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BACKROUND . Prostate-specific membrane antigen (PSMA) remains an attractive target for
imaging and therapeutic applications for prostate cancer. Recent efforts have been made to
conjugate inhibitors of PSMA with imaging agents. Compared to antibodies, small-molecule
inhibitors of PSMA possess apparent advantages for in vivo applications. To date, there are no
reports on the cellular fate of such constructs once bound the extracellular domain of PSMA.The
present study was focused on precisely defining the binding specificity, time-dependent
internalization, cellular localization, and retention of inhibitor conjugates targeted to PSMA on
LNCaP cells. A novel fluorescent inhibitorwas prepared as amodel to examine these processes.
METHODS. Fluorescence microscopy of LNCaP and PC-3 cell lines was used to monitor the
specificity, time-dependent internalization, cellular localization, and retention of a fluorescent
PSMA inhibitor.
RESULTS. Fluorescent inhibitor 2 was found to be a potent inhibitor (IC50¼ 0.35 nM) of
purified PSMA. Its high affinity for PSMA on living cells was confirmed by antibody blocking
and competitive binding experiments. Specificity for LNCaP cells was demonstrated as no
labeling by 2was observed for negative control PC-3 cells. Internalization of 2 by viable LNCaP
cells was detected after 30 min incubation at 378C, followed by accumulation in the perinuclear
endosomes. It was noted that internalized fluorescent inhibitor can be retained within
endosomes for up to 150 min without loss of signal.
CONCLUSIONS. Our results suggest that potent, small-molecule inhibitors of PSMA can be
utilized as carriers for targeted delivery for prostate cancer for future imaging and therapeutic
applications. Prostate 68: 955–964, 2008. # 2008 Wiley-Liss, Inc.
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INTRODUCTION

The cell-surface enzyme prostate-specific mem-
brane antigen (PSMA) is an important biomarker and
target in prostate cancer research. PSMA is up-regulated
and strongly expressed on prostate cancer cells, includ-
ing those that are metastatic [1]. Endothelial- expression
of PSMA in the neovasculature of a variety of non-
prostatic solid malignancies has also been detected
[2,3]. As a consequence, PSMAhas attracted significant
attention as a target for the delivery of imaging [4–16]
and therapeutic agents [17–20]. Unique enzymatic
activities have been identified for PSMA and various
chemical scaffolds have beendeveloped as inhibitors of
this enzyme [21–33].

The employment of PSMA inhibitors as delivery
vehicles for imaging agents can serve as an alternative
to the more conventional biomarker-targeting app-
roach using antibodies. Indeed, some notable progress
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has been made in this area. Tenniswood’s group has
demonstrated that their phosphinate-based GCP II
inhibitors containing a fluorescent group could bind to
the membrane of viable LNCaP cells as monitored by
fluorescent microscopy [34]. Pomper’s group has used
urea-based GCP II inhibitors labeled with 11C and 125I
to image PSMA-positive lesions in xenograft models of
prostate cancer using positron emission tomography
(PET) and single photon emission computed tomog-
raphy (SPECT), respectively [8,13]. Slusher and cow-
orkers developed a near-infrared (NIR) fluorescent
dye-inhibitor conjugate for in vitro imaging of endog-
enous and ectopically expressed PSMA in human cells
as well as in vivo imaging of xenogrft tumors [11].
These studies not only confirm that GCP II inhibitor
conjugates can be effectively applied for prostate
cancer imaging, but also support the concept that
GCP II inhibitors may serve as carriers for chemo-
therapeutic agents targeted to PSMA-expressing
tumors. In fact, Kozikowski’s group prepared a urea-
based GCP II inhibitor-doxorubicin conjugate for
targeting the prostate cancer cells [35]. Although the
conjugate still retained potent GCP II inhibitor activity,
it exhibited poor anti-tumor activity in PSMA-positive
C4–2 cells. It was speculated that the conjugate is not
undergoing the appropriate enzymatic processing
required to release doxorubicin intracellularly.

