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Abstract
Glutamate carboxypeptidase II (GCP(II)), also known as the prostate-specific membrane antigen
(PSMA), is a transmembrane zinc(II) metalloenzyme overexpressed in prostate cancer. Inhibitors of
this receptor are used to target molecular imaging agents and molecular radiotherapy agents to
prostate cancer and if the affinity of inhibitors for GCP(II)/PSMA was improved, targeting may also
improve. Compounds containing the dipeptide OH-Lys-C(O)-Glu-OH (compound 3), incorporating a
urea motif, have high affinity for GCP(II)/PSMA. We hypothesized that substituting the zinccoordinating urea group for a thiourea group, thus incorporating a sulfur atom, could facilitate
stronger binding to zinc(II) within the active site, and thus improve affinity for GCP(II)/PSMA. A
structurally analogous urea and thiourea pair (HO-Glu-C(O)-Glu-OH - compound 5 and HO-Glu-C(S)Glu-OH - compound 6) were synthesized and the inhibitory concentration (IC50) of each compound
1

measured with a cell based assay, allowing us to refute the hypothesis: the thiourea analogue showed
100-fold weaker binding to PSMA than the urea analogue.
Graphical Abstract

GCP II structure from protein data bank 2OOT (https://www.rcsb.org/structure/2OOT)
Main Article
In the last 5 years clinical management of prostate cancer has been transformed by the introduction
of radiotracers targeting glutamate carboxypeptidase II (GCP(II)), also known as the prostate-specific
membrane antigen (PSMA)1,2,3,4. Positron emission tomography/computed tomography (PET/CT)
scans of prostate cancer patients imaged with radiotracers that target this receptor, such as [68Ga]GaHBED-CC-PSMA5 and [68Ga]Ga-THP-PSMA6, can provide clinically useful information about the location
and spread of disease1,2,3,4,7,8. PET/CT scans allow clinicians to accurately stage patients and alter
treatment plans accordingly1,7. Molecular radiotherapy with [177Lu]Lu-PSMA-617 is currently being
evaluated in a multinational phase 3 trial9 (NCT NCT03511664). As a consequence, the demand for
PSMA imaging agents is growing year on year. The excellent performance of these imaging agents is
underpinned by two factors: i) GCP(II)/PSMA is very specific to prostate cancer, with 100-1000 fold
higher expression in prostate cancer compared to normal prostate and low endogenous expression in
other organs10,11; ii) radiotracers are designed to be very specific to GCP(II)/PSMA with Ki (equilibrium
constant) and IC50 (half maximal inhibitory concentrations) values in the low nM to sub-nM
range5,6,12,13.
GCP(II)/PSMA is a transmembrane zinc(II) metalloenzyme that catalyzes the cleavage of terminal
glutamates14. Its active site is specific for C-terminal glutamate residues, binding them tightly. A
feature of the active site is the presence of two zinc(II) ions which participate in catalyzing the cleavage
of the peptide bond between the terminal glutamate and the remainder of the substrate15,16. The
natural substrates of GCP(II)/PSMA - N-Acetyl-L-aspartyl-L-glutamate (NAAG) and poly-glutamatedfolates14 - are shown in figure 1 (compounds 1 & 2 respectively). Examples of the dipeptide urea-based
targeting motifs used in the majority of GCP(II)/PSMA targeted radiotracers5,6,11,17,18 are also shown in
figure 1. The OH-Lys-C(O)-Glu-OH (compound 3) and OH-Cys-C(O)-Glu-OH (compound 4) motifs were
2

