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ABSTRACT

Prostate-specific membrane antigen (PSMA) is highly overexpressed in most prostate cancers
and is clinically visualized using PSMA-specific probes incorporating Glutamate-Ureido-
Lysine (GUL). PSMA is effectively absent from certain high-mortality, treatment-resistant
subsets of prostate cancers, such as neuroendocrine prostate cancer (NEPC); however, GUL-
based probes still sometimes identify NEPC metastatic tumours. These probes may bind
unknown proteins associated with PSMA-suppressed cancers. We identified the upregulation
of PSMA-like aminopeptidase NAALADaseL and the metabotropic glutamate receptors
(mGIuRs) in NEPC; we found that the expression levels inversely correlate with PSMA
expression and are associated with poor clinical prognosis indicating they may participate in
NEPC disease progression. Computationally predicting that GUL-based probes bind well to
these targets, we designed and synthesized a new fluorescent probe to investigate these proteins
in vitro, where it shows excellent affinity for PSMA, NAALADaseL and specific mGIuRs

associated with poor prognosis.
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Introduction

In 2020, 190,000 American men will be diagnosed with, and 33,300 will die from, prostate
cancer. Although mortality has fallen 52% from its 1993 peak, prostate cancer remains a
leading cause of cancer death.? The use of positron emission tomography (PET) imaging for
accurate diagnosis and localization of tumours has started to improve prostate cancer staging,

improving patient management.® Prostate-specific membrane antigen (PSMA), a cell surface



protein expressed in the majority of prostate cancers, can be visualized by PET imaging
employing radiolabeled antibodies. Next-generation imaging agents based on small molecule
moieties, particularly the PSMA-targeting peptidomimetic Glutamate-Ureido-Lysine (GUL),
demonstrate superior pharmacokinetics (fast tumor uptake, and rapid blood clearance) over the
radiolabeled PSMA antibodies (Fig. 1a).* GUL’s molecular mode of action however, is not
completely understood.> ® The leading clinical candidates are %®Ga-labeled PSMA-11 (Ga-
GUL),” where the GUL core is conjugated to an acyclic hexadentate gallium ligand; and *8F-
PSMA-1007 (F-GUL)® where GUL is connected to a pseudopeptide functionalized with an *8F
isotope (Fig. 1a).% 10

PSMA, a type Il glutamate carboxypeptidase encoded by the folate hydrolase 1 gene
(FOLH1),* %2 js expressed primarily in the duodenum, small intestine, nervous system,
salivary gland and prostate.'® It modulates glutamate signaling induced by the metabotropic
glutamate receptor (mGIuR) pathway,'* cleaving glutamate from both dietary folic acid and
the neurotransmitter N-acetyl-L-aspartyl-L-glutamate (NAAG). PSMA overexpression is a
hallmark of prostate cancer including metastatic castration resistant prostate
adenocarcinoma.'> ® Despite this, both immunohistochemical and genomic data have
demonstrated that PSMA is expressed at only very low levels, if at all, in neuroendocrine
prostate cancer (NEPC),'” an aggressive form of androgen-receptor (AR)-independent prostate
cancer with exceedingly high mortality rates.!” 18

While de novo NEPC is rare, this hard-to-treat phenotype can emerge as a prostate
cancer resistance mechanism to AR-targeted therapies, shedding the PSMA biomarker
concurrent with a downregulation of the AR.*® 1% 20 As GUL-PET modalities target PSMA,
they are not expected to be effective for diagnosing NEPC. A less specific agent,
18F-fluorodeoxyglucose, which exploits cancer cells’ increased glucose-uptake, is often used