Although there has been progress in imaging and
therapeutic applications with GCP II inhibitor con-
jugates, the mechanisms of cellular uptake, internal-
ization, and retention of such constructs by prostate
cancer cells have yet to be determined. In our present
study, we fluorescently labeled a phosphoramidate
peptidomimetic inhibitor 1 (Fig. 1) of PSMA with an
amine-reactive fluorescein reagent and examined the
cellular specificity aswell as internalization of this dye-
inhibitor conjugate 2.

MATERIALSANDMETHODS

Cell Lines,Reagents, andGeneral Procedures

LNCaP and PC3 cells were obtained from the
American Type Culture Collection (Manassas, VA).
The monoclonal antibody 3C6 was obtained from
Northwest Biotherapeutics (Seattle, WA). Tetrame-

thylrhodamine-6-isothiocyanate (6-TRITC; R isomer)
and transferrin-Texas Red were obtained from Invi-
trogen–Molecular Probes. All other chemicals and cell-
culture reagents were purchased from Fisher Scientific
(Sommerville, NJ), Pierce (Rockford, IL), or Sigma–
Aldrich (St. Louis, MO). All solvents used in chemical
reactions and triethylamine (TEA)were anhydrous and
obtained as such from commercial sources. Aqueous
solutionswere preparedwith deionized distilledwater
(Milli-Q water system, Millipore, Bedford, MA). All
other reagents were used as supplied unless otherwise
stated. Liquid flash chromatography (silica or C18)was
carried out using a Biotage 12i/40i system. 1H, 13C, and
31P NMR spectra were recorded on a Bruker DRX 300
MHz and 500 MHz NMR Spectrometer. 1H NMR
chemical shifts are relative to TMS (d¼ 0.00 ppm),
CDCl3 (d¼ 7.26 ppm), or D2O (d¼ 4.87). 13C NMR
chemical shifts are relative to CDCl3 (d¼ 77.23 ppm).
31P NMR chemical shifts in CDCl3, or D2O were
externally referenced to 85% H3PO4 (d¼ 0.00 ppm) in
CDCl3, and D2O, respectively.

Preparation of Phosphoramidate
Peptidomimetic Inhibitor

2-Benzyloxycarbonylamino-4-(1-benzyloxycarbonyl-2-
hydroxy-ethylcarbamoyl)-butyric acid benzyl ester
(3). TEA (765 ml, 2.04 equiv) was added via syringe to a
stirred solution of Z-Glu-OBn (1 g, 2.7 mmol), L-serine
benzyl ester (655 mg. 1.05 equiv) and HBTU (1.12 g,
1.1 equiv) in anhydrous DMF (35 ml). The reaction
mixture was stirred for 1.5 hr at room temperature. The
reaction mixture was washed with 10% HCl (50 ml) and
the crude mixture was extracted with EtOAc (50 ml).
The organic layer was sequentially washed with 10%
NaHCO3 (50 ml) and brine (50 ml). After drying the
organic layer with MgSO4, the solvent was removed in
vacuo to yield the white solid. Yield 96.3% M.P (104–
1068C). 1HNMR (500MHz, CDCl3): d 1.73–1.78 (m, 1H),
2.19–2.25 (m, 1H), 2.35–2.44 (m, 2H), 3.45–3.48 (t, 1H,
J¼ 7Hz), 3.94–3.98 (m, 1H), 4.05–4.09 (m, 1H), 4.44–4.47
(m, 1H), 4.70–4.71 (m, 1H), 5.09–5.25 (m, 6H), 5.59–5.61
(d, 1H, J¼ 9Hz), 6.44–6.45 (d, 1H, J¼ 7Hz), 7.28–7.41 (m,
15H). 13C NMR (75 MHz, CDCl3): d 29.1, 32.3, 53.6, 55.7,
63.4, 68.1, 128.7, 128.9, 135.7, 135.8, 136.5, 157.1, 171.1,
172.2, 172.6.