developed by rational design from the natural substrates of GCP(II)/PSMA19 and are remarkably small,
simple and potent5,12,17,18,19. These ligands preserve the structure of the terminal glutamate but replace
the peptide bond with a urea bond, thus reducing the electrophilicity of the carbonyl carbon atom and
providing stability against enzymatic cleavage by GCP(II)/PSMA. The urea functional group links the
glutamate to a second amino acid (L-lysine or L-cysteine), which can be used to functionalize this
inhibitory motif15. For example, it can be converted into a PET radiotracer by adding a prosthetic group
containing covalently-bound radionuclide such as fluorine-1821,22, or a chelator allowing radiometals,
such as gallium-68, to be incorporated5,6,18,22.
Despite the success of the dipeptide urea-based motif and its proven utility in the clinic, it is expected
that further improvement in affinity for GCP(II)/PSMA is possible. Valuable information to guide
rational design is now available from X-ray crystallography studies23,24,25, including evidence that the
urea oxygen coordinates to Zn(II) in the active site26, and many structural modifications to improve
affinity have been attempted previously12,16. The main conclusions from this body of published work
are: (i) the conservation of the terminal glutamate is extremely important and any modifications to it
reduce affinity12,16; (ii) the ability of an inhibitor to bind the zinc(II) atoms in the active site also
determines
affinity16.
Urea
groups19,25,26,
phosphonates13,25,
phosphinates13,25
and
25,27
phosphonamidates
have been shown to bind strongly to zinc within GCP(II)/PSMA, with the urea
closely mimicking the structure of a peptide bond and the others mimicking the tetrahedral transition
state/intermediate (with an sp3 hybridized carbon) during peptide bond cleavage15. This shows that
the zinc(II)-binding group is amenable to variation and provides an opportunity to improve affinity (by
enhancing Zn-binding) through modification of this group. It is also important that the selected zincbinding group is resistant to enzymatic cleavage by GCP(II)/PSMA and that it can link the terminal
glutamate to the rest of the inhibitor, which is used for functionalization.
The presence of zinc(II) ions in the active site has previously prompted investigators to look to thiols
as zinc-binding motifs in GCP(II)/PSMA inhibitors, with limited success28. However, to date thioureabased inhibitors have not been tested as GCP(II)/PSMA ligands. The rationale for replacing oxygen
with sulfur in an inhibitor for a zinc(II)-based metalloenzyme is twofold. First, zinc(II) ions and sulfurbased ligands, including thiourea, have a strong affinity for each other and typically form highly stable
complexes29,30. Zinc(II)-sulfur interactions are ubiquitous in biology, including functional processes (for
example heat shock protein Hsp33 in which zinc(II) binds to redox-active thiolate groups that induce
a conformation change upon oxidation31), and stabilization of structures (for example zinc(II) finger
motifs that are common to many proteins32). Second, the resonance within the thiourea group favours
more negative charge on the sulfur compared to the oxygen of the urea group; this would be expected
to allow stronger interaction with the zinc(II) ions. We therefore hypothesized that replacing the urea
with a thiourea in this class of dipeptide inhibitors could improve affinity.
To test this hypothesis, we elected to modify the symmetrical urea-based inhibitor compound 5 (HOGlu-C(O)-Glu-OH), which is reported to have a Ki = 8 nM for GCP(II)/PSMA12. The thiourea analog
compound 6 (HO-Glu-C(S)-Glu-OH), was designed to conserve the interactions in the glutamate
binding pocket and remain resistant to enzymatic cleavage, but to have enhanced interactions with
the zinc(II) ions through the presence of the sulfur atom. The formation of thiourea is synthetically
achievable through an isothiocyanate intermediate, using existing well-characterized chemistry33.
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Figure 1: Structures of the natural substrates of GCP(II)/PSMA (top row) and known inhibitors
and the novel inhibitor (compound 6 - HO-Glu-C(S)-Glu-OH) addressed in this communication.

