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A B S T R A C T

Prostate-specific membrane antigen (PSMA), also known as glutamate carboxypeptidase II (GCPII), has recently
emerged as a prominent biomarker of prostate cancer (PC) and as an attractive protein trap for drug targeting. At
the present time, several drugs and molecular diagnostic tools conjugated with selective PSMA ligands are
actively evaluated in different preclinical and clinical trials. In the current work, we discuss design, synthesis and
a preliminary biological evaluation of PSMA-specific small-molecule carrier equipped by Doxorubicin (Dox). We
have introduced an unstable azo-linker between Dox and the carrier hence the designed compound does release
the active substance inside cancer cells thereby providing a relatively high Dox concentration in nuclei and a
relevant cytotoxic effect. In contrast, we have also synthesized a similar conjugate with a stable amide linker and
it did not release the drug at all. This compound was predominantly accumulated in cytoplasm and did not cause
cell death. Preliminary in vivo evaluation has showed good efficiency for the degradable conjugate against PC3-
PIP(PSMA+)-containing xenograft mine. Thus, we have demonstrated that the conjugate can be used as a
template to design novel analogues with improved targeting, anticancer activity and lower rate of potential side
effects. 3D molecular docking study has also been performed to elucidate the underlying mechanism of binding
and to further optimization of the linker area for improving the target affinity.

Introduction

PC is one the most leading malignancy among men resulting in a
relatively high mortality rate. Its incidence varies significantly de-
pending on geographic area due to the coverage of PSA screening,1 but
anyhow, approx. 2% of PC patients die. For instance, in 2012, 1.1
million men were diagnosed with PC worldwide (about 15% of all

cancer diagnoses), while in Europe this rate was over 400,000.2 Cur-
rently, the American Cancer Society’s (ACS)3 estimates∼164,690 new
cases of PC and 29,430 deaths from this disease in the United States for
2018.

Thus, it is the third leading cause of cancer death in American men,
behind lung cancer and colorectal cancer.> 12 times higher mortality
rate is estimated around the world, where PC represents 7% of total
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male cancer mortality.
PSMA is the most attractive biomarker for molecular probe tar-

geting against PC. Thus, PSMA is used as a part of positron emission
tomography/computed tomography (PET/CT) where it demonstrates
better efficiency for the detection of PC sites than choline PET/CT,
especially for patients with low PSA.4,5 It should be noted, that an
elevated level of PSMA expression was observed in other solid tumors
thereby promoting their neovasculature and angiogenesis.6,7

There are some first-line drug therapy options, e.g.: enzalutamide;
degarelix; abiraterone; cabazitaxel8 which showed significant activity
within a life-prolonging chemotherapy for PC; and docetaxel, for pa-
tients with PC, including metastatic or/and castration-resistant cases.

It is not surprising that this treatment is often associated with a wide
range of side effects, including muscular atrophy, pain, weight changes,
and leads to a substantial limitation in health-related quality of life.9,10

Considering this, alternative therapeutic approaches are currently
under active development within this area, for instance, targeted drug
delivery with selective PSMA ligands.11–13 Thus, PSMA-based radi-
oligand therapy (RLT)4,14 is mainly used as a compassionate treatment
after failure of the life-prolonging drugs cited above. For example, lu-
tetium radiolabeled humanized monoclonal antibody (J591) targeting
PSMA (177Lu-J591) is being evaluated in Phase II clinical studies in
patients with metastatic androgen-independent PC.15,16 Lutetium-based
radionuclide equipped by urea-containing PSMA-targeted core-head
([177Lu]PSMA-617) is in Phase II clinical development for the treatment
of patients with metastatic castration-resistant prostate cancer
(mCRPC)17–20 and in Phase II/III against lymph node metastatic PC.21

Recently, indotecan-like topoisomerase I inhibitor has been con-
jugated to the selective PSMA ligand (DUPA) via a peptide linker and a
drug-release disulfide trigger that facilitates intracellular cleavage of
the delivery system to release the drug molecule within the desired
site.22 This conjugate demonstrated more favorable results in vivo than
unmodified drug.