for NEPC imaging similar to small cell lung cancer.?" 22 Unexpectedly, a recent study
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Fig. 1 Structure of clinical PSMA probes and their binding modes within the PSMA, NAALADaseL and
mGlur8 active sites. (a) Structure of Ga-GUL and F-GUL. (b) F-GUL within the PSMA active site, showing the
different regions of the active site and the substructure nomenclature of the probe. Computational modelling of (c)
F-GUL and (d) Ga-GUL within the PSMA active site (2XEG), (e) F-GUL and (f) Ga-GUL within the
NAALADaseL active site (ATWE) and (g) F-GUL and (h) Ga-GUL within the mGlur8 active site (6BSZ). The
imaging moieties are shown in red (F-GUL) and beige (Ga-GUL) with the GUL moiety in brown (F-GUL) and
purple (Ga-GUL). Key residues which form strong interactions—H-bonds (yellow dashed lines), n-cation (green
dashed line)—are highlighted in green; and zinc, chlorine, gallium and fluorine atoms are spheres coloured purple,

green, blue and orange respectively.

demonstrated that GUL-based imaging can detect NEPC tumours despite the tumour’s
apparent PSMA-negativity.?® This is important, as PSMA-levels can vary significantly even
within a single patient.?* Furthermore, although PSMA expression is correlated with GUL-
radioligand uptake,® the correlation is not perfect and tumours with low PSMA expression
may also be detected using GUL-based probes.?> GUL-based probes have also resulted in false
positive interpretations among patients with a history of radiotherapy.?® Together, the evidence
suggests that GUL interacts fortuitously with other prostate cancer-associated proteins.
Identifying these targets, and determining whether they are indicative of NEPC, is a pressing
clinical goal.

The mGIluRs and the aminopeptidase NAALADaseL1 are both PSMA-related type 11

transmembrane peptidases involved in glutamate signaling. We hypothesized that these



proteins might be responsible for GUL’s off-target positive results in NEPC. In this study, we
investigated this question with a cross-disciplinary combination of computational chemistry,
synthesis and histochemical application of a new fluorescent probe, mining of clinical data, in
vitro over-expression of the suspected proteins, and in vivo patient-derived xenograft (PDX)
models.

F-GUL and Ga-GUL are predicted to have high affinity for PSMA. GUL-based probes
interact with three components of PSMA’s active site: the zinc ions, the pharmacophore (S1')
pocket, and the hydrophobic S1 accessory pocket (Fig. 1b).2” PSMA’s active site hosts two
Zn?* ions, responsible for substrate cleavage (Fig. S1Error! Reference source not found.a).?®
2% The S1’ site, highly specific for glutamate, determines substrate specificity.® The large
hydrophobic S1 accessory pocket, hosting the rest of the substrate, is far more promiscuous
allowing for binding of both folate and NAAG.%!

To better understand probe-protein interactions, in silico docking studies were
performed between the two GUL radiolabels and a computationally-relaxed PSMA protein
(PDB: 2XEG).* Although the ligands’ conformations differ (Fig. 1c-d), both share similar
interactions with the same Tyr552 active site residue and the Zn atoms (Fig. S1b) but F-GUL
does not extend into the S1’ site like Ga-GUL does. Both probes are predicted to have high
affinity for PSMA, with induced fit docking scores around —15 kcal/mol (Table 1). Computed
binding modes are consistent with the previously hypothesized interactions.3% 33 34

The P1” glutamate carboxylate moiety of F-GUL (Fig. 1c) forms strong interactions
with the zincs (2.06 A and 1.95 A), and a strong hydrogen bond (2.06 A) to the phenolic H of
the S1' Tyr552. A major structural feature of PSMA’s S1 site is the “accessory pocket,” whose
entrance lid comprises three arginine residues (Arg536, Arg534, and Arg463) that can flip open
to accommodate larger molecules. The P1’ carboxylate of F-GUL is stabilized by H-bonds

with these residues Arg536 (1.73 A) and Arg534 (1.67 A); while the P1 carboxylate has a



strong H-bond interaction with nearby Ser547. The rigidity of the F-GUL linker enables the
radiolabel-bearing moiety to remain inside the pocket. This results in a likely important -
interaction with Trp541 and several H-bonds with Lys514 (Fig S2a).

