cell surface glycoprotein termed prostate-specific
membrane antigen (PSMA) and enters PSMA-expressing
cells by PSMA endocytosis.29-32 Because PSMA is expressed
on both prostate cancer (PCa) cells and the neovasculature
of other solid tumorsbut is largely absent fromhealthy tissues,
it constitutes an ideal cell surface protein for tumor-specific
targeting.30,33 In a recent effort to evaluate the specificity of
DUPA conjugates for prostate cancers, we have examined
the uptake of a DUPA-targeted 99mTc radioimaging agent
by human lymph node prostate cancer (LNCaP) tumors in
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athymic nudemice and found retention of the agent limited to
the PCa xenograft and the kidneys.29Because humankidneys,
unlike murine kidneys,34 express only low levels of PSMA,30

we hypothesized that DUPAmight constitute an ideal ligand
for a PCa-targeted therapy. In this paper, we describe the
synthesis, structure validation, and biological properties of a
series of PSMA-targeted disulfide-bridged self-immolative
chemotherapeutic agents and identify several targeted pro-
drugs that warrant consideration for clinical development.

Experimental Section

Materials. Amino acids were purchased from Chem-Impex
Int (Chicago, IL).N-Hydroxybenzotriazole (HOBt) andO-benzo-
triazole-N,N,N0,N0-tetramethyl-uronium-hexafluoro-phosphate
(HBTU) were obtained from Peptide Int. (Louisville, KY).
2-(Phosphonomethyl)pentanedioic acid (PMPA) was purchased
fromAxxora Platform (SanDiego, CA). Tubulysin B (Tub) and
desacetylvinblastine (DAVB) were provided by Endocyte Inc.
(West Lafayette, IN). Camptothecin (Cpt) was obtained from
theNCI (Rockville,MD). Verrucarin A (VrcA) and didemnin B
(DidB) were purchased from Sigma-Aldrich (St. Louis, MO).
All other chemicals, cell culture materials, and animal feed were
obtained from major suppliers.

General Methods. Moisture- and oxygen-sensitive reactions
were carried out under an argon atmosphere. Solid-phase pep-
tide synthesis (SPPS) was performed using a standard peptide
synthesis apparatus (Chemglass, Vineland, NJ). Flash chroma-
tography was conducted with silica gel as the solid phase, and
thin-layer chromatography (TLC) was performed on silica gel
TLC plates (60 f254, 5 cm� 10 cm) and visualized under UV
light. All peptides and peptide conjugates were purified by pre-
parative reverse-phase high-performance liquid chromatogra-
phy (RP-HPLC; Waters, xTerra C18 10 μm; 19 mm�250 mm)
and analyzed by analytical RP-HPLC (Waters, X-Bridge C18

5 μm; 3.0 mm� 50 mm) or ultra high-pressure liquid chroma-
tography (UPLC) (Acquity, BEHC18 1.7 μm; 2.1mm�50mm).
1H spectra were acquired with a Bruker 400 or 500 MHz NMR
spectrometer equippedwith a TXI cryoprobe. Samples were run
in 5 mmNMR tubes using CDCl3, DMSO-d6, or DMSO-d6/D2O.
Presaturation was used to reduce the intensity of the residual
H2O peak. All 1H signals are recorded in ppm with reference to
residual CHCl3 (7.27 ppm) or DMSO (2.50 ppm), and data are
reported as s=singlet, d=doublet, t=triplet, q=quartet, m=
multiplet or unresolved, and b=broad, with coupling constants
in Hz. Liquid chromatography/mass spectrometry (LC/MS) ana-
lyses were obtained using a Waters micromass ZQ 4000 mass
spectrometer coupled with a UV diode array detector. High-
resolution mass spectrometric results were obtained by matrix-
assisted laser desorption ionization (MALDI) mass using an
Applied Biosystems (Framingham, MA) Voyager DE PRO mass
spectrometer. This instrument utilizes a nitrogen laser (337 nm
UV laser) for ionization with a time-of-flight mass analyzer. The
matrix used for these samples was R-cyano-4-hydroxy cinnamic
acid, and the peptide LHRH was used as an internal standard.

Cell Culture. LNCaP cells were obtained from the American
TypeCulture Collection (Rockville,MD) and grown as amono-
layer in 1640 RPMI medium containing 10% heat-inactivated
fetal bovine serum, 1% sodium pyruvate (100 mM), and 1% peni-
cillin streptomycin in a 5% carbon dioxide:95% air-humidified
atmosphere at 37 �C.

Synthesis and Characterization. DUPA, the ligand used to
target PSMA, was synthesized as previously described.35 Peptide
spacers used to attach DUPA to its therapeutic warhead were
synthesizedby standard fluorenylmethyloxycarbonyl (Fmoc) solid-
phase peptide chemistry starting with Cys(4-methoxytrityl)-Wang
resin (Scheme 2). Disulfide-activated prodrugs [tubulysin B hydra-
zide (TubH),36 DAVB hydrazide,37 and Cpt38] were synthesized
from the commercially available drugs according to literature
procedures.

Synthesis of 2-(Pyridine-2-yl-disulfanyl) Ethanol (2). To a solu-
tion of methoxycarbonylsulfenyl chloride (3.1 mL, 34.25 mmol) in
CH3CN(30.0mL) at 0 �C,2-mercaptoethanol (2.4mL,34.25mmol)
in CH3CN (1.0mL) was added dropwise, and the reactionmixture
was allowed to stir at -10 �C for 30 min. A solution of 2-thiopyr-
idine (3.46 g, 31.13 mmol) in CH3CN (18.0 mL) was added to the
reaction mixture and refluxed for 2 h. The reaction mixture was
then stirred at 10 �C for 1 h and filtered. The solid was washedwith
CH3CN and dried under vacuum at room temperature to yield the
pure product as a colorless solid (4.0 g, 57.5%). 1HNMR (DMSO-
d6): δ 3.06 (t, J=6.0 Hz, 2H), 4.18 (t, J=6.1 Hz, 2H), 7.25 (t, J=
6.0 Hz, 1H), 7.78 (d, J=7.9Hz, 1H), 7.83 (t, J=7.5, 1H), 8.45 (d,
J=4.0 Hz, 1H). ESI/MS (m/z): (Mþ H)þ calcd for C7H10NOS2,
188.3; found, 188.0.

Synthesis of 2-[Benzotriazole-1-yl-(oxycarbonyloxy)ethyl-
disulfanyl]pyridine (3). To a solution of 2-(pyridine-2-yl-disulfanyl)
ethanol (2.0, 8.94 mmol), HOBT (1.58 g, 11.71 mmol), and TEA
(1.25 mL, 8.94 mmol) in CH3CN (35 mL) at 0 �C, diphosgene
(0.72 mL, 5.98mmol) was added. The reactionmixture was heated
to 50 �C and stirred for 24 h. The solid was filtered, washed with
CH3CN, and dried under vacuum at room temperature to yield the
pure product as a pale white solid (3.48 g, 95.7%). 1H NMR
(DMSO-d6):δ3.39 (t,J=6.0Hz, 2H), 4.76 (t, J=6.0Hz, 2H), 7.22
(m, 1H), 7.66 (t, J=7.8Hz, 1H), 7.78 (m, 2H), 7.92 (t, J=7.8, 1H),
8.05 (d, J=8.4 Hz, 1H), 8.19 (d, J=8.4 Hz, 1H), 8.43 (d, J=4.7
Hz, 1H). ESI/MS (m/z): (MþH)þ calcd forC14H13N4O3S2, 349.4;
found, 349.2.