The successful story and structural composition of PSMA were de-
scribed in detail in a range of previous reports,23,24 so it remains beyond
the scope of this paper. Although a considerable progress has been
achieved through the past decade within the title field an intrinsic role
of PSMA in tumor angiogenesis and carcinogenesis remains mostly
uncovered. Anyhow, PSMA has been recognized as one of the most
paramount drug targets within the top of modern medicinal chemistry
and diagnostics. Therefore, endogenous-like small-molecule ligands
specifically targeting PSMA are firmly regarded as a revolutionary and
robust tool for the aforementioned therapeutic indications.25–27

From the structural point of view, all the ligands and inhibitors of
PSMA activity can be roughly divided in three distinct categories: a)
antibodies, b) small-molecule compounds, and c) their conjugates. As
briefly mentioned above, antibody drug conjugates (ADCs) specifically
targeted against PSMA are being under active development in advanced
clinical trials.20,28–31 With respect to anti-androgen therapy, PSMA
ADCs have also been evaluated following a concomitant treatment
schedule with enzalutamide and abiraterone in LNCaP and C4-2 cells
using the Bliss independence method.32 The theranostic applications of
small-molecule high affinity PSMA ligands have been properly regarded
as holding great promise for the targeted PC drug therapy and diag-
nostics.33–48

Most of the currently evaluated PSMA-targeted conjugates contain
urea-based core-head equipped by a linker of different type and prop-
erties as well as by terminal imaging dye to achieve good binding, se-
lectivity and imaging. Several QSAR studies have also been carried out
and clearly highlighted the crucial role of Glu-Urea (GU) warhead for a
pronounced binding.49,50 Even though, there is still no such hybrid drug
candidate in clinics designed specifically for the targeted PC che-
motherapy except EC-1169 (vide infra). Several recent conjugates hold
great promise as they have successfully passed initial preclinical eva-
luation. However, the diversity in structure of available PSMA ligands
of synthetic origin is a relatively poor and not beyond the scope of three

main scaffolds. To the best of our knowledge, GU “anchor” and its
isosteric analogues seem broadly sufficient to design novel effective
conjugates for drug targeting and PC diagnostics. Here we describe a
convenient and versatile synthetic route to novel PSMA ligand equipped
by Dox. The activity of the compound was assessed in vitro (LNCaP and
PC-3 cell lines) using fluorescent microscopy and MTS assay as well as
in vivo using PIP(PSMA+)-containing xenograft mine. The strategic
focus was placed on the spacer length and its nature to achieve an
appropriate selectivity and potency.

Results

Synthesis

Among a variety of PSMA ligands available to date we selected the
urea-based core-head armed by Glu and Lys (GUL) with an IC50 value of
498 nM.51 The decision was made to get the starting materials with a
flexible and versatile diversity point that would be easy to modify. The
desired conjugates were obtained following the general synthetic ap-
proach depicted in Schemes 1–5 below. Initially, compound 4 was
readily synthesized from a commercially available di-tert-butyl glutamic
acid ester 1 in two steps (Scheme 1) via the formation of intermediate
isocyanate 2 in situ in the presence of triphosgene and DIPEA followed
by the reaction with benzyl carbamate protected tert-butyl substituted
lysine. Subsequent mild hydrogenolysis of 3 with 10% Pd/C furnished
the desired product 4 in good yield. Reagents and conditions are listed
in the legend.

With respect to the spacer length (see the Discussion section), 6-
aminohexanoic acid (5) and 11-aminoundecanoic acid (6) were used as
spacer precursors (Scheme 2). Thus, they were initially converted into
the Bn-protected derivatives 7 and 8. The reaction was carried out in
toluene with an excess of benzyl alcohol and p-toluenesulfonic acid.
The obtained compounds were then immediately reacted with adipic
acid monomethyl ester (9) resulted in amides 10 and 11, respectively.
Subsequent hydrogenolysis provided two ‘mature‘ linkers 12 and 13 of
different length and flexibility. The core-head 4 obtained previously
was then readily coupled with these linkers to afford compounds 14 and
15 in good yields. To introduce an appropriate bond labile for en-
dogenously-driven hydrolysis to release a drug specifically within the
target tissue, the terminal ester functionality of 14 and 15 was quan-
titatively converted into the corresponding hydrazides 16 and 17. The
resulting compounds 18 and 19, bearing convenient link points, were
obtained by treating tert-Bu esters with 90% TFA in MeOH.