2-{Benzyloxy-[2-benzyloxycarbonyl-2-(4-benzyloxycar-
bonyl- 4 -benzyloxycarbonylamino -butyrylamino)-
ethoxy]-phosphorylamino}-pentanedioic acid dibenzyl
ester (6). TEA(418ml, 3 equiv) andbenzyl alcohol (310ml,
3 equiv) were sequentially added dropwise to a stirred
solution of bis(diisopropylamino) chlorophosphine
(797 mg, 3 equiv) in anhydrous CH2Cl2 (5 ml). The
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reaction mixture was stirred for 10 min at 08C and 1 hr
at room temperature. The residue was transferred via
syringe to a stirred solution of alcohol 3 (548mg, 1 equiv)
and N,N-diisopropylammonium tetrazolide (179 mg,
1.05 equiv) in CH2Cl2 (20 ml) at 08C under argon(g). The
reactionmixturewas stirred for 3hr at roomtemperature,
afterwhich the solventwas removed in vacuo. The crude
reaction mixture was dissolved in CH3CN (30 ml) and
cooled to 08C. A solution of 5-ethylthio-1H-tetrazole
(143mg,1.1 equiv) inamixtureofdistilledH2O(1ml) and
CH3CN (1 ml) was then added and the reaction mixture
stirred for 10 min at 08C and then 1 hr at room
temperature. The solvent was removed in vacuo, the
residuewaswashedwith 10%HCl (50ml), and the crude
mixture was extracted with EtOAc (50 ml). The organic
layer was sequentially washed with 10% NaHCO3

(50 ml), distilled H2O (50 ml), and brine (50 ml). After
drying the organic layer with MgSO4, the solvent was
removed invacuo toyield thephosphite 5as anoil,which
was used immediately in the next stepwithout character-
ization or purification. A solution of glutamic acid
dibenzyl ester (0.649 g, 1.3 mmol) in CH3CN (6 ml)
and TEA (362 ml, 2.6 equiv) was added dropwise to a
stirred solution of crude phosphite 5 (1 equiv) in CH3CN
(3 ml) and CCl4 (6 ml) at 08C under argon. The reaction
mixture was stirred 2 hr and solvent was reduced to half
its volume invacuo. The residuewasdissolved inCH2Cl2
(40 ml) and sequentially washed with 10% HCl
(2� 40 ml), 10% NaHCO3 (40 ml), and brine (40 ml).
The organic layer was dried over MgSO4 and concen-
trated in vacuo to give a yellow oil. The product was
isolated by flash chromatographyC18 (3:7 water:acetoni-
trile). Rf¼ 0.17, Yield (17.0%). 1H NMR (300 MHz,
CDCl3): d 1.82–1.88 (m, 1H), 1.98–2.09 (m, 2H), 2.19–
2.32 (m, 5H), 3.57–3.71 (m, 1H), 3.81–3.90 (m, 1H), 4.16–
4.19 (m, 1H), 4.28–4.29 (m, 1H), 4.32–4.37 (m, 1H), 4.74–
4.84 (m, 1H), 4.86–4.87 (m, 2H), 4.95–5.13(m, 10H), 5.92–
5.94 (d, 1/2H, J¼ 4 Hz), 6.18–6.19 (d, 1/2H, J¼ 4 Hz),
7.09–7.10 (d, 1/2H, J¼ 4 Hz), 7.14–7.45 (m, 31.5 H). 13C
NMR (75 MHz, CDCl3): d 27.9, 29.5, 29.7, 30.2, 30.3, 32.3,
53.3, 53.5, 54.2, 66.9, 67.1, 67.2, 67.4, 67.5, 67.7, 68.0, 68.1,
69.0, 128.3, 128.4, 128.5, 128.6, 128.7, 128.8, 128.9, 129.0,
129.1, 129.2, 135.6, 135.7, 135.8, 135.9, 136.0, 136.2, 136.3,
136.4, 136.5, 136.9, 137.0, 156.8, 169.5, 169.6, 172.5, 172.6,
172.7, 172.9, 173.0, 173.1, 173.3. 31P NMR (300 MHz,
CDCl3): d 8.55 and 8.96.