Synthesis ofHydrazinecarboxylicAcid2-(Pyridine-2-yl-disulfanyl)-
ethyl ester (4).To a solution of 2-[benzotriazole-1-yl-(oxycarbon-
yloxy)ethyldisulfanyl]pyridine hydrochloride (685 mg, 1.62
mmol) and DIPEA (600 μL, 3.4 mmol) in CH2Cl2 (5.0 mL) at
0 �C, hydrazine was added. The reactionmixture was allowed to
stir at 0 �C for 15 and 30 min at room temperature. After the
precipitate was filtered, the crude compound was purified using
flash column chromatography (silica gel, 2%MeOH inCH2Cl2)
to yield the product as colorless oil (371 mg, 93.4%). 1H NMR
(DMSO-d6): 3.06 (t, J=6.0 Hz, 2H, S-CH2), 4.18 (t, J=6.0 Hz,
2H), 7.26 (t, J=7.8Hz, 1H), 7.79 (d, J=8.1Hz, 1H), 7.83 (t, J=
7.8, 1H), 8.47 (d, J=4.7Hz, 1H). LC/MS (m/z): (MþH)þ calcd
for C8H12N3O2S2, 246.0; found, 246.1.

Synthesis of Disulfide-Activated TubH (6). To a solution of
Tub (30 mg, 0.036 mmol) in ethylacetate (600 μL) under argon
at -15 �C, isobutyl chloroformate (4.7 μL, 0.054 mmol) and
diisopropylethylamine (13.2 μL, 0.076mmol) were added. After
the solution was stirred at -15 �C for another 45 min under
argon, a solution of compound 4 (13.4 mg, 0.054 mmol) in ethyl
acetate (500 μL) was added. The reaction mixture was stirred
at -15 �C for 15 min and then at room temperature for 45 min.
The crude product was purified using a short column (2-8%
methanol in dichloromethane) to obtain the activated TubH (6)
as a colorless oil (34.4 mg, 90.5%). 1H NMR (DMSO-d6/D2O):
δ 0.65 (d, J=6.1Hz, 3H), 0.78 (m, 6H), 0.94 (d, J=6.1Hz, 3H),
1.02 (d, J=7.0Hz, 3H), 1.08 (m, 1H), 1.16 (m, 1H), 1.23 (s, 4H),
1.24 (s, 4H), 1.32 (q, J=7.2Hz, 2H), 1.43 (m, 2H), 1.49 (m, 4H),
1.59 (m, 1H), 1.67 (m, 1H), 1.79 (m, 1H), 1.82 (s, 1H), 1.89 (m,
1H), 2.09 (s, 6H), 2.11 (m, 1H), 2.21 (m, 2H), 2.35 (m, 1H), 2.69
(m, 1H), 2.80 (bd, 1H), 2.97 (bs, 1H), 3.08 (m, 3H), 4.11 (m, 2H),
4.20 (m, 2H), 4.40 (d, J=9.3Hz, 1H), 5.25 (d, J=11.9 Hz, 1H),
5.71 (d, J=11.5 Hz, 1H), 6.16 (b, 1H), 6.59 (d, J=8.1 Hz, 2H),
6.97 (d, J=6.6 Hz, 2H), 7.22 (m, 1H), 7.65-7.89 (m, 2H), 8.17
(s, 1H), 8.43 (bs, 1H). ESI/MS (m/z): (MþH)þ calcd for C50H73-
N8O11S3, 1057.4; found, 1057.0.

Characterization of DAVBHydrazide (DAVBH, 8). 1HNMR
(DMSO-d6/D2O): δ 0.61 (m, 1H), 0.74 (t, J=7.3 Hz, 3H), 0.79
(t, J=7.5 Hz, 3H), 1.03 (d, J=6.1 Hz, 1H), 1.16 (m, 2H), 1.29
(m, 2H), 1.58 (m, 2H), 1.94 (m, 1H), 2.30 (s, 3H), 2.35 (m, 1H),
2.65 (m, 1H), 2.69 (s, 3H), 2.89 (dd, J=14.2, 5.2 Hz, 1H), 3.10
(m, 1H), 3.26 (d, J=13.8Hz, 1H), 3.54 (s, 3H), 3.72 (s, 3H), 3.82
(d, J=5.9 Hz, 1H), 3.95 (d, J=6.1 Hz, 1H), 3.97 (s, 1H), 4.05
(t, J=14.4Hz, 1H), 4.24 (sb, 1H), 5.57 (d, J=10.1Hz, 1H), 5.71
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(dd, J=11.0, 5.1 Hz, 1H), 6.20 (s, 1H), 6.44 (s, 1H), 6.92 (t, J=
7.5Hz, 1H), 7.00 (t, J=7.5Hz, 1H), 7.15 (m, 1H), 7.25 (t, J=8.4
Hz, 1H), 7.36 (d, J=7.9 Hz, 1H), 8.33 (s, 1H), 8.82 (s, 1H), 9.32
(s, 1H). LC/MS (m/z): (M þ H)þ calcd for C43H57N6O7, 769.9;
found, 769.5.

Characterization of Disulfide-Activated DAVBH (9). 1H NMR
(DMSO-d6/D2O): δ 0.64 (m, 1H), 0.76 (t, J=7.3 Hz, 3H), 0.81 (t,
J=7.5Hz, 3H), 1.03 (d, J=6.1Hz, 1H), 1.12 (s, 2H), 1.19 (m, 2H),
1.33 (m, 2H), 1.60 (m, 2), 1.78 (m, 1H), 2.38 (m, 2H), 2. 56 (bs, 1H),
2.67 (m, 1H), 2.78 (s, 3H), 2.90 (dd, J=14.2, 5.2 Hz, 1H), 3.09 (s,
3H), 3.12 (m, 2H), 3.16 (bs, 1H), 3.21 (dd, J=15.5, 4.1 Hz, 1H),
3.28 (d,J=14.2Hz,1H), 3.42 (s, 1H), 3.56 (s, 3H), 3.74 (s, 3H), 3.82
(d, J=6.5Hz, 1H), 3.99 (s, 1H), 4.09 (m, 2H), 4.23 (m, 2H), 5.61 (d,
J=10.1Hz, 1H), 5.71 (dd, J=10.7, 5.8Hz, 1H), 6.22 (s, 1H), 6.48
(s, 1H), 6.94 (t,J=7.5Hz, 1H), 7.02 (t,J=7.5Hz, 1H), 7.28 (d,J=
7.9 Hz, 2H), 7.39 (d, J=8.0 Hz, 1H), 7.86 (m, 2H), 8.49 (bs, 1H),
8.66 (s, 1H), 9.20 (s, 1H), 9.32 (s, 1H), 9.45 (s, 1H). LRMS-LC/MS
(m/z): (M)þ calcd for C51H64N7O9S2, 982.2; found, 982.5.