Ga-GUL’s longer nine-atom linker enables it to enter deeper, properly occupying the
S1’ pocket (Fig. 1d), engaging in H-bonds with Lys699 (1.81 A) and Tyr700 (1.85 A) through
the P1” acid, and Tyr552 (1.70 A) through the P1’ acid. The P1 glutamate carboxylate forms
an isosceles triangle interaction with 2.18 A distances to both zinc ions. Ga-GUL’s long linker
forms H-bonds with Arg511 and a key =-cation interaction with Lys207 that guides the probe
into place (Fig S2b).

This structural tour, consistent with the literature,®® gave us confidence in the binding
mode of the probes. Consequently, we extended this approach to the two NEPC-suspect
proteins.

F-GUL and Ga-GUL bind NAALADaseL.1 and mGIuR8. F-GUL’s GUL moiety Suppl.
Video 2binds to NAALADaseL1 in a manner reminiscent of Ga-GUL’s PSMA binding,
occupying the S1’ pocket due to NAALADaseL1’s larger, more open pocket (Fig. 1e). F-
GUL’s P1"” glutamate carboxylate forms an H-bond with Arg198, while the P1' carboxylate
bridges Zn(1)?* and Zn(2)?* at distances of 2.07 A and 2.27 A, respectively. F-GUL’s aromatic
domains are positioned on the outer surface of the receptor, stabilized by a series of H-bond
interactions with Asn167 and Arg539 (Fig. S2d). The carboxylates of Ga-GUL’s glutamates
adopt analogous positions (Fig. 1f), but the linker takes a very different path out of the active
site through the wide channel (Fig. S1c); Arg539-P1” carboxylate, Arg455-P1’ carboxylate
and Gly510-ureido carbonyl H-bonds hold the linker in conformation. The Ga-GUL P1’
carboxylate interacts with Zn(1)?* and Zn(2)?* at distances of 2.17 A and 2.09 A, respectively

(Fig. S2e). The subtly different structure clearly induces differences in conformation (Fig.



S1c), but docking scores predict both ligands to be excellent partners for the accommodating
NAALADaseL1 (Table 1).
Table 1 Docking scores for the probes with the target proteins from both rigid and induced

docking models (kcal/mol).

Docking Score (kcal/mol)
Receptor Ligand
RRD Score IFD Score
Cy3-GUL -12.93 -13.73
PSMA Ga-GUL -11.29 —13.10
F-GUL —11.66 —14.83
Cy3-GUL -9.09 -10.83
NAALADaseL Ga-GUL —1.69 —12.25
F-GUL —8.20 -12.91
Cy3-GUL -8.15 -11.28
mGIuR8 Ga-GUL —4.09 —6.64
F-GUL —7.67 —13.16

The mGIuRs always self-assemble into homodimers in vivo. The probes were docked
(without restrictions) to each of the eight mGIuR homodimers, but showed the best affinity for
mGIuR1, mGIuR5 and mGIuR8 (Table S3). Curiously, the probes do not interact with the
glutamate-binding active site of these proteins, which is far narrower than either PSMA’s or
NAALADaseL 1’s; instead, they bind to the large inter-monomer cleft (Fig. 1g-h). Induced-fit
docking predicts the best binding to mGIuR5 and 8, with scores on par with NAALADaselL 1
and only slightly inferior to PSMA (Tables 1 and S3). The docking scores to the other mGIluRs
were lower (—5.2 to —13.2) but remain favourable. Molecular dynamics simulations helped us
understand the high docking score and the unusual binding mode of the probes with mGIuRS,
which we identified as being particularly NEPC relevant (vide infra). Very little movement is

observed within the binding cleft for either ligand: most structures fall within a 1 A cluster (Fig