2-{[2-(4-Amino-4-carboxy-butyrylamino)-2-carboxy-
ethoxy] -hydroxy -phosphorylamino} - pentanedioic
acid pentapotassium salt (1). Toa solutionof a benzyl
ester protectedphosphoramidate 6 (71mg, 0.069mmol)
in THF (1.5 ml), was added 10% Pd/C (12 mg), K2CO3

(23 mg, 2 equiv) and distilled H2O (1 ml). The mixture
was stirred vigorously, purged with argon(g) and then
charged with H2(g) under balloon pressure for 7 hr at

room temperature. The solvent was removed in vacuo
and the residue was dissolved in 1:1 methanol:water,
and filtered through a 0.2 mmPTFEmicropore filtration
disk (Whatman). The solvent was removed in vacuo to
yield solid (1). Yield (89.9%). 1HNMR (300MHz, D2O):
d 1.75–1.94 (m, 2H), 1.98–2.10 (m, 2H), 2.12–2.20 (m,
2H), 2.43–2.51 (m, 2H), 3.47–3.54 (q, 1H, J¼ 6Hz, 15Hz),
3.63–3.67 (q, 1H, J¼ 5 Hz, 8 Hz), 3.98–4.10 (m, 2H),
4.32–4.35 (t, 1H, J¼ 4 Hz). 13C NMR (75 MHz, D2O): d
26.8, 31.4, 31.7, 31.8, 33.7, 48.7, 54.2, 55.6, 55.8, 56.6, 64.6,
64.7, 174.3, 175.21, 176.0, 181.5, 181.6, 182.9. 31P NMR
(300 MHz, D2O): d 7.63.

Preparation of Fluorescent Inhibitor Conjugate

A solution of 5-FAM-X, SE (4 mmol) in 100 ml DMSO
was added to a stirred solution of the inhibitor
core (2 mmol, 100 ml of 20 mM in H2O), 160 ml H2O,
40 ml of 1 M NaHCO3, which were stirred for 6 hr.
The pH of the solution was then adjusted to 9.3 by an
addition of 8 ml of 1 M Na2CO3. 25 mg of Si-Isocyanate
resin (SiliCycle, Inc., Quebec, Canada) was added to
the solution to scavenge the unreacted inhibitor
core 1 by stirring overnight at room temperature.
The solution was subsequently centrifuged (9,000 rpm,
10 min) and the supernatant was lyophilized in a
2 ml microcentrifuge tube. Unreacted or hydrolyzed
5-FAM-X, SE was removed by successively triturating
the lyophilized solid 10 times with 1 ml portions of
DMSO and centrifuging the mixture (1 min at 13,000
rpm) after each wash. The fluorescein-conjugated
inhibitor was resuspended in 50 mM Tris buffer
(pH 7.5) to give a final concentration of 2 mM
(approximately 800 ml).

IC50Determination for Inhibitor Core and
Fluorescent Conjugate

Inhibition studies were performed as described
previously with only minor modifications [21,36].
Working solutions of the substrate (N-[4-(phenylazo)-
benzoyl]-glutamyl-g-glutamic acid, PABGgG) and
inhibitors were made in TRIS buffer (50 mM, pH 7.4
containing 1% Triton X-100). Working solutions of
purified PSMAwere diluted in TRIS buffer (50mM, pH
7.4 containing 1% Triton X-100) to provide from 15% to
20%conversionof substrate toproduct in the absence of
inhibitor. A typical incubation mixture (final volume
250 ml)was prepared by the addition of either 25 ml of an
inhibitor solution or 25 ml TRIS buffer (50 mM, pH 7.4
containing 1% Triton X-100) to 175 ml TRIS buffer
(50 mM, pH 7.4 containing 1% Triton X-100) in a test
tube. PABGgG (25 ml, 100 mM) was added to the above
solution. The enzymatic reaction was initiated by the
addition of 25 ml of the PSMA working solution. In all
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cases, the final concentration of PABGgG was 10 mM
while the enzyme was incubated with five serially
diluted inhibitor concentrations providing a range of
inhibition from 10% to 90%. The reaction was allowed
to proceed for 15minwith constant shaking at 378Cand
was terminated by the addition of 25 mlmethanolic TFA
(2% trifluoroacetic acid by volume in methanol)
followed by vortexing. The quenched incubation
mixture was quickly buffered by the addition of 25 ml
K2HPO4 (0.1 M), vortexed, and centrifuged (10 min at
7,000g). An 85 ml aliquot of the resulting supernatant
was subsequently quantified by HPLC as previously
described [26,37]. IC50 values were calculated using
KaleidaGraph 3.6 (Synergy Software).