Characterization of Disulfide-Activated Cpt (10). 1H NMR
(DMSO-d6): δ 0.92 (t, J=7.4Hz, 3H), 2.18 (m, 2H), 3.14 (t, J=
6.1Hz, 2H), 4.32 (t, J=6.0Hz, 2H), 5.30 (s, 2H), 5.52 (d, J=3.5
Hz, 2H), 7.09 (s, 1H), 7.15 (m, 1H), 7.70 (m, 2H), 7.77 (td, J=
7.75, 1.8 Hz, 1H), 7.85 (td, J=8.0, 1.0 Hz, 1H), 8.13 (t, J=8.1
Hz, 2H), 8.39 (dt, J=4.8, 0.7 Hz, 1H), 8.69 (s, 1H), ESI/MS
(m/z): (M þ H)þ calcd for C28H24N3O6S2, 562.6; found, 562.3.

Characterization of Disulfide-Activated VrcA (11). Synthesis
was performed similarly to theDUPA-didemin B conjugate (see
above). 1HNMR (DMSO-d6): δ 0.73 (s, 3H), 0.88 (d, J=6.8Hz,
3H), 1.23 (s, 1H), 1.57 (t, J=12.7 Hz, 1H), 1.62 (s, 3H), 1.72 (s,
1H), 1.92 (m, 2H), 2.78 (d, J=3.9 Hz, 1H), 3.03 (d, J=3.9 Hz,
1H), 3.16 (t, J=6.1Hz, 1H), 3.70 (d, J=5.1Hz, 1H), 3.94 (t, J=
11.7 Hz, 1H), 4.20 (d, J=12.1 Hz, 1H), 4.35 (t, J=6.0 Hz, 1H),
4.39 (d, J=12.1 Hz, 1H), 4.84 (s, 1H), 5.31 (d, J=4.7 Hz, 1H),
5.82 (m, 1H), 6.24 (d, J=15.5Hz, 1H), 6.32 (d, J=11.1Hz, 1H),
6.88 (t, J=11.4 Hz, 1H), 7.25 (t, J=6.0 Hz, 1H), 7.82 (m, 2H),
8.07 (s, 1H), 8.46 (d, J=4.2 Hz, 1H). LC/MS (m/z): (M þ H)þ

calcd for C35H42NO11S2, 716.8; found, 716.5.
Synthesis of Disulfide-Activated DidB (12). To a solution of

DidB (15.0 mg, 0.013 mmol) in CH2Cl2 (0.33 mL) at 0 �C,
2-[benzotriazole-1-yl-(oxycarbonyloxy)ethyldisulfanyl]pyridine
(18.0 mg, 0.047 mmol) and DMAP (8.0 mg, 0.067 mmol) were
added. The reaction mixture was stirred for 2 h at room tem-
perature, and the crude product was purified by column chro-
matography (0-4% methanol in dichloromethane) to afford
the activated DidB, as a white solid (10.0 mg, 56%). 1H NMR
(CDCl3): δ 0.84-0.96 (m, 23H), 1.15-1.28 (m, 6H), 1.32 (d,
J=6.9Hz, 3H), 1.38 (m, 4H), 1.51 (d, J=6.7Hz, 3H), 1.56-1.79
(m, 7H), 1.98-2.17 (m, 6H), 2.26 (m, 1H), 2.34 (m, 1H), 2.54 (s,
3H), 2.63 (m, 1H), 3.02 (t, J=6.8 Hz, 2H), 3.14 (s, 3H), 3.17-
3.21 (m, 1H), 3.24 (s, 1H), 3.41(dd, J=13.8, 4.2 Hz, 1H), 3.59
(d, J=6.8Hz, 2H), 3.70 (m, 2H), 3.79 (s, 3H), 4.06 (m, 2H), 4.22
(q, J=6.9 Hz, 1H), 4.37 (m, 2H), 4.55 (dd, J=5.8, 2.0 Hz, 1H),
4.60 (t, J=7.6 Hz, 1H), 4.73 (t, J=7.3 Hz, 1H), 4.79 (t, J=9.7
Hz, 1H), 5.08 (q, J= 6.7 Hz, 1H), 5.18 (d, J= 3.4 Hz, 1H),
5.21-5.23 (m, 1H), 5.36 (dd, J=11.2, 4.2 Hz, 1H), 6.84 (d, J=
8.6 Hz, 2H), 7.07 (d, J=8.6 Hz, 1H), 7.11 (dt, J=5.7, 2.1 Hz,
1H), 7.66-7.69 (m, 2H), 8.47 (d, J=5.0 Hz, 1H). LC/MS (m/z):
(M)þ calcd for C65H96N8O17S2, 1325.6; found, 1325.8.

Characterization of DUPA-Linker I (13a). The synthesis was
performed as described elsewhere.33 Analytical RP-HPLC:Rt=
7.8min [A=0.1TFA (pH2), andB=CH3CN; solvent gradient:
5-80%B in 10min]. 1HNMR (DMSO-d6): δ 0.93 (m, 2H), 1.08
(m, 5H), 1.27 (m, 5H), 1.69 (m, 2H), 1.90 (m, 2H), 1.94 (m, 2H),
2.10 (m, 2H), 2.24 (m, 2H), 2.62 (m, 2H), 2.78 (m, 4H), 2.88
(m, 1H), 2.96 (t, J=6.8Hz, 2H), 3.01 (m, 1H), 3.31 (dd, J=13.9,
5.9 Hz, 1H), 3.62 (dd, J=14.0, 5.9 Hz, 1H), 3.80 (q, J=6.1 Hz,
1H), 4.07 (m, 1H, R-H), 4.37 (m, 1H, R-H), 4.42 (m, 2H,
R-H), 4.66 (m, 1H, R-H), 7.18 (m, 10H). LC/MS (m/z): (M þ H)þ

calcd for C47H66N9O17S, 1060.4; found, 1060.2. UV/vis:
λmax=257 nm.

Characterization of DUPA-Linker II (13b). The synthesis of
linker II was performed similarly to DUPA-linker I using SPPS.
AnalyticalRP-HPLC:Rt=2.2min [A=10mMNH4OAc (pH7.0),
and B=CH3CN; solvent gradient: 10-80% B in 12 min]. 1H
NMR (DMSO-d6): δ 1.01 (m, 2H), 1.14 (m, 2H), 1.30 (m, 3H),
1.70 (m, 3H), 1.89 (m, 2H), 1.95 (m, 2H), 2.08 (m, 2H), 2.23 (m,
2H), 2.65 (m, 2H), 2.79 - 3.00 (m, 9H), 3.06 (dd, J=14.1, 4.8
Hz, 1H), 4.04 (m, 1H, R-H), 4.08 (m, 1H, R-H), 4.43 (m, 1H,
R-H), 4.47 (m, 1H, R-H), 4.58 (m, 1H, R-H), 7.20 (m, 10H). LC/
MS (m/z): (M þ H)þ calcd for C40H55N6O13S, 859.95; found,
859.67. UV/vis: λmax=257 nm.