Compounds 5 and 6 were synthesized by similar two-step synthetic routes. The reaction schemes for
compound 5 are found in the supplemental files and the reaction scheme for compound 6 are found
in figure 2. The first step was the formation of a urea or thiourea linkage between two t-butylprotected L-glutamate residues (compound 8). For the urea compound 14 (Glu(tBu)2-C(O)-Glu(tBu)2)
a, triphosgene was used to generate an isocyanate intermediate, followed by reaction with another
equivalent of compound 8, to yield the desired product. For the thiourea compound 10 (Glu(tBu)2C(S)-Glu(tBu)2), thiophosgene was used to generate an isothiocyanate intermediate with subsequent
formation of a thiourea bond.
The second synthetic step removed the t-butyl protecting groups before purification of the final
compounds. Compound 14 was deprotected using trifluoroacetic acid in the presence of phenol and
triisopropylsilane as scavengers, and then isolated using semi-preparative reverse phase HPLC
purification. However, when compound 10 was similarly deprotected using trifluoroacetic acid/
phenol/ triisopropylsilane, the major species obtained was compound 11 which contained a -lactam
pyroglutamic acid residue. Similar cyclization reactions are well-known34 and many peptides and
proteins naturally have a pyroglutamic acid at their N terminus35. This suggests that compound 10 is
more prone than compound 14 to dehydration under these conditions. This is likely to be due to the
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stronger preference of thiourea for the enol/enolate resonance form, due to sulfur’s weaker πbonding and its concomitant ability to stabilize the negative charge.
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Figure 2: Synthesis route for the production of compound 6 (HO-Glu-C(S)-Glu-OH) and cyclized
side product compound 11 (HO-Glu-C(S)-pyroGlu).

As cyclisation was particularly prevalent in high acid, low water conditions, the reaction conditions
were modified to avoid it: compound 10 was reacted in a 2:1 solution of 6 M HCl and acetonitrile for
8 hours, followed by neutralization and purification by semi-preparative HPLC. This increased yields of
compound 6. Compounds 5 and 6 were characterized by nuclear magnetic resonance (NMR) and highresolution mass spectrometry (supplemental files).
To ensure that compound 6 was resistant to cyclisation under conditions required for in vitro affinity
measurements, NMR studies were conducted. Aqueous solutions of compound 5 and compound 6 at
pH 7 (pH adjusted with phosphate-buffered saline (PBS) and ammonium acetate) were monitored
using 1H NMR (400 MHz) for 48 hours. Both inhibitors were stable, with no cyclisation detected under
these conditions. 1H NMR (400 MHz) was also used to monitor the stability of compound 6 with respect
to cyclisation in the presence of GCP(II)/PSMA-expressing cells (DU145-PSMA); the thiourea ligand
was found to be stable in these conditions.
Inhibition assays (IC50 assays) were conducted in triplicate to compare compound 7 (2(phosphonomethyl)pentanedioic acid, (PMPA)), compound 5 and compound 6 over a concentration
range of 1 nM to 400 μM. Compound 7 is a widely-used PSMA inhibitor that has a phosphonate zinc(II)binding group (Ki = 0.3 nM13), and was included as an additional control. These competitive binding
studies utilized GCP(II)/PSMA-expressing cells (DU145-PSMA35) and the radiolabeled PSMA imaging
agent [67Ga]Ga-DOTA-PSMA(617)6,37 as the probe (1 nM DOTA-PSMA(617)). Non-GCP(II)/PSMAexpressing cells (DU14536) were used as a control to account for non-specific binding. The IC50 assays
5

revealed large differences in affinity between the three inhibitors (figure 3): compound 7 94 ± 4 nM,
compound 5 1340 ± 70 nM, and compound 6 135000± 6600 nM. Table 1 shows the relative IC50 ratios
for the three inhibitors. Ki values from isolated enzyme assays have been previously reported for
compound 7 and compound 5. The relative Ki ratio for these compounds match well with the relative
IC50 ratio determined for the same inhibitors using our cell-based assay. A summary of the relationship
between IC50 and Ki and when their relative ratios can be directly compared38 is available in
supplemental files.
The 100-fold increase in the IC50 value for the newly synthesized thiourea compared to the urea
compound shows that the compound 6 is a much less potent inhibitor than compound 5, and
therefore this modification worsens rather than improves affinity – the opposite of our hypothesis.
The quantification and stability tests performed confirmed that compound 6 was at the required
concentration during the assay (supplemental files) and that it was stable for its duration. Therefore,
this value is a true reflection of the change in IC50 value resulting from the replacement of urea with
thiourea.