Conjugation of Fluorescent Dyes to
Monoclonal Antibody

Themonoclonal antibody 3C6 (1mg/ml, in PBSwith
0.02% NaN3) was first dialyzed against PBS at 48C
overnight to removal NaN3, and then concentrated up
to 5 mg/ml. To a 50 ml round bottom flask was
sequentially added 200 ml of 3C6 (5 mg/ml), 110 ml of
H2O, and 40 ml of a freshly prepared mixture of 1 M
NaHCO3:1 M Na2CO3 (5:1 v:v ratio, pH 9.3). Tetrame-
thylrhodamine-6-isothiocyanate (1 mg) was dissolved
in 50 ml of DMSO and added dropwise to the reaction
mixture with constant stirring. The reaction mixture
was stirred for 1 hr in the dark at room temperature.
The labeled antibody was then washed in 2 ml of PBS
six times and after each wash, the free dyes were
removed by centrifugal filtration (Centricon YM-30;
Millipore). The final solution of fluorescently labeled
3C6 (1 mg/ml) was stored in PBS containing 0.02%
NaN3, at 48C, and protected from light.

Cell Surface Labeling and Internalization Studies

PSMA-positive cells (LNCaP) and PSMA-negative
cells (PC-3) were grown in T-75 flasks with complete
growth medium [RPMI 1640 containing 10% heat-
inactivated fetal calf serum (FBS), 100 units of penicillin
and 100mg/ml streptomycin] in a humidified incubator
at 378C and 5% CO2. Confluent cells were detached
with 0.25%trypsin-0.53mMEDTA solution, harvested,
and plated in 2-well slide chambers at a density of
4� 104 cells/well. Cells were grown for 3–4 days
before conducting the following experiments.

Cell-labeling with fluorescent inhibitor 2 and
competitive binding experiments. Cells grown on
the slides were first washed twice with warm medium
A (phosphate-free RPMI 1640 containing 1% FBS, 0.1%
NaN3), then incubated with 1 ml of fluorescent
inhibitor (4 mM) in warm medium A for 30 min at

room temperature. In competitive binding experi-
ments, cells were pre-incubated for 30 min with 1 ml
of inhibitor core 1 (80 mM).

Inhibitor-antibody blocking experiments. Cells were
pre-incubated with either 1 ml of fluorescent inhibitor
2 (4 mM) or 1 ml of TRITC-conjugated antibody 3C6
(500-fold dilution) for 30min at room temperature. Cells
pre-treated with fluorescent inhibitor 2 were then
treated with TRITC-conjugated antibody 3C6 (500-fold
dilution) for another 30 min at room temperature,
correspondingly, those cells that were pre-treated with
TRITC-conjugated antibody 3C6were then treated with
fluorescent inhibitor 2 for another 30 min.

Time-dependent internalization of fluorescent inhibitor
2. Cells were first washed twice with cold medium B
(phosphate-freeRPMI 1640 containing 1%FBS), incubated
with 1ml of fluorescent inhibitor 2 (4 mM) in coldmedium
Bfor 1hr at 48C,and thenwashed twicewith coldmedium
B. The medium was then replaced with pre-warmed
medium C (phosphate-free RPMI 1640 containing 10%
FBS) and cells were incubated for various lengths of times
(0, 30, 60, 90, 120, 150 min) in a humidified incubator at
378C and 5% CO2.

Localization of internalized fluorescent inhibitor
2. Cells were first washed twice with cold medium B
(phosphate-free RPMI 1640 containing 1% FBS), incu-
bated with 1ml of fluorescent inhibitor 2 (4 mM) in cold
medium B for 1 hr at 48C, and then washed twice with
cold medium B. The medium was then replaced with
pre-warmed medium C (phosphate-free RPMI 1640
containing 10%FBS) and cellswere incubated for 1 hr at
378C (5%CO2). The cellmediumwas replacedwithpre-
warmed medium C containing tranferrin-Texas Red
conjugate (20 mg/ml) and incubated for another 60 min
at 378C (5% CO2).