Characterization of DUPA-Linker III (13c). The synthesis of
linker III was performed as described for DUPA-linker I using
SPPS. Analytical RP-HPLC: white solid, Rt=8.2 min [A=0.1
TFA (pH 2), and B=CH3CN; solvent gradient: 1-50%B in 10
min]. 1H NMR (DMSO-d6/D2O): δ 1.70 (m, 3H), 1.90 (m, 3H),
2.10 (m, 2H), 2.17 (m, 2H), 2.23 (m, 2H), 2.36 (q, J=8.3 Hz,
1H), 2.59 (dd, J=11.0, 5.7 Hz, 1H), 2.79 (m, 3H), 3.04 (dd, J=
9.8, 4.0 Hz, 1H), 4.07 (m, 2H), 4.13 (m, 1H), 4.37 (m, 1H), 4.47
(m, 2H), 7.19 (m, 5H), 7.87 (d, J=8.1 Hz, 1H), 8.20 (d, J=7.8
Hz, 1H). LC/MS (m/z): (M þ H)þ calcd for C32H43N6O17S,
815.7; found, 815.3. UV/vis: λmax=257 nm.

Synthesis of DUPA-TubH I (14). Into a solution of saturated
sodium bicarbonate (2 mL) and HPLC grade water, argon was
bubbled for 10 min. With continuous bubbling of argon, DUPA-
linker I (9.2 mg, 0.0113 mmol) was dissolved in argon-purged
HPLC grade water (2.0 mL), and the pH of the reactionmixture
was increased to ca. 7 using argon-purged bicarbonate. A solu-
tion of disulfide activated-TubH 6 (12.0 mg, 0.0113 mmol) in
THF (2.0 mL) was then added to the reaction mixture, and the
solution was stirred for 10 min. After THF was removed under
reduced pressure, DUPA-TubH I (DUPA-TubH I) was purified
by preparative RP-HPLC [A=2mM sodium phosphate buffer
(pH 7.1), and B=CH3CN; solvent gradient: 5-80%B in 25min],
yielding the desired product (12.2 mg, yield=61.3%). Analyt-
ical RP-HPLC: Rt= 1.8 min [A=10 mM NH4OAc (pH 7.0),
and B=CH3CN; solvent gradient: 10-100% B in 4 min]. 1H
NMR (DMSO-d6/D2O): δ 0.67 (d, J=5.5 Hz, 3H), 0.81 (q, J=
7.8 Hz, 2H), 0.86 (d, J=7.2 Hz, 3H), 0.96 (d, J=6.2 Hz, 3H),
1.03 (m, 3H), 1.10 (m, 1H), 1.27 (bs, 6H), 1.47 (q, J=7.3 Hz,
2H), 1.51 (m, 1H), 1.61 (m, 2H), 1.68 (m, 1H), 1.82 (m, 2H), 1.92
(m, 1H), 2.11 (s, 6H), 2.23 (m, 2H), 2.37 (m, 2H), 2.42 (t, J=8.1
Hz, 1H), 2.71 (m, 1H), 3.00 (bs, 1H), 3.10 (m, 3H), 3.58 (bt, 2H),
4.13 (m, 2H), 4.22 (m, 2H, R-H), 4.26 (t, J=7.0Hz, 1H), 4.42 (t,
J=8.8 Hz, 1H), 5.28 (d, J=12.1 Hz, 1H), 5.73 (d, J=11.4 Hz,
1H), 6.18 (bs, 1H), 6.60 (d, J=7.9 Hz, 2H), 6.97 (d, J=7.9 Hz,
2H), 7.24 (m, 2H), 7.68 (m, 1H), 7.70 (m, 1H), 7.80 (m, 2H), 7.85
(m, 2H), 8.21 (s, 1H), 8.46 (s, 1H). LRMS (LC/MS) (m/z): 2007.0
(M þH)þ. UV/vis: λmax=254 nm. HRMS (MALDI) (m/z) calcd
for C92H133N16O28S3, 2005.8637 (M þ H)þ; found, 2005.8624.

Characterization of DUPA-DAVBH (15). The synthesis of
DUPA-DAVB hydrazide (DUPA-DAVBH) was performed as
described forDUPA-TubH.AnalyticalRP-HPLC:Rt=6.1min
[A=10 mM NH4OAc (pH 7.0), and B = CH3CN; solvent
gradient: 10-100% B in 14 min]. 1H NMR (DMSO-d6/D2O):
δ 0.62 (m, 1H), 0.73 (t, J=7.3 Hz, 3H), 0.79 (t, J=7.3 Hz, 3H),
0.86 (d, J=7.2 Hz, 3H), 1.04 (m, 2H), 1.16 (m, 6H), 1.31 (m,
3H), 1.57-2.16 (ms, 6H), 2.25 (m, 2H), 2.36 (m, 2H), 2.50-2.70
(ms, 4H), 2.77 (bs, 3H), 2.80-3.30 (ms, 10H), 3.53 (s, 3H), 3.71
(m, 3H), 3.98 (m, 1H), 4.10 (m, 1H), 4.18 (m, 2H), 4.42 (m, 2H),
5.60 (d, J=10.1Hz, 1H), 5.68 (d, J=11.0 Hz, 1H), 6.20 (s, 1H),
6.22 (s, 1H), 6.43 (s, 1H), 6.91 (t, J=7.7Hz, 2H), 7.00 (t, J=7.3
Hz, 1H), 7.03 (d, J=7.5 Hz, 1H), 7.05-7.29 (ms, 6H), 7.36 (d,
J=7.8 Hz, 1H), 7.72 (bs, 2H), 7.86 (bs, 2H), 7.93 (s, 1H), 8.02
(s, 1H), 9.16 (s, 1H), 9.34 (s, 1H). LRMS (LC/MS) (m/z): 1932.2
(MþH)þ. UV/vis: λmax=254 nm.HRMS (MALDI) (m/z): calcd
for C93H124N15O26S2, 1930.8283 (M þ H)þ; found, 1930.8273.

Synthesis andCharacterizationDUPA-Cpt (16).The synthesis
of DUPA-Cpt was performed as described for DUPA-TubH.
AnalyticalRP-HPLC:Rt=5.3min [A=10mMNH4OAc (pH7.0),
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and B=CH3CN; solvent gradient: 10-100% B in 14 min]. 1H
NMR (DMSO-d6/D2O): δ 0.89 (t, J=7.5Hz, 3H), 1.00 (m, 1H),
1.11 (m, 2H), 1.28 (m, 1H), 1.67 (m, 1H), 1.78 (m, 1H), 1.85 (m,
1H), 1.98 (m, 1H), 2.07 (m, 1H), 2.14 (m, 1H), 2.23 (m, 1H), 2.84
(bt, J=11.9Hz, 1H), 2.94 (m, 1H), 3.31-2.99 (ms, 3H), 3.96 (m,
1H), 4.06 (q, J=6.5 Hz, 1H), 4.17 (m, 1H), 4.27 (t, J=5.8 Hz,
1H), 4.34 (t, J=6.1Hz, 1H), 4.42 (m, 1H), 4.65 (m, 1H), 5.30 (bs,
1H), 5.50 (bs, 1H), 7.10 (m, 10H), 7.71 (t, J=7.5Hz, 1H), 7.81 (t,
J=6.6Hz, 1H), 7.86 (t, J=7.7Hz, 1H), 8.12 (d, J=8.1Hz, 1H),
8.19 (d, J=8.5 Hz, 1H), 8.59 (bs, 1H), 8.69 (s, 1H), 8.98 (d, J=
7.5 Hz, 1H), 9.47 (bt, 1H). LRMS (LC/MS) (m/z): 1511.1 (Mþ
H)þ. UV/vis: λmax=254 nm. HRMS (MALDI) (m/z): calcd for
C70H84N11O23S2, 1510.5183 (M þ H)þ; found, 1510.5176.