Keeping in mind that aromatic or/and heteroaromatic moieties in-
corporated into the linker at the most reliable positions (see the

Scheme 1. Synthesis of the starting building 4: a) triphosgene, DIPEA, CH2Cl2,
− 78 °C; b) Cbz-Lys-O(t-Bu), DIPEA, CH2Cl2, rt, yield 80%; c) H2, 10% Pd/C,
CH2Cl2, yield 80%
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discussion below) can significantly improve binding affinity and se-
lectivity, we synthesized the carriers 33 and 34 equipped by two phe-
nylalanine anchors to catch additional supramolecular interactions
along the tunnel. Thus, N-protected compounds 20 and 21 were treated
with the starting material 4 resulted in desired amides 22 and 23
(Scheme 3a). Further hydrolysis furnished corresponding amines 24
and 25 in high yields. The second building block 28 with two pheny-
lalanine fragments was constructed in parallel by the reaction of di-
peptide 26 with methanol followed by treating ester 27 with succinic
anhydride in DCM at ambient conditions without presence of any base
(Scheme 3b). As a result, acid 28 was obtained in good yield and further
coupled with amine 24 thereby providing hybrid molecule 29. Finally,
the ester were readily converted into the corresponding hydrazide 30
by analogy to the procedure described above for compounds 16 and 17
(see Scheme 2) and then into the final salt 31.

In contrast to the approach described by Jayaprakash and co-
workers52 the synthesized hydrazides 18, 19 and 31 were then con-
jugated with doxorubicin hydrochloride (Dox) via hydrazone joint that
was more susceptible to hydrolysis under the natural environment than
pyranose amide bond. The reaction proceeded smoothly in the presence
of catalytic amount of trifluoroacetic acid yielding the final products
32–34 (Scheme 4).

To quantitatively estimate the binding potency of the designed
carriers towards the title protein we modified compound 25 by fluor-
escent dye sulfo-Cy5 following the synthetic route depicted in Scheme
5. Thus, the tert-Bu ester was readily deprotected in accordance with
the method described above for compound 31 (see Scheme 3). The
resulting acid 35 was then conjugated with the dye via amide bond and
the final product 36 was subsequently purified by HPLC. All the
structures of the final products as well as key intermediates were en-
tirely consistent with the 1H NMR and LC-MS spectra (see Supporting
Information).

Finally, we synthesized the conjugate 37 following the procedure
depicted in Scheme 6. At the first step, Dox was treated with succinic

anhydride in the presence of DIPEA in DMF. The reaction mixture was
vigorously stirred for 30min at room temperature then NHS, HBTU and
DIPEA were added. The resulting mixture was continuously stirred for
several minutes then DIPEA and compound 35 dissolved in DMF were
added to the solution and the reaction mixture was further stirred for
30min. When the reaction was completed (TLC control), the desired
compound was readily isolated in 34% yield. All the structures of the
final products as well as key intermediates were entirely consistent with
the 1H NMR and LC-MS spectra (see Supporting Information).

Biological evaluation

Dox is undoubtedly one of the most commonly used anti-cancer
therapeutics, and due to the inherent fluorescence, it is widely applied
as a convenient analytical/visualization tool in different biological
trials. Thus, upon Dox treatment, fluorescence imaging of cells reveals
its micro-distribution within the intracellular compartment. Therefore,
this drug molecule is an excellent and versatile theranostic agent.53 The
synthesized conjugates 17 and 20, as well as unmodified Dox, have
been thoroughly evaluated against LNCaP cells, which were used as
PSMA positive line and vs. PC-3 cells used as PSMA negative control.
The detailed experimental protocol is presented in Supporting Materials
in detail.