All the above treated cells were washed twice with
KRBbuffer pH7.4 (mmol/L:NaCl 154.0, KCl 5.0, CaCl2
2.0, MgCl2 1.0, HEPES 5.0, D-glucose 5.0), fixedwith 4%
paraformaldehyde, counterstainedwithDAPI (accord-
ing to manufacturer’s instructions; Invitrogen), and
mounted for microscopy. Cells were visualized using a
Nikon E600 Fluorescence Microscope with filters for
fluorescein (excitation: 450–490, emission: 510–550BP,
exposure time: 800 mS), TRITC (excitation: 530–560,
emission: 590–650BP, exposure time: 800 mS), and
DAPI (excitation: 330–380, emission: 435LP, expo-
sure time: 20 mS). Images were captured and merged
using the ‘‘SPOTadvanced’’ software 4.6, and edited by
National Institutes of Health (NIH) Image J software
(http://rsb.info.nih.gov/ij/) and Adobe Photoshop
CS2.
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RESULTS

Preparation of Fluorescent PSMAInhibitor 2

Fluorescently labeled PSMA inhibitor 2 was pre-
pared as described in Scheme 1. Starting with bis-
(diisopropylamino) chlorophosphine, the precursor to
inhibitor core 1 was generated using methodology
recently developed in our lab [21]. Hydrogenolysis
buffered with potassium bicabonate resulted in the
deprotection of the CBZ group and benzyl esters to
provide the phosphoramidate inhibitor core 1. Con-
jugation of inhibitor core 1 with the N-hydroxysucci-
nimide ester of 5-FAM-X under conditions typical for
peptide or protein labeling provided the fluorescent
inhibitor conjugate 2.

Selective Binding to PSMAon Prostate CancerCells

We first confirmed that both the inhibitor core 1 and
the fluorescent inhibitor conjugate 2 were potent
inhibitors of PSMA using an HPLC-based assay
previously developed by our group [21,26,37]. The
IC50 values for inhibitor core 1 andfluorescent inhibitor
conjugate 2 against PSMA purified from LNCaP cells
[38] were 14 and 0.35 nM, respectively. Dye-conjuga-
tion of the inhibitor core resulted in a structure with
greater inhibitory potency against PSMA. We have
noticed a similar trend with related phosphoramidate
inhibitor cores when compared to theirN-acyl analogs
(unpublished data).

To determine that fluorescent inhibitor conjugate 2
retained its high affinity for PSMA on living cells, both
PSMA-positive (LNCaP) and PSMA-negative (PC-3)
cells were treated with fluorescent inhibitor conjugate
2. Fluorescencemicroscopy revealed that the surface of
LNCaP cells was fluorescently labeled with 2while no
labeling was observed on the surface of PC-3 cells

(Fig. 2A,C). The intensity of the fluorescence signal due
to cell labelingwith 2was decreased significantlywhen
LNCaP cells were pre-treated with inhibitor core 1
(Fig. 2A,B), thus supporting the conclusion that cell
labeling by 2 was due to binding to PSMA.

To further confirm that fluorescent inhibitor con-
jugate 2 was in fact targeting PSMA on the surface of
LNCaP cells, co-localization experiments were con-
ducted using the monoclonal antibody 3C6 conjugated
to TRITC (3C6-TRITC). The mAb 3C6 recognizes a
conformational epitope on the extracellular domain of
PSMA [39]. LNCaP cells were first treated with 3C6-
TRITC and then fluorescent inhibitor conjugate 2.
Likewise, LNCaP cellswere first treatedwith conjugate
2 and then 3C6-TRITC. Surprisingly, both the 3C6-
TRITC and fluorescent inhibitor conjugate 2 dramati-
cally reduced the binding of the other (Fig. 3). Pre-
incubation with 3C6-TRITC essentially precluded
fluorescent inhibitor conjugate 2 from binding to
LNCaP cells (Fig. 3C,G). In a contrast, fluorescent
inhibitor conjugate 2 only partially blocked 3C6-TRITC
from binding to LNCaP cells (Fig. 3F,B) and as the
mergedpicture (Fig. 3H) suggests, fluorescent inhibitor
conjugate 2 and 3C6-TRITC co-localize on cellular
membranes of LNCaP cells.