S4Error! Reference source not found.) due to an extensive hydrogen bonding network that
forms between the positively charged residues of the cleft and the negatively charged probes
(Fig. S5-S16). However, the two probes bind very differently despite both having strong
affinity (Fig S1d), possible due to the large size of the cleft. F-GUL (Fig. 1g) is particularly
stable, adopting an extended conformation maximizing hydrogen bonding interactions between
the glutamate and the highly positive interprotein region’s residues Arg188, Arg240 of one
monomer, and Ser157, Asn226, Lys252, Arg255, and Arg268 in the other (Fig. S2g). Ga-GUL
(Fig. 1h) forms far fewer interactions and instead folds in on itself, held together by an
intramolecular hydrogen bond; but it still interacts with Ser200, GIn237, Asn186, of one
monomer and Arg60 and Arg255 in the other. Both complexes are highly stabilized through
these interactions making mGIuR8 an exceptional potential molecular target (Fig. S2h).
These data predict that both F-GUL and Ga-GUL will have strong affinity, comparable
to PSMA, for both NAALADaseL1 and a subset of mGIuRs. It is conceivable that these two
protein classes are responsible for the GUL probes’ efficacy in detecting PSMA-suppressed
cancers; however, it is unknown whether these proteins are associated with NEPC.
Aminopeptidase NAALADaseL1 is elevated in NEPC. NAALADaseL1, encoded by
NAALADL1, has high sequence similarity to PSMA (Fig. S3).3 They share more than 90%
structurally equivalent residues, with near complete identity at the active site (Fig. S3, PDB:
2XEJ and 4TWE).>” We examined the expression of NAALADaseL1 using the LTL331
patient-derived xenograft model of prostate cancer progression from adenocarcinoma-to-

NEPC (Fig. 2a).8 NAALADL1 gene expression
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Fig. 2 Differential expression of NAALADLL1 in NEPC as an alternative target for GUL-ligands. (a)
Schematic of our established PDX mice models of adenocarcinoma (AdPC) and NEPC, and alteration of
FOLH1 and NAALADL1 gene expression during the transition from AdPC to NEPC; (b) Evaluation of the
expression of FOLH1 and NAALADL1 genes and their association with AR and NEPC scores in the
SU2C/PCF Dream Team Dataset 2019. The high levels of NAALADL1 gene expression in AdPC is associated
with both lower levels of FOLH1 gene expression and higher levels of ENO2 gene expression, the archetypal
NE-marker; (c) Pearson’s correlation between FOLH1 (blue) and NAALADL1 (red) expression levels; (d)
Pearson’s correlation between ENO2 (blue) and NAALADLL1 (red) expression levels among AdPC samples (n
= 199) generated by R2: Genomics Analysis and Visualization Platform (http://r2.amc.nl).

remains minimal during the effective treatment period, but spikes as the tumour becomes
resistant to therapy and peak expression occurs when the tumour transitions to NEPC. This
profile inversely correlates with that of FOLH1 (Fig. 2a). This trend is mirrored in the Dream
Team patient dataset (Fig. 2b);' when ordering patients by increasing AR expression,

NAALADL1 expression falls while PSMA expression increases; furthermore, NEPC score is


http://r2.amc.nl/

strongly positively correlated with NAALADL1 expression. As NAALADaseL 1 is elevated in
low-PSMA prostate cancers with an NEPC gene signature (Fig. 2c-d), this data supports the
computational supposition that NAALADaseL.1 may be one target of the GUL probes on
PSMA-suppressed cells.

MGIuRs are upregulated during progression to NEPC. The second class of proteins
identified for investigation were the mGIluRs. While increased expression of mGIuR2 has
already been reported in PSMA-positive cancers,* we observed a significant upregulation in
the expression of most mGIuR family members during cancer progression from normal prostate
adenocarcinoma (HSPC) to NEPC in our PDX mouse model (Fig. 3a-b). Following castration,
GRM 2, 3, 4 and 8 all become increasingly expressed as FOLH1 downregulates. Furthermore,
their expression is strongly positively correlated to that of SRRM4, which is the archetypal
biomarker of NEPC (Fig. S17). Data mining the Memorial Sloan Kettering Cancer Center
cohort® for prostate tumor survival, identifies that high levels of GRM1, 3, 4, and especially 5
and 8 are correlated with shorter times to biochemical recurrence, with GRM8 showing the
most significant effect (Fig. S18). Further investigation revealed that GRM8 expression is low
in both benign tumours and in localized hormone sensitive prostate cancer (HSPC), but it rises
markedly in metastatic disease (Fig. S19). Our analysis shows that its expression rises during
the transition to castration-resistant prostate cancer and can be significantly elevated in
histopathologically-confirmed NEPC (Fig. 3c). The mGIluRs are clearly associated with NEPC,
and their molecular role deserves further attention and investigation. Together with
NAALAD1, the biochemical and computational data all suggest that the GUL probes might
have two proteins that can explain their binding to PSMA-suppressed cells.