Firstly, we have evaluated the penetration ability and selectivity of
fluorescent conjugate 36 modified with PSMA vector toward LNCaP
and PC-3 cells using fluorescent microscopy. We observed a homo-
geneous diffuse staining of LNCaP cells cytoplasm after 2 h incubation
with the compound (Figure 1a). In contrast, no fluorescent signal of Cy5
dye was determined in the case of PC-3 cells (Figure 1b). We can,
therefore, speculate that the designed vector can be used for the tar-
geted drug delivery at least in PSMA-overexpressed LNCaP cells.

The preliminary results of a comparative analysis of intracellular
localization and selectivity of the designed compounds are presented in
Figure 2. As clearly shown in Figure 2, Dox was specifically localized

Scheme 2. Synthesis of the carriers 18 and 19: a)
C6H5CH3, C6H5CH2OH, pTsOH, yield 7–99%
8–100%; b) HBTU, HOBt and DIPEA, yield 10–64%,
11–61%; c) H2, 10% Pd/C, MeOH, yield 12–87%,
13–100%; d) HBTU, HOBt and DIPEA, yield
14–58%,15–63%; e) MeOH, Δ, an excess of N2H4
H2O, yield 16–98%, 17–96%; f) TFA (90%)/MeOH,
yield 18–95%, 19- quantitative.
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within the nuclei either in LNCaP or PC-3 cells. The accumulation of
conjugates inside the cell nuclei and cytoplasm was investigated at
40ms exposure (Figure 3). Trace amount of the drug was detected in
the cell cytoplasm as well. However, the fluorescence intensity of Dox
in the cytoplasm of LNCaP cells was 3.5 times less than in nucleus and
3.7 times less in the case of PC-3 culture. Compound 32with the shorter
linker was predominately deposited in nuclei and within the cytoplasm,

instead of compound 33 which was spread smoothly mainly beyond
nuclei. The best compartmentalization was revealed for compound 34
equipped by two phenylalanine fragments. Thus, the molecule was lo-
calized primary in the nuclei of LNCaP cells thereby providing a drastic
selectivity in contrast to Dox. Presumably, in addition to possible pas-
sive diffusion, it could be due to a relative instability of the trigger
under the assay conditions. As a result, the unbounded amount of Dox

Scheme 3. Synthesis of bi-phenylalanine-containing ligands 33 and 34: (a) a) HBTU, HOBt and DIPEA, yield 22–61%, 23–66%; b) H2, 10% Pd/C, CH2Cl2, yield
24–97%, 25–99% (b) a) SOCl2, MeOH, yield 27–76%, b) DIPEA, succinic anhydride, HBTU, HOBT and DIPEA, yield 28–94%, c) HBTU, HOBt and DIPEA, yield
29–56%, (c) a) MeOH, Δ, an excess of N2H4 H2O, yield 30–96%; b) TFA (90%)/MeOH, yield 31 96%
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penetrated the outer cell membrane after 2 h incubation. A relatively
minor effect was observed for the tested compounds in PC-3 cells except
unselective Dox. It should be especially noted that the covalent con-
jugate 37 did not release the active substance at all. It can be related to
high stability of amide bond which is insensitive to amidase-driven
cleavage. An extremely poor amount of Dox was detected in the nuclei
of both cell lines used. Nevertheless, we speculate that compound 37
penetrated LNCaP as well as PC-3 cell walls via passive transport. The
imaging procedure was also performed for these samples after 48 h (see
Supporting Information). Doxorubicin fluorescence was detected
mostly in nuclei with unmodified Dox and conjugate 34, and in the
cytoplasm in the case of compound 37 (see Supporting Information).