Synthesis and Characterization of DUPA-VrcA (17). The
synthesis of DUPA-VrcA disulfide was performed as described
for DUPA-Tub. Analytical RP-HPLC:Rt=1.4 min [A=10 mM
NH4OAc (pH 7.0), and B=CH3CN; solvent gradient: 10-100%
B in 4min]. 1HNMR (DMSO-d6/D2O): δ 0.73 (s, 3H), 0.86 (d, J=
6.8 Hz, 3H), 1.05 (m, 1H), 1.15 (m, 1H), 1.23 (s, 1H), 1.33 (m,
1H), 1.55 (m, 1H), 1.63 (s, 3H), 1.72 (s, 2H), 1.88-2.08 (m, 2H),
2.78 (bd, J=3.5Hz, 1H), 2.97 (m, 1H), 3.01 (d, J=2.5Hz, 1H),
3.69 (bd, J=4.7 Hz, 1H), 3.91 (m, 1H), 3.98 (m, 1H), 4.05 (m,
1H), 4.17 (m, 1H), 4.31 (m, 1H), 4.39 (m, 1H), 4.82 (s, 1H), 5.30
(bd, J=4.7Hz, 1H), 5.82 (m, 1H), 6.22 (d, J=15.9Hz, 1H), 6.30
(d, J=11.5 Hz, 1H), 6.88 (t, J=11.3 Hz, 2H), 7.21 (ms, 11H),
7.84 (t, J=14.3 Hz, 1H). LRMS (LC/MS) (m/z): 1664.9 (M þ
H)þ. UV/vis: λmax=254 nm. HRMS (MALDI) (m/z): calcd for
C77H102N9O28S2, 1664.6276 (M þ H)þ; found, 1664.6265.

Synthesis and Characterization of DUPA-DidB (18). The
synthesis of DUPA-DidB was performed as described for DUPA-
TubH.White solid, analyticalRP-HPLC:Rt=1.9min [A=10mM
NH4OAc (pH 7.00, and B=CH3CN; solvent gradient: 10-100%
B in 4 min]. 1H NMR (DMSO-d6/D2O): δ 0.73-0.95 (m, 9H),
0.99 (d, J=5.6 Hz, 1H), 1.05 (m, 1H), 1.15 (d, J=6.8 Hz, 3H),
1.19-1.29 (ms, 4H), 1.34 (d, J=6.6 Hz, 3H), 1.47-2.26 (ms,
19H), 2.82 (s, 2H), 2.85-2.99 (m, 3H), 3.02 (s, 3H), 3.04-3.25
(ms, 3H), 3.35 (s, 3H), 3.47 (dd, J=13.8, 4.2 Hz, 1H), 3.61 (m,
1H), 3.72 (s, 3H), 3.79 (m, 1H), 3.92-4.50 (ms, 15H), 4.60-5.00
(ms, 12H), 5.16 (d, J=7.5 Hz, 1H), 5.22 (dd, J=11.1, 4.0 Hz,
1H), 6.85 (d, J=8.5Hz, 4H), 7.08-7.29 (ms, 10H). LRMS (LC/
MS) (m/z): [(Mþ 2)/2]þ2 1138.2.UV/vis: λmax=254 nm.HRMS
(MALDI) (m/z): calcd for C107H157N16O34S2, 2274.0490
(M þ H)þ; found, 2274.0657.

Synthesis and Characterization of DUPA-TubH II (19). The
synthesis of DUPA-TubH (linker II) was performed as descri-
bed for DUPA-Tub. Analytical RP-HPLC: Rt= 2.2 min [A=
10 mM NH4OAc (pH 7.0), and B=CH3CN; solvent gradient:
10-100%B in 4min]. 1HNMR (DMSO-d6/D2O): δ 0.66 (d, J=
6.1 Hz, 3H), 0.80 (q, J=7.5 Hz, 5H), 0.96 (d, J=6.3 Hz, 3H),
1.00 (d, J=6.2 Hz, 3H), 1.14 (m, 3H), 1.27 (m, 1H), 1.32 (m,
1H), 1.47 (m, 2H), 1.54 (m, 1H), 1.61-1.68 (ms, 2H), 1.81 (m,
2H), 1.92 (m, 3H), 2.04 (s, 3H), 2.10 (s, 3H), 2.17-2.39 (ms, 8H),
2.66-2.99 (ms, 6H), 3.06 (dd, J=13.3, 4.4 Hz, 1H), 3.34 (m,
2H), 3.87 (m, 1H), 4.00 (m, 1H), 4.06 (m, 1H), 4.20 (m, 1H), 4.24
(t, J=7.0Hz, 1H), 4.40 (t, J=8.8Hz, 1H), 4.44 (m, 1H), 5.25 (d,
J=12.1Hz, 1H), 5.74 (d, J=11.4Hz, 1H), 6.22 (bs, 1H), 6.62 (d,
J=7.9 Hz, 2H), 6.99 (d, J=7.9 Hz, 2H), 7.13-7.27 (m, 10H),
7.92 (m, 2H), 8.24 (s, 1H), 8.46 (s, 1H), 9.16 (s, 1H), 9.21 (s, 1H),
9.70 (s, 1H). LRMS (LC/MS) (m/z): 1805.4 (M þH)þ. UV/vis:
λmax=254 nm. HRMS (MALDI) (m/z): calcd for C85H122N13-
O24S3, 1804.7888 (M þ H)þ; found, 1804.7879.

Synthesis and Characterization of DUPA-TubH III (20). The
synthesis of DUPA-TubH (linker III) was performed as de-
scribed forDUPA-Tub.AnalyticalRP-HPLC:Rt=7.3min [A=
10 mM NH4OAc (pH 7.0), and B=CH3CN; solvent gradient:
1-50% B in 10 min]. 1H NMR (DMSO-d6/D2O): δ 0.59 (d, J=
5.5Hz, 3H), 0.65 (t, J=7.3Hz, 3H), 0.72 (t, J=7.3Hz, 3H), 0.76
(d, J=6.4 Hz, 3H), 0.86 (m, 1H), 0.90 (d, J=6.0 Hz, 3H), 1.00
(d, J=6.7Hz, 3H), 1.08 (m, 2H), 1.15 (b, 3H), 1.34 (m, 7H), 1.41
(m, 3H), 1.49 (b, 1H), 1.58 (m, 5H), 1.68 (m, 2H), 1.81 (m, 7H),

1.93 (m, 2H), 1.98 (s, 3H), 2.11 (m, 2H), 2.18 (m, 2H), 2.20 (m,
2H), 2.34 (m, 3H), 2.62 (m, 1H), 2.75 (m, 3H), 2.89 (m, 2H), 3.06
(d, J=10.9 Hz, 1H), 3.12 (d, J=11.1 Hz, 1H), 3.76 (t, J=6.2
Hz, 1H), 3.81 (t, J=6.2Hz, 2H), 3.90 (t, J=6.4Hz, 1H), 4.04 (b,
1H), 4.21 (b, 2H), 4.34 (m, 1H), 4.37 (m, 1H), 4.49 (m, 2H), 5.20
(d, J=11.5Hz, 1H), 5.65 (d, J=11.4Hz, 1H), 6.15 (b, 1H), 6.57
(d, J=8.0 Hz, 2H), 6.96 (d, J=7.4Hz, 2H), 7.13 (d, J=6.7Hz,
3H), 7.18 (d, J=6.5 Hz, 2H), 8.04 (s, 1H). LC/MS (m/z): 1758.7
(M-H)-. UV/vis: λmax=254 nm.HRMS (MALDI) (m/z): calcd
for C77H110N13O28S3, 1758.6594 (M - H)-; found, 1758.7033.