A novel synthetic fluorescent Cy3-GUL probe is predicted to bind to all three proteins.
To validate this hypothesis, we analyzed our predicted binding modes of F-GUL and Ga-GUL

to design a novel cyanine dye-incorporating fluorescent probe (Cy3-GUL, Fig. 3d) analogue

10



of the clinical radiolabels (Fig. 4). A series of related probes with different linkers were
computationally screened using docking, but the best binding results were observed for a
synthetically simple analogue, Cy3-GUL, where a five-atom linker connects the GUL
pharmacophore to the cyanine. This is a far closer connection than employed in either of the
radiolabels but maintains the steric bulk at approximately the same distance from the GUL

pharmacophore as F-GUL ’s naphthylalanine.
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Fig. 3. Differential expression of GRM genes is associated with higher expression of NEPC-markers and
shorter times to biochemical relapse. (a) The heatmap plot of the expression levels of GRMs levels in well-
established AdPC cell lines defined as hormone-sensitive adenocarcinoma prostate cancer (grey), castration-
resistant prostate cancer (green) and NEPC (yellow) (b) Transcription changes in the GRM genes during
progression from AdPC to NEPC in a series of PDX mice models. (¢) mGIuR8 gene expression level in
different cohorts of PC. (d) Structure of novel probe Cy3-GUL.

Comparing the predicted binding of Cy3-GUL with PSMA to that of Ga-GUL and F-GUL
suggests that Cy3-GUL will adopt a similar pose to F-GUL, interacting with one of the Zn?*
ions through the P1” carboxylate (Fig. 4a). Cy3-GUL forms fewer and less consistent
hydrogen bonding interactions than the other probes and, unlike Ga-GUL, but like F-GUL,, it

does not enter the S1’ pocket; it also lacks F-GUL ’s highly charged imaging moiety preventing
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a series of cation-rn interactions (Fig. S2c). However, it does hydrogen bond to Arg534, Ser547,
Tyr552 and Tyr700. As a result, greater RMSD fluctuations occur for Cy3-GUL during the
MD simulation (Fig. S4). Although more flexible, Cy3-GUL still forms enough key
interactions to remain an excellent ligand for PSMA.

Cy3-GUL is predicted to bind very well to NAALADL1 with similar affinity as F-GUL and
Ga-GUL (Fig. 4c and Table 1). The binding modes of all three probes are different due to the
greater size of the NAALADaseL1 active site; however, they all bind with the GUL moiety
extended into the binding pocket (Fig. 4d). In the case of Cy3-GUL, the P1"” carboxylate forms
interactions with one of the Zn?* ions (bound to P1 in Ga-GUL and P1’ in F-GUL). Several
strong hydrogen bonds and salt bridges are formed with the receptor (Arg198, Arg539, Tyr544,
and Gly195 backbone NH) which stabilize the complex and remain intact throughout the MD
simulation. These are similar to those observed for F-GUL,; however, F-GUL forms several
additional interactions. Argl198 and Tyr544, are particularly important and form key
interactions with all three probes (Fig. S2f). Cy3-GUL again shows slightly greater fluctuation
in the RMSD, largely due to the flexibility in the dye and linker domains due to their less
charged nature.