All the synthesized conjugates (32–34 and 37) as well as un-
modified Dox have been thoroughly evaluated in LNCaP cells which
were used as PSMA positive line and in PC-3 cells used as PSMA ne-
gative control (see Supporting Information). Anti-cancer potency of the
novel doxorubicin conjugates 32–34 as well as 37 had been assessed in
the standard MTT test (Table 1). As shown in Table 1 and Figure 4, the
most active compound from this series demonstrated a CC50 value of
95 nM close to that observed for doxorubicin (CC50= 93 nM). Low
concentrations of conjugate 34 exhibited significant cytotoxicity
against LNCaP cells comparable to Dox (Figure 4a). Conjugates 32
(CC50= 331 nM) and 33 (CC50= 487 nM) demonstrated less activity
against tumor cells than compound 34. At the same time, an CC50 value
of conjugate 34 against PC-3 cells was 926 nM as compared to Dox
(CC50 > 500 nM). Therefore, the selectivity index of compound 34 was
close to 5 towards LNCaP in contrast to unselective Dox. Conjugate 37

did not cause any cytotoxic effect on both cell lines at the same and
some upper concentrations. It should be especially noted that the ob-
tained results correlate well with the data published previously for an
analogous Dox-contained conjugate by Jayaprakash and colleagues52.
The authors used similar amide adjustment point which was hoped to
be cleaved by an amidase inside the cell, however poor cytotoxicity was
observed against PSMA-positive C4-2 and PSMA-negative PC-3 prostate
cancer cells using the colorimetric CellTiter 96 Aqueous Cell Pro-
liferation Assay in contrast to the unmodified Dox (IC50 > 32 nM). The
hydrolysis kinetics of compound 34 at different pH values are presented
in Supporting Information (Figure S1). We also estimated the inhibition
efficiency of compound 29 (without t-Bu protecting groups) as well as
DUPA against GCPII (Figure S2).

Thus, MTT assay has revealed conjugate 34 as more toxic against
the selected cultures than compound 37 because of its ability to release
Dox inside the cells, and more selective than unbounded Dox
(Figure 4b).

Data were obtained in three independent experiments. Plotting and
calculation of the standard deviation (SD) value were made using
Microsoft Office Excel 2007 software. Data were analyzed using the
Analysis of Variance (ANOVA) test and Post-Hoc test was performed
(the assessment of statistical significance is presented in Supporting
Information). P values < 0.05 were considered significant.

In vivo evaluation

To perform a preliminary in vivo study the lentiviral transfection of

Scheme 4. Synthesis of doxorubicin conjugates: a) doxorubicin hydrochloride, TFA, MeOH, yields: 32–16%, 33–17%, 34–13% (the core-head is marked in green,
and drug – in red).

Scheme 5. Synthesis of the fluorescent conjugate 36: a) 10% TFA in DCM, yield 98% b) Sulfo-Cy5-NHS ester, DIPEA, DMF, yield 30%
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PC-3 cells was carried out using pseudotyping VSV-G vector. As a result,
following the procedure described by

Chang and co-workers7 we have obtained the PC3-PIP(PSMA+ )
line expressed PSMA vector. This line was subsequently inoculated s.c.
into nu/nu mice to obtain xenograft in vivo model. This model was used
to assess the efficiency of the designed conjugate 34 and Dox. The
samples were administered i.p. at a weekly dose of 4mg/kg for 3weeks,
while PBS was used as a negative control. Tumor size at the end of the
study was estimated manually. Mice treated with conjugate 34 have
demonstrated improved food consumption and less weight loss. The
obtained results are shown in Figure S4. Thus, Dox showed the best
results and TGIav∼92%, while the conjugate demonstrated
TGIav∼ 65% (the initial tumor size was 4mm).

