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Abstract
Prostate-specific membrane antigen (PSMA), a type II membrane glycoprotein, its high expression
is associated with prostate cancer progression, and has been becoming an active target for imaging
or therapeutic applications for prostate cancer. On the other hand, streptavidin-biotin system has
been successfully employed in pretargeting therapy towards multiple cancers. Herein, we describe
the synthesis of bifunctional ligands (biotin-CTT54, biotin-PEG4-CTT54 and biotin-PEG12-
CTT54) possessing two functional motifs separated by a length-varied polyethylene glycol (PEG)
spacer: one (CTT54) binds tumor-marker PSMA and the other (biotin) binds streptavidin or
avidin. All three compounds exhibited high potencies (IC50 values: 1.21, 2.53 and 10 nM,
respectively) and irreversibility; but only biotin-PEG12-CTT54 demonstrated specifically labeling
PSMA-positive prostate cancer cells in a two-step pretargeting procedure. Additionally, the pre-
formulated complex between biotin-PEG12-CTT54 and Cy5-streptavidin displayed the improved
inhibitory potency (IC50 = 1.86 nM) and irreversibility against PSMA and rapid uptake of
streptavidin conjugate into PSMA-positive prostate cancer cells through PSMA-associated
internalization. Together, all these results supported a proof-concept that combination of
streptavidin and PSMA’s biotinylated inhibitor may lead to development of a novel strategy of
tumor-targeting imaging or drug delivery towards prostate cancer.
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Prostate cancer is the second leading cause of cancer death in men and accounts for
approximately 30% of all new cancer diagnoses in men.1 Prostate-specific membrane
antigen (PSMA), also named glutamate carboxypeptidase II (GCPII), is a classic type II
membrane glycoprotein and is perhaps the most important enzyme-biomarker and target in
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prostate cancer research. PSMA is up-regulated and strongly expressed on prostate cancer
cells, including those that are metastatic.2 Endothelial-expression of PSMA in the
neovasculature of a variety of non-prostatic solid malignancies has also been detected.3, 4 as
a classical membrane receptor, PSMA can be induced for internalization by bound
antibodies or small-molecule inhibitors.8–10 Its extracellular domain possessing folate
hydrolase and N-acetylated-alpha-linked-acidic dipeptidase (NAALADase) activities5–7 can
serve as binding target for antibodies, inhibitors and aptamers. As a consequence, these
properties enable PSMA to serve as an ideal target for the selective delivery of diagnostic
and therapeutic agents. The rapid advance in the resolution of its crystal structure11–13 has
accelerated the development of various high-affinity chemical inhibitor scaffolds for this
enzyme-biomarker.14–21 The recent successful deployment of PSMA inhibitors as targeting
motifs for imaging and therapeutic agents supports their development as formidable
pharmacokinetic alternatives to antibodies.9, 22–26

Streptavidin, a bacterium-produced tetrameric protein, is well known for its extremely high
affinity for biotin (Kd ≈ 10−15 M)27, 28 and a wide range of applications in biomolecule
purification, protein assays, diagnostics, and drug delivery.29–31 In tumor targeting
applications, based upon biotin-streptavidin system, pretargeting strategy has been
developed in which a monoclonal antibody conjugated with streptavidin or biotin, is first
administered to target tumor-associated antigens or receptors followed by the administration
of biotin or streptavidin conjugated to imaging or drug agents destined for the pre-targeted
antibody.32

We previously reported that phosphoramidate peptidomimetic PSMA inhibitors were
capable of both cell-surface labeling of prostate tumor cells for imaging9, 22, 33 and
intracellular delivery for targeted photodynamic therapy.23, 34, 35 We have observed that a
suitable-length spacer installed between the PSMA inhibitor core and its diagnostic or
therapeutic payload was necessary for ensuring both inhibitory potency against PSMA and
positive in vitro performance.36 Our previous work also confirmed that small-molecule
inhibitor can induce internalization of PSMA-inhibitor complex9 albeit slower than that
reported for antibody-induced rapid internalization.8 In the present study, we examined the
feasibility of a macromolecular tumor-targeting scaffold for prostate cancer by employing a
biotin-streptavidin coupling system as a model. Biotinylated PSMA inhibitors containing
variable polyethylene glycol (PEG) spacers (biotin-CTT54, biotin-PEG4-CTT54, and biotin-
PEG12-CTT54, Figure 1) were prepared and initially evaluated for their inhibitory potency
against purified PSMA. In a two-step pretargeting study, it was found that only biotin-
PEG12-CTT54 could successfully recruit Cy5-streptavidin to the cell surface of PSMA-
positive (PSMA+) LNCaP cells. The pre-formulated complex between Cy5-streptavidin and
biotin-PEG12-CTT54 not only exhibited enhanced inhibitory potency against purified
PSMA compared to biotin-PEG12-CTT54 alone presumably through the multivalent
presentation of targeting molecules (CTT54), but also demonstrated considerable cell
labeling of PSMA+ cells along with rapid internalization.