Cy3-GUL shows stronger affinity for mGIluR8 than for any of the other mGIuRs (Fig
4e, Table 1, Table S3), adopting a bound conformation distinct from that of the other two
probes (Fig. 4f) with the GUL moiety buried deep within the highly charged cleft (Fig. 4e).
Three extremely stable salt bridges are formed between the P1, P1’ and P1” carboxylates and
the Arg255, and Argl88, and Arg255 of the second subunit (Fig. S2I). Due to these key
interactions, minimal RMSD fluctuations are observed in the RMSD of the MD of the Cy3-
GUL-mGIuR8 complex. With both sufficient predicted binding, and close agreement in the

binding mode of the GUL pharmacophore to those of the clinical radiolabels, this probe was
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synthesized for in vitro evaluation, which we accomplished from GUL and our previously
prepared cyanine dye (Fig. S20 and accompanying discussion).?

Cy3-GUL binds to PSMA in vivo. Flow cytometry demonstrates far stronger uptake of Cy3-
GUL into PSMA-positive LNCaP cells relative to into PSMA-negative DU145 cells (Fig.
S21a-b). This indicates that although Cy3-GUL is predicted to bind well to three different
proteins, it is not generally promiscuous: it requires PSMA to enter the cell (both DU145 and
LNCaP have low levels of both mGIluRs and NAALADL, Fig. S21e). In addition, the PSMA-
positive LNCaP do not become fluorescent when they are exposed to the unconjugated dye
indicating the GUL moiety is essential for selective uptake (Fig. S21d). Similarly, PSMA-
negative DU145 cells, an AdPC cell line, show almost no Cy3-GUL uptake (Fig. S21c-d).
Functionally, Cy3-GUL exposure shows no cellular toxicity at any tested dose regardless of
cell type (Fig. S22). This data, along with the computational modeling, suggests that Cy3-GUL
is an acceptable fluorescent homologue of the two clinically deployed PET reagents; we
consequently used it to validate our hypothesis that GUL-probes bind mGIuR8 and
NAALADLI.

Cy3-GUL Probes are selectively taken up by mGLUR and NAALADaseL 1. To investigate
the affinity of GUL for mGIuR8, we measured the uptake of Cy3-GUL in PSMA-negative
DU145 cells both with and without overexpression of mGIuR8 (Fig. 5a-c). LNCaP-PSMA
positive cells were used as a positive control. Immunofluorescence microscopy demonstrates
a five-fold increase in Cy3-GUL uptake when mGLuUR8 was overexpressed (Fig. 5c).
mGIuR8’s involvement is further supported by its upregulation when PSMA-negative DU145
cells are driven to develop NE features by epidermal growth factor (EGF) and dibutyryl cAMP
(db-cAMP) co-treatment and simultaneous serum starvation as previously described (Fig. 5d

& Fig S23a-b).*° After treatment, cells display neuronal /neuroendocrine characteristics
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including neurite-like outgrowth (Fig. S23c), while increasing their expression of select mGIuR
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F-GUL in the NAALADL1 active site, colouring the same as in (b). (e) Cy3-GUL’s computed conformation
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Fig. 5 NAALADaseL and MGIuRS8 regulate update of Cy3-GUL. The overexpression of mGLUR8 in a PSMA-
negative cell line induces uptake of Cy3-GUL. (a) Representative immunocytochemistry images of cells stained
with Hoechst (blue), Cy3-GUL (green) and actin (red). (b) Western blot analyses of PSMA and mGIuR8 protein
levels; (c) Quantification of Cy3-GUL uptake, analyzed by one-way ANOVA,; (d) NE-transdifferentiation of
DU145 cell line by EGF/cAMP treatment and serum starvation increases Cy3-GUL uptake. DU145 cell line treated
with cAMP (0.25 mM), and EGF (50 ng/mL) and gradient levels of FBS while the control group (FLONN model)
was treated with 10% FBS. Then after 3 days, the cells were incubated with 100 nM Cy3-GUL for 1 hour and
analyzed by PCR and immunocytochemistry; (e-f) Representative immunocytochemistry images of cells stained
with Hoechst (blue), Cy3-GUL (green) and actin (red). The NAALADLL1 gene is upregulated in NEPC cell line
model and its inhibition could suppress GUL-ligand uptake; (g) Representative images of Cy3-GUL uptake in
AdPC and NEPC models of LNCaP cell lines following inhibition of NAALADL1 gene using siRNA technology.
Scale bar =20 microns; (h) Quantification of NAALADL1 gene expression using real time PCR; (i) Quantification
of Cy3-GUL uptake following inhibition of NAALADLL1 gene by flow cytometry.