Internalization of Fluorescent Inhibitor Conjugate 2

Incubation of LNCaP cells with 2 alone at 48C
resulted in distinct cell membrane labeling (Fig. 4A).
Upon warming these cells to 378C, internalization of 2
was observed to be time dependent (Fig. 4). By 60 min,
sparse labeling extended throughout the cytoplasm
(Fig. 4C) and by 120 min, intense labeling was focused
on the peri-nuclear region (Fig. 4E,F).

To better understand the intracellular fate of 2 once
internalized in LNCaP cells, co-localization studies
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Scheme. 1. Synthesis of fluorescentinhibitor2.Reagents andconditions: (a)benzylalcohol (3.0equiv),TEA (3.0equiv);CH2Cl2,08C,1hr (b)
CBZ-Glu(Ser-OBn)-OBn (1.0 equiv), diisopropylammonium tetrazolide (1.05 equiv), 3 hr, CH2Cl2; (c) 5-ethylthio-1H-tetrazole (1.0 equiv),
CH3CN,H2O; (d)CH3CN,TEA(2.6equiv),p-ToSHH-Glu(OBn)-OBn(1.3equiv) thenCCl4 (6ml); (e)H2, cat.Pd (10%onC),K2CO3 (2.0equiv),
THF-H2O,7hr,roomtemp.; (f) 5-FAM-XSE,DMSO,NaHCO3.
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were conducted with the subcellular marker, trans-
ferrin-Texas Red (endosomal marker). LNCaP cells
were pre-incubatedwith 2 and subsequently incubated
with transferrin-Texas Red. Co-localization of internal-
ized 2 with transferrin-Texas Red was visualized as a
yellow signal inmerged images, and appeared strongly
in perinuclear region (Fig. 5A–D).

DISCUSSION

Both 2 and its parent inhibitor core 1 were potent
inhibitors of PSMA. Once the inhibitor core 1 was
conjugated with 5-FAM-X SE, the fluorescent inhibitor
conjugate 2 exhibited enhancedpotency against PSMA.
These results are not inconsistent with our previously
unreported findings in which similar non-acylated
peptidomimetic phosphoramidates exhibited over
10-fold weaker inhibitory potency against PSMA

compared to intact N-benzoyl derivatives. This is not
inconsistent with our previous findings in which we
confirmed that hydrophobicmotifs remote from a zinc-
binding group on PSMA inhibitors enhanced inhib-
itory potency [26].

Cell-labeling experiments demonstrated that fluo-
rescent inhibitor conjugate 2 successfully targeted
PSMA-expressing cells and were effective in labeling
cell membranes of LNCaP cells. With PC-3 cells, which
do not express PSMAno cell-labelingwas observed. To
confirm that bindingof 2 to the surfaceLNCaP cellswas
due to interactions with PSMA, competitive binding
experiments were conducted in the presence of the
inhibitor core 1. When LNCaP cells were pre-treated
with 1, fluorescence labeling by 2 was decreased
significantly as shown in Figure 2B. The binding of
fluorescent inhibitor conjugate 2 was also challenged
with the fluorescently labeled monoclonal antibody

The Prostate

Fig. 2. Selective and competitive binding of 2 to PSMA-positive cells.A: Live LNCaP cells labeledwith 2 for 30min at room temperature.
B: LNCaP cells pretreated with inhibitor core1 for 30 min at room temperature and then treated with 2 for 30 min at room temperature.
C:PC-3cells treatedwith2 for30minatroomtemperatureas anegative control.Allcellswere fixedandnuclei stainedwithDAPI.

Fig. 3. Co-localizationof2withmAb3C6ontheLNCaPcellsurfaces.Toppanel:LNCaPcellswerepre-incubatedwith3C6-TRITC,andthen
incubatedwith2 (A^D). ImageDis theresultofmergingimagesA^C.Bottompanel:LNCaPcellswerepre-incubatedwith2, and thenincu-
batedwith3C6-TRITC(E^H).ImageHis theresultofmergingimagesinE^G.Allcellularnucleiwere stainedbyDAPI.
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3C6-TRITC. When LNCaP cells were first treated with
3C6-TRITC, it essentially precluded the fluorescent
inhibitor conjugate 2 from binding to LNCaP cells
(Fig. 3C,G). Based on these results we have hypothe-
sized that binding of 3C6 to PSMA either blocks access
to the active site directly or causes a global conforma-
tion change resulting in an indirect occlusion of the
active site. Pre-treatment with 2 only partially reduced
3C6-TRITC binding to LNCaP cells (Fig. 3F,B). In the
latter case, merged images of bound 3C6-TRITC and 2
(Fig. 3H) suggest that both cell-labeling agents co-
localize on cellular membranes of LNCaP cells. These
results demonstrate that fluorescent inhibitor conju-
gate 2 is a specific labeling agent for PSMA-expressing
cells.