General Procedure for Relative Affinity Studies. LNCaP cells
were seeded in 24-well (100000 cells/well) Falcon plates and
allowed to form monolayers over a period of 48 h. The spent
medium in each well was replaced with 100 nMDUPA-99mTc in
the presence of increasing concentration (0.1 nM to 1 μM) of
DUPA-prodrug in fresh medium (0.5 mL). After they were
incubated for 1 h at 37 �C, cells were rinsed with culture medium
(2�1.0 mL) and tris buffer (1�1.0 mL) to remove any unbound
radioactivity. Cells were then resuspended in tris buffer (0.5 mL),
and the cell-bound radioactivity was counted using a γ-counter.
The relative binding affinities were calculated using a plot of %
cell bound radioactivity versus the concentration of the test
article using GraphPad Prism 4.

Analysis of Efficiency of Drug Release Following Disulfide

Reduction.A solution of test article in phosphate buffer (1 mM,
pH 7.4) was treated with a 10-fold molar excess of either gluta-
thione (GSH) or dithiothreitol (DTT) and incubated for differ-
ent lengths of time at 37 �C. The efficiency of active drug release
from the intact DUPA prodrugs was monitored at λ=254 nm
by analytical RP-HPLC and LC/MS as a function of time.

General Procedure for Dose Dependence Studies. LNCaP cells
were seeded in 24-well (50000 cells/well) Falcon plates and allowed
to formmonolayers over aperiodof 48h.Theoldmediumwas then
replaced with fresh medium (0.5 mL) containing increasing con-
centrations of drug (either targeted or nontargeted) in the presence
or absence of excess PMPA (to block all accessible PSMA sites),
and cells were incubated for an additional 2 h at 37 �C. Cells were
washed 3� with fresh medium and incubated in fresh medium
(0.5 mL) for another 66 h at 37 �C. The spent medium in each well
was replaced with fresh medium (0.5 mL) containing [3H]-thymi-
dine (1 mCi/mL), and the cells were incubated for additional 4 h at
37 �C to allow [3H]-thymidine incorporation. The cells were then
rinsed with medium (2�0.5 mL) and treated with 5% trichloro-
acetic acid (0.5 mL) for 10 min at room temperature. After the
trichloroacetic acid was replaced with 0.25 N NaOH (0.5 mL),
cells were transferred to individual scintillation vials containing
Ecolume scintillation cocktail (3.0 mL) and counted in a liquid
scintillation analyzer. IC50 values were calculated by plotting
%[3H]-thymidine incorporation versus log concentration of
DUPA-drug conjugate using in GraphPad Prism 4.

Results

Screening of Base Drugs. Because PSMA is expressed at
only ∼106 copies/PCa cell, it was reasoned that only highly
potent chemotherapeutic agents could be targeted in sufficient
quantities to kill PCa cells in vivo. In an effort to identify
chemotherapeutic agents with the required potency, human
PCa (LNCaP cell line) cells were pulsed for 2 h with increas-
ing concentrations of nontargeted cytotoxic agent (see the
structures in the Supporting Information, Figure 1), washed
to remove unbound drug, and chased for 66 h in fresh medium
to allow each cytotoxin time to exert its effect. As shown in
Table 1 and Figure 1, cytotoxic drugs such as Tub, DAVB,
and their semisynthetic hydrazide analogues, as well as protein
synthesis inhibitors such as VrcA and DidB, were all highly
active in blocking LNCaP cell proliferation (IC50<13 nM).
On the basis of past experience with folate-targeted drugs,
an IC50 of<10-8Mwas considered sufficient to ensure efficacy
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for most ligand-targeted therapeutic agents,40 and consequently,
the above drugs were examined further for their killing
potencies as DUPA-targeted conjugates.

Synthesis of PSMA-Targeted Disulfide-Bridged Self-

Immolative DUPA Prodrugs. Syntheses of activated mixed
disulfide forms of TubH (6) and desacetylvinblastine hydrazide
(DAVBH) (9) are shown in Scheme 1.β-Mercaptoethanol (1)
was first reacted with methoxycarbonylsulfenyl chloride and
2-thiopyridine to generate 2-(pyridine-2-yl-disulfanyl) ethanol
(2) in quantitative yield. Compound 2 was then treated with
diphosgene to form a chloroformate intermediate, followed
by HOBT to furnish compound 3. This HOBT-activated
analogue 3 was transformed into the heterobifunctional
linker 4 by reacting with hydrazine in dichloromethane.
The carboxylic acid moiety in Tub was then activated with
isobutylchloroformate and reacted with the heterobifunctional
linker 4 to generate an activated mixed disulfide derivative
of TubH (6). In the case of the activated mixed disulfide of
DAVBH (8), vinblastine was first reacted with hydrazine in
methanol followed by transformation into the activated mixed
disulfide derivative of DAVBH (9) using HOBT analogue 3,
as shown in Scheme 1. Along similar lines, activated mixed
disulfide derivatives of DidB (12), Cpt (10), and VrcA (11)
were synthesized using their HOBT analogues 3 (Figure 2).

Design of the optimal spacer linking the aforementioned
drugs toDUPA required selection of substituents that would
not only improve binding affinity but also enhance overall
water solubility and avoid nonspecific uptake by scavenger
receptors in the liver. Because earlier studies with DUPA-
targeted radioimaging agents revealed that optimal binding
occurredwhen the spacer contained two phenylalanine residues
at appropriate distances fromDUPA,35 a similar design was
incorporated into construction of each of the therapeutic conju-
gates. To improve water solubility, several acidic groups
were added toward the C terminus of the spacer and com-
pared for optimal binding. Synthesis of these optimized
DUPA-peptide spacers (13a-c) bearing a COOH-terminal
cysteine was accomplished by standard fluorenylmethyloxy-
carbonyl (Fmoc) SPPS starting from the Fmoc-Cys(Trityl)-
Wang resin, as shown in Scheme 2.

The activated mixed disulfide-bridged derivative of TubH
was exchanged with the DUPA-spacer-Cys I (13) in water at

neutral pH under argon to produce the desired PSMA-
targeted disulfide-bridged self-immolative prodrug, DUPA-
TubH I 14 (Scheme 3). Compounds 15-18 (Figure 3) were syn-
thesized by analogous methods. Three closely related
DUPA-TubH conjugates 14, 19, and 20 (Figure 3) were also
prepared by varying the length and chemistry of the spacer to
evaluate the contribution of the spacer to the solubility and
specificity of the final drug conjugate.