The preparation of the biotinylated inhibitors is described in the Supplementary Data and
structures were confirmed by MALDI-HRMS analysis (Figure S1A–C). Based on PSMA
inhibition studies (Table S1), biotinylation of CTT549, 23, 37 through various PEG spacer
lengths (biotin-CTT54, IC50 = 1.21 nM; biotin-PEG4-CTT54, IC50 = 2.53 nM; biotin-
PEG12-CTT54, IC50 = 10 nM) had no adverse effect upon the inhibitory potency of the
parent inhibitor core CTT54 (IC50 = 14 nM).9 To further understand the consequence of
spacer length on the biotinylated PSMA inhibitors, we examined the enzymatic activity
recovery profiles for each conjugate as described previously.20, 22 As was the case for
CTT54,36 all biotinylated conjugates exhibited an irreversible mode of binding (Figure S2).
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To determine the effect of spacer length between biotin and the PSMA inhibitor core on in
vitro imaging of PSMA+ cells, LNCaP cells were treated with each of the biotin conjugates
followed by incubation with Cy5-streptavidin. Confocal microscopy imaging revealed that
only LNCaP cells treated with biotin-PEG12-CTT54 exhibited a fluorescence signal, albeit
weak, of primarily internalized Cy5-streptavidin (Figure S3C). This data suggested that
unlike PEG12, shorter spacers between biotin and the PSMA targeting core of biotin-CTT54
and biotin-PEG4-CTT54 precluded the concomitant binding to both streptavidin and PSMA
(Figure S3A, B). Based upon this result, Cy5-streptavidin:biotin-PEG12-CTT54 complex
was pre-formulated according to the method described in the Supplementary data. The pre-
formulated complex was characterized using a newly-developed digitally-operated linear
quadrupole ion trap orthogonal acceleration time-of-flight mass spectrometer.38–41 Bovine
serum albumin was employed as an internal standard (Figure 2, m/z 66,431), and the pre-
formulated complex (Figure 2A, m/z 63,382) was found to contain three biotinylated
inhibitors associated with the Cy5-streptavidin tetramer (Figure 2B, m/z 59,610).

In terms of affinity for PSMA, the pre-formulated Cy5-streptavidin:biotin-PEG12-CTT54
complex exhibited the improved inhibitor potency (IC50 = 1.86 nM) over the noncomplexed
biotin-PEG12-CTT54 (IC50 = 10 nM) and maintained an irreversible mode of inhibition
(Supplementary data, Table S1, Figure S2). These results support the use of a streptavidin
tetramer as targeting platform with the advantage of enhanced overall binding affinity
compared to monovalent targeting molecules through multivalent binding or statistical
rebinding.42

To determine whether the use of the pre-formulated Cy5-streptavidin:biotin-PEG12-CTT54
complex was at least comparable in in vitro performance to the pretargeting strategy using
monovalent biotin-PEG12-CTT54, cellular specificity and uptake in PSMA+ cells was
determined. While LNCaP cells treated with the pre-formulated complex exhibited
exceptional fluorescence labeling (Figure 3A), no fluorescence labeling was observed for
the PSMA-negative PC-3 cells treated similarly (Figure 3B). Treating LNCaP cells first with
nonfluorescent CTT54 effectively blocked the pre-formulated complex from labeling these
cells (Figure 3C). No fluorescence was observed on LNCaP cells treated with Cy5-
streptavidin only (Figure 3D). These results suggested that the cell labeling with the pre-
formulated complex (Figure 3A) was due to the targeting molecule CTT54 and not a result
of nonspecific binding. Compared to the pretargeting strategy (Figure S3C), administration
of the pre-formulated complex resulted in considerably greater fluorescence consistent with
its enhanced affinity for PSMA.