After labeling PSMA on LNCaP cell membranes
with 2, internalization of this fluorescent inhibitor

conjugate was observed and to be time dependent
(Fig. 4). By 60min, sparse labeling extended throughout
the cytoplasm (Fig. 4C) and by 120min, intense labeling
was focused on the peri-nuclear region (Fig. 4E,F). To
further identify the intracellular fate of 2 once internal-
ized in LNCaP cells, co-localization studies were
conducted with the transferrin-Texas Red as an endo-
somal marker. Co-localization of internalized 2 with
transferrin-Texas Red was detected and appeared
greatest in the perinuclear region (Fig. 5A–D). These
internalization results are not inconsistent with those
previously reported for antibody-bound PSMA [39–
41]. It has been recognized that internalization of PSMA
occurs through a clathrin-dependent endocytic-mech-
anism and is constitutive or can be rapidly induced
by antibody binding [42]. These previous studies
confirmed that internalized PSMA is localized to the
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Fig. 4. Time-dependentinternalizationof2 inLNCaPcells.LiveLNCaPcells labeledwith2wereincubatedfor0(A),30(B),60 (C),90 (D),120
(E), and150 (F)minat378C.Cellswere thenfixedandnuclei stainedwithDAPI.

Fig. 5. Co-localizion studies of internalized 2with transferrin-Texas Red.LNCaPcells werepre-incubatedwith 2, and then incubatedwith
transferrin-Texas Red (A^D).Representative images A (DAPI, blue), B (2, green), and C (transferrin-Texas Red, red) weremerged to obtain
imageD.Regionsofcolocalizionof transferrin-TexasRedand2 appear yellowinmergedimageD.
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recycling endosomal compartment (REC) as proved by
its co-localizationwith internalized transferrin [39–41].
Our data demonstrates that the cellular uptake of
fluorescent inhibitor conjugate 2 occurs through the
internalization of the inhibitor-PSMA complex, which
is retained in endosomes and finally accumulates in
perinuclear region.

In general, internalization of the receptor-ligand
complex via clathrin-coated pits usually results in an
accumulation in endosomes where acidic conditions
promotes complex dissociation. The dissociated mole-
cules are either recycled back to the cell surface or
targeted to lysosomes for further degradation [43]. For
example, this characterizes the fate of transferrin-
transferrin receptor (TfR) complex [44–50]. Although
PSMA shares a high degree of structural homology
with TfR1 [51,52] and their internalization occurs
through the same endosomal-pathway, there are
significant differences in internalization and recycling
rates. Transferrin-TfR 1 complex exhibits rapid inter-
nalization, dissociation, and recycling to cell surfaces
[49,50]. In contrast, we have found that internalization
of 2 bound to PSMA occurs more slowly but is retained
longer within cells.

Considering that the enzymatic activity of PSMA is
maintained at a wide pH range (5–8) [53–55] and that
internalized PSMA must proceed first through early
endosomes (�pH 6.0) and then RECs (pH value: 6–7.0)
before returning to cellular plasmamembrane [56–58],
we surmise that under such weakly acidic condition,
the PSMA-2 inhibitor complex is stable and can be
retained within endosomes for hours. A previous
report estimated that 60% of the cell surface PSMA
was constitutively internalized and retained in cells for
over 6 hr [42]. Therefore, it is likely that the specificity of
2 for PSMA and its propensity to be internalized can be
harnessed to deliver therapeutic agents that do not
require dissociation from the enzyme-inhibitor com-
plex to exert their therapeutic effect. In summary, the
results described herein confirm that targeted delivery
to prostate cancer cells may be achieved by small
molecules such as phosphoramidate peptidomimetics
and serve as an alternative to antibody-based
approaches.
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