Analysis of the Affinity of DUPA-Prodrug Conjugates for

PSMA and Evaluation of Base Drug Release following Disulfide

Reduction. The affinity of each DUPA-prodrug conjugate
for PSMA was estimated by measuring the concentration of
DUPA-prodrug required toblock 50%binding ofDUPA-99mTc
to LNCaP cells. For this purpose, LNCaP cells were incu-
bated in the presence of 100 nM DUPA-99mTc plus increas-
ing concentrations (0.1 nM to 1μM)ofDUPA-prodrug (e.g.,
DUPA-TubH). Following three washes in saline to remove
unboundDUPAconjugate, cellswere counted for bound radio-
activity. On the basis of an absolute affinity of DUPA-99mTc
for PSMA of Kd= 14 nM,29 the dissociation constant of
DUPA-TubH I (14) for PSMA was calculated at 26 nM
(Figure 4). The measured affinities of the other DUPA-
prodrug conjugates range from 7 to 70 nM.

The efficiency of base drug release from its respectiveDUPA-
prodrug conjugate was next assessed by treating each con-
jugatewith eitherGSHorDTT to reduce themixed disulfide,
followed by analysis of products by analytical RP-HPLC
and LC/MS. HPLC chromatograms (e.g., see Figure 5a)
indicated that over 98%of disulfide bonds were reduced within
2-4 h upon addition of 10-fold excess GSH. To establish the
mechanism of active drug release, selected samples were also
analyzed byLC/MSat different time intervals (Figure 5b). In
the case of DUPA-TubH III, as shown in Scheme 4, reduction

Table 1. Effect of Various Nontargeted Cytotoxic Drugs on the Survival
of LNCaP Cells in Culture

drug class IC50 (nM) clog Pa

PTax taxanes 22.3 4.40

DAVB vinca alkaloids 9.5 2.89

DAVBH vinca alkaloids 12.2 0.73

Tub vinca alkaloids 2.5 7.20

TubH vinca alkaloids 3.7 6.05

Cpt topo-isomerase I noneb 0.89

Dox topo-isomerase II 77.6 0.32

VrcA protein synthesis inhibitors 3.3 -1.93

DidB protein synthesis inhibitors 2.8 6.34

cis-platin DNA alkylating agent noneb -2.83

prednisolone anti-inflammatory agent noneb 1.42

RWJ67657 P38 MAP kinase inhibitor noneb 4.14

SB203580 P38 MAP kinase inhibitor noneb 2.99

wortmannin PI3 kinase inhibitor noneb 0.21

nigericin antibiotic/antiporter of Hþ and Kþ noneb 2.45

paraquat electron acceptor noneb -8.65

atractyloside inhibit oxidative phosphorylation noneb 1.38
a clogP=calculated log (partition coefficient). bNone, not activewithin

the 100 pM to 1 μM range.

Figure 1. Effect of the drug concentration on the survival of a human
PCa cell line. Free drugs dissolved in DMSO were added at the
indicated concentrations to LNCaP cells in RPMI culture media and
allowed to incubate for 2 h at 37 �C. Media were then removed and
replaced with fresh media (drug-free), and incubation was continued
for an additional 66 h. Cell survival was then quantitated using a 3H-
thymidine assay, asdescribed in theGeneralMethods.PTax,paclitaxel;
Dox, doxorubicin; cis-Pt, cis-platin; DAVBH, desacetylvinblastine
hydrazide. Error bars represent SD (n= 3).
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of the disulfide bond by DTT generated a thiol intermediate
that would eventually be expected to release unmodified
tubulysin hydrazide via either path A or path B (Scheme 4).
On the basis of LC/MS analysis, over 95% of the disulfide
bonds were found to form free TubH via the carbonate
intermediate 21 (Figure 5b), suggesting that efficient drug
release occurs primarily via pathA. Efficient release of unmodi-
fied drug upon exposure to GSH was encouraging, since it
suggested that liberation of unmodified TubH should pro-
ceed spontaneously following disulfide bond reduction within
the endosomes of PCa cells. Importantly, previously pub-
lished in vivo studies29 using the DUPA-tubulysin III (20)
conjugate have demonstrated that the conjugate is suffi-
ciently stable in circulation to reach its receptor on LNCaP
tumors in its intact nonreduced form.

Cytotoxicity of DUPA-Prodrug Conjugates. Analysis of
the cytotoxicity of each PSMA-targeted prodrug was then

conducted by exposing LNCaP cells to the DUPA-prodrug
conjugate for 2 h, followed by restoration of the cells to
drug-freemedia for 66 h and then analysis of cell viability by
quantitation of 3H-thymidine incorporation. As shown in
Figure 6a, 3H-thymidine incorporation dramatically de-
creased with increasing concentrations of DUPA-TubH
I-III and DUPA-DAVBH. Indeed, all DUPA-prodrug
conjugates with the exception of DUPA-VrcA (17) showed
high cytotoxicity for LNCaP cells, with IC50 values in
the low nanomolar range. Most importantly, the high
efficacy of all PSMA-targeted prodrugs was quantitatively
inhibited by competition with 100-fold excess PMPA
(Figure 6b), suggesting that cell killing required the pre-
sence of an empty PSMA receptor and did not occur by
extracellular release of active drug followed by passive diffu-
sion into the cell. This result is significant, since PCa
cells constitute the primary site where PSMA is exposed

Scheme 1
a

aReagents and conditions: (a) (i) MeOC(O)SCl/CH3CN, 0 �C, 0.5 h; (ii) 2,20-dipyridyl-disulfide/CH3CN, 0 �C, 2 h. (b) (i) Diphosgene, HOBt, TEA/

CH3CN, 0 �C; (ii) Δ/50 �C, 24 h. (c) NH2NH2, DIPEA/CH2Cl2, 0 �C to room temperature, 45 min. (d) (i) Isobutylchlorofomate, DIPEA/EtOAc, -15 �C,
45min; (ii) 4/ EtOAc,-15 �C to room temperature, 45min. (e) NH2NH2/MeOH, 60 �C, 12 h. (f) Compound 3, DIPEA/CH2Cl2, room temperature, 1 h.

Py = pyridyl.

Figure 2. Structures of activatedmixed disulfide-bridged cytotoxic agents. TubH (6), TubH;DAVBH (9), DAVBH; Cpt (10), Cpt; VrcA (11),
VrcA; and DidB (12), DidB (R = p-methoxyphenyl).
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and accessible in humans to parenterally administered PSMA-
targeted drugs.

Discussion

Wehave shownhere that thePSMA-targeted ligand,DUPA,
can be exploited todeliver a variety of cytotoxic drugs that can
kill cells that express elevated levels of PSMA. Because future
advances in personalized medicine will almost certainly require
different therapeutic warheads for different PCa patients, this
versatility in drug delivery could prove beneficial when
attempting to fit any desired therapy to any individual patient.
Expression of PSMAon the neovasculature ofmost, if not all,
solid tumors will only add to the need for an adaptable
targeting ligand for multiple therapeutic needs.