It is known that antibody binding can induce PSMA internalization in PSMA+ cancer cells
within 20 min.8 We recently observed that approximately 70% of a 99mTc-radiolabeled
conjugate of CTT54 targeted to PSMA+ cells was internalized by 30 min.43 In contrast, the
pre-formulated Cy5-streptavidin:biotin-PEG12-CTT54 complex exhibited rapid
internalization into PSMA+ cells as early as 10 min upon binding PSMA molecules on the
cellular surface (Figure 4B). Fluorescence intensity in cytoplasm increased with time
(Figure 4C–D) and by 60 min, intense labeling was observed in the perinuclear region of the
cell (Figure 4E). Co-localization of internalized Cy5-streptavidin:biotin-PEG12-CTT54 with
transferrin-Fluorescein was visualized in merged confocal microscopy images (Figure S4).
The pattern of PSMA internalization induced by the pre-formulated complex is consistent
with that induced by antibodies or small-molecule inhibitors.8, 9, 20 Therefore, the results
presented herein supported a proof-of-concept that pre-formulated complexes of
functionalized streptavidin and biotinylated PSMA inhibitors may lead to development of a
novel strategy for prostate tumor-targeted imaging or chemotherapy.

Liu et al. Page 3

Bioorg Med Chem Lett. Author manuscript; available in PMC 2013 June 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



In conclusion, the pre-formulated complex between Cy5-streptavidin and biotin-PEG12-
CTT54 displayed improved inhibitory potency against purified PSMA compared to the
monovalent biotin-PEG12-CTT54 PSMA inhibitor, which is consistent with binding
enhancement through multivalency. In addition, the pre-formulated Cy5-streptavidin:biotin-
PEG12-CTT54 complex more rapidly and selectively internalized into PSMA+ prostate
cancer cells via PSMA-mediated endocytosis. Moreover, the selectivity and uptake of the
pre-formulated complex containing Cy5 as a model payload suggests that streptavidin can
serve as a carrier platform for clinically-relevant imaging agents or therapeutic drug
molecules to target both PSMA+ tumor cells and neovasculature. Therefore, the results
presented here suggest that one-step tumor targeting using pre-formulated streptavidin
complexes with biotinylated small-molecule PSMA inhibitors may serve as a novel drug
delivery platform for PSMA-targeted chemotherapy for both prostate tumors and tumor-
associated neovasulature.
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Figure 1.
Structures of PSMA inhibitor core CTT54 and its biotinylated conjugates Biotin-PEG12-
CTT54, Biotin-PEG4-CTT54, and Biotin-CTT54.
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Figure 2.
Mass spectra of (A) the pre-formulated Cy5-streptavidin:biotin-PEG12-CTT54 complex and
(B) Cy5-streptavidin alone. The mass difference between the pre-formulated complex and
Cy5-streptavidin is 3.772 Kd; three Biotin-PEG12-CTT54 molecules and two displaced
water molecules.
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Figure 3.
Selective labeling of PSMA+ cells with the pre-formulated Cy5-streptavidin:biotin-PEG12-
CTT54 complex. (A) LNCaP and (B) PC-3 cells treated with the pre-formulated complex
(600 nM) for 1 h at 37 °C. (C) LNCaP cells pretreated (30 min) with nonfluorescent CTT54
(80 μM) prior to treatment with the pre-formulated complex. (D) LNCaP cells treated with
Cy5-streptavidin only (600 nM). All cells were fixed and nuclei stained with Hoechst 33342
(blue). Cy5 fluorescence was assigned as pseudocolored red. Distance scale is 20 μm.
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Figure 4.
Time-dependent uptake of the pre-formulated Cy5-streptavidin:biotin-PEG12-CTT54
complex in PSMA+ cells. Live LNCaP cells were incubated with pre-formulated complex
(600 nM) for 5 (A), 10 (B), 15 (C), 30 (D), and 60 (E) min at 37 °C. All cells were fixed and
nuclei stained with Hoechst 33342 (blue). Cy5 fluorescence was assigned as pseudocolored
red. Distance scale is 20 μm.
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