genes (including GRM4 and 8) (Fig. S23c). Similarly, differential expression of GRMs was
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observed following overexpression of SRRM4 as a regulator of NEPC (Fig. S24). Although
not expressing PSMA, these cells still significantly increase their uptake of Cy3-GUL (Fig.
5d-f), supporting our contentions that GUL radiolabels may bind mGluRs such as mGLUuURS,
and that these mGIuRs could be markers of NEPC emergence.

To determine whether NAALADaseL1 can bind Cy3-GUL, we performed a
knockdown of NAALADL1 in wild-type LNCaP cells and LNCaP cells driven to a
neuroendocrine phenotype (LNCaP-NE) after treatment with charcoal-stripped serum as
previously described!’(Fig. S25 and Fig 5g-i). PCR analysis both confirmed the successful
NAALADLL1 knockdown and demonstrated that NAALADL1 gene expression is significantly
higher in the LNCaP-NE line over control (Fig. 5h). When treated with the probe, Cy3-GUL
uptake positively correlated with NAALADaseL 1 levels. Cy3-GUL uptake was significantly
reduced in LNCaP-NE cells with NAALADL1 knockdown; however, probe uptake was
unchanged in wildtype LNCaP cells despite successful knockdown (Fig. 5i). This is likely due
to high PSMA expression in LNCaP control cells which was unaffected by NAALADL1
knockdown (Fig. 5g,i).

Conclusion: As cells develop neuroendocrine features, both the GRMs and NAALADL are
upregulated while PSMA-levels fall. The computational data suggests that the GUL probes can
bind to these proteins, and they may be responsible for GUL probes’ recognition of PSMA-
negative metastatic NEPC lesions. Fluorescent analogue Cy3-GUL binds to these proteins,
validating them as off-target binding targets of GUL. This project highlights the benefits of
integrating computational and synthetic chemistry, with data-mining clinical databases and
conducting in vitro and in vivo experiments to accelerate the validation of protein targets. This
work explains why caution must be taken on clinical conclusions made with PSMA-targeted

imaging alone and suggests that mGLuUR and NAALADaseL1 may represent new targets for
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imaging and therapeutic purposes. These proteins may play a role in NEPC, and their
biochemical importance to this cancer deserves greater attention.

Methods: The materials and methods are described in the Supporting Information. Institutional
Review Board and Animal Care Committee of the University of British Columbia approved
this study and all subjects signed a written informed consent. All synthetic, computational,
molecular biological, and animal model data is available in the SI.

Data and material availability: Data associated with the reported findings are available in the
manuscript or supplementary information. Samples of the fluorescent Cy3-GUL probe are
available on request while current supplies last (contact JFT), although full synthetic details
accompany this article allowing for its preparation.
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Supplemental Videos captions

Suppl. Video 1 The 3D computational modeling of Cy3-GUL with active site of PSMA.
Suppl. Video 2 The 3D computational model of Cy3-GUL with the active site of
NAALADaseL.

Suppl. Video 3 The 3D computational model of Cy3-GUL with the mGIuR8 homodimer.
Suppl. Video 4 The 3D computational modeling of F-GUL with active site of PSMA.

Suppl. Video 5 The 3D computational model of F-GUL with the active site of NAALADaseL.
Suppl. Video 6 The 3D computational model of F-GUL with the mGIuR8 homodimer.
Suppl. Video 7 The 3D computational modeling of Ga-GUL with active site of PSMA.
Suppl. Video 8 The 3D computational model of Ga-GUL with the active site of
NAALADaseL.

Suppl. Video 9 The 3D computational model of Ga-GUL with the mGIuR8 homodimer.
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