In silico modeling

Currently, a large amount of X-Ray data on structure of PSMA with
various small-molecule ligands is available within the PDB databank.54

In silico modelling was performed in ICM-Pro Software (v.3.8–3)55

using the crystallographic structure published previously by Ganguly
and colleagues56 (PDB code: 4JYW). It was used as the most appropriate
3D template as the molecule inside contained both the core-head at-
tached by a linker of similar length to our compounds as well as the
aromatic fragment positioned at the entrance of the tunnel. The pre-
identified binding site was completely reconstructed without any flex-
ible points although conservative water molecules identified by the
alignment of several crystals, including 4JYW, 2XEG, 3D7D, and 4NGQ,
were retained. After the site was built the model was internally vali-
dated. Thus, the reference compound was then docked into the binding
pocket as 2D structure, keeping the native stereo-specificity, using the
common force-field function shared in the software; this includes H-
bonding, hydrophobic, ionic, dipole-dipole, π-cationic, coordination
and stacking terms. At the output, 25 possible conformations were

generated. Subsequently, the structures of the conjugates have been
evaluated in silico using the developed 3D model. Docking procedure
was performed using a batch mode available in ICM-Pro Software with
the appropriate settings determined during the validation step de-
scribed previously. On average, 30 different conformations were gen-
erated for each structure tested. The best conformations were identified
on the basis of a thorough visual inspection and energetic score values.

Docking procedure (Figure 5) was performed through a batch mode
in ICM-Pro Software keeping the appropriate settings determined
during the validation step described previously. On average, 35 dif-
ferent conformations were generated for the each molecule tested. The
best conformations were identified on the basis of thorough visual in-
spection and score values. For example, the predicted binding mode for
the most active compound 34 as well as 3D alignment with the ref.
molecule are presented in Fig. 3a. A comparative analysis of the su-
pramolecular interface is discussed in more detail below (see the Dis-
cussion Section).

Discussion

The clinical application of many anticancer drugs, including Dox, is
unavoidably limited because of a poor target selectivity and off-target
systemic toxicity, particularly cardiotoxicity and immunosuppression.57

The targeted drug delivery has several advantages over existing che-
motherapy regimens due to a drug molecule is transported specifically
to the cancer nest thereby minimizing adverse side effects and lowering
the administered dose.58–60 From this point of view, PSMA is un-
ambiguously among the most attractive drug targets as it is abundantly
expressed in PC over other cells, constitutively endocytosed and con-
tains druggable binding sites. Twelve molecules have been evaluated in
different clinical trials as diagnostic tools. The most advanced com-
pounds I123-Iofolastat,61 Technetium99mTc-trofolastat62 and68Ga-
PSMA63 are undergoing Phase II/III evaluation. An ongoing study in
Australia has recruited 200 patients to determine the activity of PSMA-
based RLT with cabazitaxel and the effects on PSA response rate.64 To
our intense disappointment, there is still only one drug conjugate in
clinics for PSMA-targeted drug delivery. EC-1169 by Endocyte is a drug
conjugate consisting of tubulysin B hydrazide, a tubulin polymerization
inhibitor, DUPA-containing warhead, and degradable disulfide and
carbamate moieties.65 The product is in early clinical development for
the treatment of metastatic castration-resistant PC.66 The main draw-
backs include: a) generally, a relatively modest anti-cancer efficiency in
vivo as compared to an unmodified drug molecule due to a range of
reasons, e.g.: a) weak release capacity; b) the spacer length and to-
pology are still beyond benefit conditions, c) a relatively poor phar-
macokinetic profile, and d) applied clinical protocols are rather beyond
of real clinical success. To properly address these issues, several ap-
proaches have recently been considered as the most prominent: a) drug
release should be improved by morphing the linker area and the opti-
mization of a junction with reduced off-target drug losses, b) spacer
should have an appropriate length and substituents along the tail to
provide good binding affinity and selectivity, c) PK parameters should
also be improved to develop a convenient, stable and effective drug

Scheme 6. Synthesis of the stable Dox-conjugate 37.

Fig. 1. Binding potency and internalization of the fluorescent conjugate 36 into
LNCaP (a) and PC-3 (b) cells after 2 h co-incubation. Cells nuclei are stained
with DAPI (blue, 4′,6-diamidino-2-phenylindole is a fluorescent stain that binds
strongly to DNA).
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formulation.
In the present work, we used one of the most promising urea-based

core containing lysine functionality as the main focus was placed rather
on the linker length and drug attachment point. However, in addition to

a well-known Glu-Urea-Glu head, several other «locomotives» over
phosphinate-, phosphonate- and thiol-containing ligands have also been
developed for the PCa-targeted drug delivery and diagnostics.