Although ligand targeting shows considerable promise for
improving the potency and toxicity of multiple cancer ther-
apeutics, simple attachment of a cytotoxic drug to a tumor-
specific ligand may not ensure achievement of the above
properties. As noted previously,15 the potency of any ligand-

targeted drug must be high, since most receptor-mediated
endocytosis pathways deliver only limited quantities of drug.
The spacer that links the drug to its targeting ligand must
also be relatively stable to ensure its arrival at the tumor mass
intact, yet sufficiently labile to enable rapid release of the
unmodified therapeutic agent following internalization into
the malignant cell. Indeed, many ligand-drug conjugates have
failed because free drug has been released before the targeting
ligand could mediate its uptake by the target cell (personal
observations). Now, as observed in this paper, the innate stabil-
ity of the therapeutic drug in its ligand-targeted conjugate
would also appear to impact performance of the drug con-
jugate. Although Cpt was relatively inactive against LNCaP
cells in its nontargeted form (Table 1), the drugwas still found
to be highly potent as a DUPA conjugate (Table 2). We
hypothesize that attachment of theDUPA-spacer toCpt at its
20-OHmayhave stabilized the lactone ring againsthydrolysis,
as reported when other moieties have been conjugated to this
same site.38-40 Such stabilization would have then rendered
the conjugate capable of surviving the 2 h incubation in culture
mediumwithout hydrolyzing to its inactive form. Conversely,
failure of the DUPA-VrcA conjugate to kill LNCaP cells in
culture despite its high potency in free formmay have derived
from the different routes of cellular entry of VrcA in its targeted
and nontargeted forms. Thus, hydrolases in endosomal com-
partments could have cleaved either the epoxide or the lactone
ring of VrcA during intracellular PSMA trafficking, whereas
the free drug may have found direct access to its site of action
within the cell. Taken together, it is becoming more apparent
that multiple variables may require optimization before a
potent cytotoxic drug can be converted into a successfully
targeted therapeutic agent.

As efforts to develop ligand-targeted therapies increase, it is
important to consider both their advantages and disadvantages
as compared withmolecular-targeted therapies. As noted above,
a major advantage of ligand targeted therapies can stem from
their remarkable therapeutic flexibility, since almost any potent
drug can be targeted to a diseased tissue if it can be linked in
a reversible manner to an appropriate targeting ligand. How-
ever, because only a few chemical functionalities allow for
facile release of a covalently attached drug following uptake
by the targeted cell, drugs must be selected that contain one
or more of a limited number of chemical moieties (-SH,
-COOH, -OH, or -NH2) that can be adapted for intra-
cellular release.15,29,36-38 A second advantage of ligand-targeted

Scheme 2a

aReagents and conditions: (a) (i) 20% piperidine/DMF, room tempera-

ture, 10min; (ii) Fmoc-Asp(OtBu)-OH,HBTU,HOBt, DMF/DIPEA, 2 h.

(b) (i) 20%piperidine/DMF, room temperature, 10min; (ii) Fmoc-diamino-

propionic (DAP) acid, HBTU, HOBt, DMF/DIPEA, 2 h. (c) (i) 20%

piperidine/DMF, room temperature, 10 min; (ii) Fmoc-Phe-OH, HBTU,

HOBt,DMF/DIPEA, 2h. (d) (i) 20%piperidine/DMF, room temperature,

10 min; (ii) Fmoc-Phe-OH, HBTU, HOBt, DMF/DIPEA, 2 h. (e) (i) 20%

piperidine/DMF, room temperature, 10 min; (ii) Fmoc-8-amino-octanoic

(EAO) acid, HBTU, HOBt, DMF/DIPEA, 2 h. (f) (i) 20% piperidine/

DMF, room temperature, 10 min; (OtBu)3-DUPA-OH, HBTU, HOBt,

DIPEA, 2 h. (g) TFA/H2O/TIPS/EDT (92.5:2.5:2.5:2.5), 1 h.

Scheme 3
a

aReagents and conditions: (a) (i) H2O/NaHCO3 (pH 7.0-7.2), argon, room temperature; (ii) 6/THF, argon, room temperature, 15 min.
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therapies derives from the ability to design a cognate imaging
agentwith the same targeting ligand.15,29,35,41-43 Because such
cognate imaging agents can be used to select patients for the
ligand-targeted therapy and because the FDA is increasingly
desirous that a diagnostic agent be employed to identify
potential “responders” to any new drug, the straightforward

generation of an imaging agent targeted to the same receptor
renders compliance with this FDA condition relatively easy.
Third, whenever membrane impermeable drugs must be
delivered, ligand-targeted therapies are generally preferred,
since a good targeting ligandwill often carry its attached cargo
into the target cell by receptor-mediated endocytosis. Thus,

Figure 3. Structures of PSMA-targeted disulfide-bridged self-immolative prodrugs. The base drug nomenclature is as in Figure 2.
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when proteins, dendrimers, liposomes, genes, nanoparticles,
siRNA, peptides,miRNA, etc. constitute the therapeutic cargo,
the use of an internalizing targeting ligand can render an
otherwise inactive drugmore efficacious.43,44 Finally, because
overexpression of a receptor on a pathologic cell may bemore
common than expression of a novel/upregulated enzyme or
pathway in apathologic cell, opportunities for development of
ligand-targeted therapies may arise more frequently than
opportunities for novel functionality-targeted therapies.

Ligand-targeted therapies also exhibit disadvantages rela-
tive to functionality-targeted andnontargeted therapies.First,
because most endocytic pathways transport relatively few
molecules into a cell, the ligand-targeted drug must be effec-
tive at very low concentrations. For some diseases, a large
selection of highly potent therapeutic agents is readily avail-
able, but for other pathologies, the repertoire of potent drugs
is small. Second, as noted above, an efficient drug release

Figure 4. Relative binding affinities of DUPA-prodrugs with
respect to DUPA-99mTc (a PSMA-targeted radioimaging agent).
LNCaP cells were incubated for 1 h at 37 �C in the presence of
100 nM DUPA-99 mTc with increasing concentrations of DUPA-
prodrugs. Cell-bound radioactivity was assayed as described in the
General Methods.

Figure 5. Release of TubH (21) from DUPA-TubH self-immolative prodrug (14 or 20) by disulfide reduction. DUPA-TubH was analyzed
using (a) analytical RP-HPLC [A=10mMNH4OAc (pH 7.0), and B=CH3CN; λ=257 nm: 10-100%B in 4min] and (b) LC/MS [A=10mM
NH4OAc (pH 7.0), and B=CH3CN; λ=257 nm: 5-80%B in 8min] in the absence (left chromatogram) and presence (right chromatogram)
of a excess of (a) GSH or (b) DTT. See Scheme 4 for identities of products of the disulfide reduction reaction.

Scheme 4. Possible Mechanisms for Disulfide-Mediated Release of TubH from PSMA-Targeted Self-Immolative Prodrugs, Such as
DUPA-TubH III, in the Presence of Disulfide Reducing Agents
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mechanismmust be designed that is inert during transit to the
pathologic lesion but rapidly activated following target cell
binding/internalization, leading to drug release at the site of
disease.12,37,38,41,43 Finally, formembrane impermeable drugs,
an endosome escape strategy must also be designed that will
ensure access of the released drug to the cytosol following
uptake by the diseased cell. While much progress has been
made in the development of these escape mechanisms, signif-
icant improvements will be necessary before the full potential
of macromolecular drugs such as siRNAs, proteins, and nano-
particles can be realized.45-48
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