The experimental achievements described above as well as the
performed in silico modelling (see In Silico Modeling Section) ap-
proached us to design novel PSMA-selective small-molecule conjugates
attempting to properly address the issues listed above. As a result, we
demonstrated that a flexible poly-alkyl linker, exemplified particularly
by moderate chain-length (n=5), did contribute to the activity pro-
viding not much lesser in vitro effect as compared to the parent drug

Fig. 2. Selectivity profile and intracellular localization of the synthesized molecules (15 μM) towards LNCaP and PC3 cell lines (after 2 h of inoculation).

Fig. 3. Accumulation level for conjugates 32–34, 37 in LNCaP and PC3 cells.
Results are shown as means ± SD, ** p < 0.01 (one-way ANOVA).

Table 1
Anti-cancer potency of the synthesized conjugates.

Compounds CC50, nM*

LNCaP PC-3

32 331 ± 15 2068 ± 323
33 487 ± 35 2791 ± 914
34 95 ± 11 926 ± 76
37 na** na**

Dox 106.6 ± 5 < 500

* the compounds were tested independently three times.
** not active.
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molecule. Indeed, compound 34 demonstrated good drug release and
accumulation in nuclei of LNCaP cells after 2 h incubation comparable
with the unmodified Dox. Conjugate 37 did not release the drug at all,
thereby discouraging Dox penetration in the cell nucleus under the
same conditions. We also synthesized and evaluated a similar conjugate
32 and 33, however, it showed the internalization potency and activity
several times lower than compound 34. Therefore, we can conclude
that the linker in the structure of compound 34 is more appropriate for
the targeted drug delivery and contains an appropriate trigger.

Presumably, the properties of the selected drug molecule greatly
affect the mechanism of transport cuz the analogues PSMA-vector
equipped by Cy5 showed an outstanding specificity. Compound 34 can
penetrate PC-3 cell wall simply via passive transport. This case, Dox
may play a driver role or influences the spatial geometry of the whole
molecule making it more amenable for diffusion. Moreover, penetration
may occur due to a partial hydrolysis of azo-bound outside the cells
under the applied assay conditions during the time. We also suggest
that conjugate 34 penetrate PC-3 membrane via non PSMA-maintained
endocytosis. Actually, this stage was a relatively slow and we detected

the sustained accumulation of the compound within the cytoplasm. Dox
was rapidly concentrated in the nuclei in contrast to compound 34. The
rate of hydrolysis is one of the possible reasons responsible for this
difference. According to the hydrolysis rate of conjugate 34 at
pH=7.4, it is going to be stable to pH-dependent hydrolysis in blood
due to its slightly basic pH range of 7.35–7.45 (Figure S1), but further
investigations of stability and distribution of the conjugate in vivo are
needed.

The results obtained during MTT assay also confirmed that con-
jugate 34 is more appropriate for the targeted drug delivery in contrast
to other compounds. Indeed, the most promising compound form our
series attenuated the growth of LNCaP cells with a CC50 value of 95 nM
close to that observed for Dox. However, the conjugates bearing the
spacers of 6-aminohexanoic or 11-aminoundecanoic acids were far less
active (CC50= 331 and 487 nM, respectively) as compared to the hy-
brids containing bi-phenylalanine linker or Dox itself (CC50= 93 nM).

The principal role of the aromatic inclusions in binding, usually
yielding more active compounds, was elucidated in silico on the basis of
the results outputted from 3D molecular docking study. As clearly
shown in Figure 5, compound 34, without Dox as it has presumably no
impact on binding, has a very similar location of the core-head in close
proximity to the template molecule thereby providing a tight co-
ordination bond with Zn2+ via its urea oxygen as well as hydrogen
bond with Y552, while the vicinal amine fragments provide two H-
bonds with the backbone oxygen of G518. Glutamate fragment is the
most crucial for good binding affinity and strongly anchored within the
active site by the ensemble of K699, N257, W381 and R210. By analogy
to other urea-containing PSMA ligands, the carboxylic group of lysine
moiety provides H-bond with R536, while the amide joint between the
core-head and the linker forms two H-bonds with R534 and S517. The
second linker amide bond between 6-aminohexanoic and adipic acids
forms a weak H-bond with D465. Instead of ligands which were de-
signed to catch the double π-stacking with R536 and R534, e.g. 3D7D
and 4NGQ, thereby forming a ‘sandwich‘ structure, the terminal phe-
nylalanine fragment of molecule 34 provides t-shaped stacking with
W541, while the position of the second aromatic moiety is the same as
it has recently been uncovered for the ref. ligand. This fragment in-
teracts with S501 (SereOeH Phe-ligand). In general, the architecture of
the whole supramolecular interface correlates well with that observed
in the selected ref. crystal. A relatively good overlapping
(RMSD=0.47) was observed between the active conformation of our
compound and the template molecule, particularly within the active
site and at the entrance of the tunnel. In addition, intramolecular
peptide-based H-bond was observed between these two phenylalanine
residues thereby forming a stable γ-like turn. With regard to the score
function, the most reliable conformation of the ref. molecule yielded an
Escore value of −102 kcal/mol similar to that predicted for the carrier
34, E= -105 kcal/mol. It should be especially noted that similar to the
strategy applied by Ganguly and co-workers56 and the reports cited
above, we observed a significant gain in penetration as aromatic
binding points were introduced into the linker frame.

Fig. 4. Cytotoxicity of conjugates 32–34, 37 and Dox against LNCaP (a) and
PC-3 (b) cells.

Fig. 5. The predicted binding mode for the most active conjugate 34: (a) the superposition of compound 34 (yellow, docking results) with the ref. molecule (orange, X-
Ray data); (b) the localization of compound 34 inside the tunnel.
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With respect to the drug attachment point, we speculate that azo-
moiety introduced in our compounds can be more liable towards the
hydrolytic cleavage or/and hydrolase-driven destruction vs. amide joint
suggested by Jayaprakash and colleagues.52 As clearly shown in
Table 1, conjugate 34 did release the active substance in LNCaP cells
but also was localized within the cytoplasm, while compound 37 did
not release Dox at all and was predominantly deposited in cytoplasm
hence it was ineffective de facto in both cell lines. Indeed, although this
modification does provide some benefits at the sites of targeting, the
stability of such conjugates in plasma should be clearly addressed
during further evaluation. In addition, we are now planning to in-
troduce additional aromatic fragments and other triggers, e.g. ester
group, into the conjugate to improve the target activity and subse-
quently evaluate the most promising conjugates in vivo.

In conclusion, we have synthesized and evaluated four novel PSMA-
specific drug conjugates equipped with Dox. The selected drug mole-
cule was attached to the selected vector via bio-degradable azo-linker
or stable amide bond. It was revealed that the most active conjugate 34
readily released Dox inside the cells in contrast to other analogue.
Additionally, compound 34 has approximately the same level of ac-
tivity against LNCaP cells as Dox (CC50 value of 95 nM and 93 nM, re-
spectively). Anyhow, compound 34 can be used as a convenient starting
point appropriate for the follow up optimization study.

As largely substantiated by a plethora of recent preclinical and
clinical findings, PSMA can be reasonably regarded as a promising
target for the targeted drug delivery and diagnostics thereby providing
novel therapeutic approaches, including small-molecule anti-cancer
drug conjugates, PSMA-based aptamers, peptides, modified antibodies,
as well as radiotherapy and immunotherapy. Certainly, it holds a un-
ique promise of getting mainstream success as an ideal biological target
for PCa-specific imaging and drug therapy. Its successful preliminary
performance, clearly elucidated during different clinical trials and
scenarios as well as valuable ability to detect lesions even in relatively
low PSA values, is fairly attractive and reliable to be advanced in clinics
further. Taking into account that through the last decade intensive re-
search programs within this field have been launched and heavily
promoted, the first-in-class PSMA-targeted drug conjugates will reach
clinical trials soon.
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