PMPA

HO-Glu-C(O)-Glu-OH

HO-Glu-C(S)-Glu-OH

Compound 7
0.3 nM 13

Compound 5
8 nM 12

Compound 6
-

Ki
(literature values)
IC50
94 ± 4 nM
1340 ± 70 nM
135000± 6600 nM
(experimental values)
Relative Ki ratio
Compound 5 Ki / Compound 7 Ki
Ratio 26.6
Relative IC50 ratio
Compound 5 IC50 / Compound 7 IC50
Ratio 14.2
Relative IC50 ratio
Compound 6 IC50 / Compound 7 IC50
Ratio 1436
Relative IC50 ratio
Compound 6 IC50 / Compound 5 IC50
Ratio 101
Table 1: Literature Ki values 12,13 and experimental IC50 values for the inhibitors and the relative
Ki ratios and relative IC50 ratios that used to compare the affinity of the inhibitors.
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Figure 3: Inhibition curves for compounds 5, 6 and 7, (HO-Glu-C(O)-Glu-OH, HO-Glu-C(S)-GluOH and PMPA) with [67Ga]Ga-DOTA-PSMA at 1 nM as the probe. Values are averaged across
triplicate assays. For each assay n = 4 wells at each concentration. Note that non-specific binding
of [67Ga]Ga-DOTA-PSMA with non-GCP(II)PSMA-expressing cells (DU145) was used as the
nominal value at 1 M inhibitor.
Request for Figure 3 to be printed in color.
The unexpected low affinity of compound 6 could be due to the longer C=S bond relative to the C=O
bond (1.71 Å39 and 1.26 Å40 respectively). Additionally, Zn-S bonds are also typically longer than Zn-O
bonds41. Such changes could detrimentally perturb the interactions of other key functional inhibitor
groups within the active site; the additive enthalpic cost of these weakened interactions may
counteract any gain in affinity caused by the stronger bond between the zinc(II) ion and the thiourea
sulfur atom. This is consistent with previous findings, which suggest that the effectiveness of a zinc(II)
ion binding group for GCP(II)/PSMA ligands is dependent on maintaining the glutamate interactions
within the active site16.
This work expands existing knowledge about GCP(II)/PSMA and inhibitor design. Although the
thiourea modification weakened affinity for the receptor, further investigation into novel ways to
improve the affinity would be extremely valuable and could impact prostate cancer management.
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Supplemental Files
Dipeptide Inhibitors of the Prostate Specific Membrane Antigen (PSMA): A Comparison of Urea and
Thiourea Derivatives
Jennifer D Younga, Michelle T Maa, Thomas R Eykyna, R. Andrew Atkinsonb, Vincenzo Abbatec, Agostino
Cilibrizzic, Robert C Hiderc, Philip J Blowera
a. School of Biomedical Engineering and Imaging Sciences, King's College London, London, United
Kingdom
b. Centre for Biomolecular Spectroscopy and Randall Division of Cell and Molecular Biophysics, King's
College London, London, United Kingdom
c. Institute of Pharmaceutical Science, King's College London, London, United Kingdom
Instrumentation
Nuclear Magnetic Resonance (NMR): 1H- and 13C-NMR spectra were acquired on either a Bruker
Avance III 400 spectrometer operating at 400 MHz (1H frequency) equipped with a BBO probe, or a
Bruker NEO 800 spectrometer operating at 800 MHz (1H frequency) equipped with a TCI cryoprobe.
Infrared spectroscopy: IR was conducted with solid samples on a Perkin Elmer Spectrum 100 FT-IR
Spectrometer using a universal ATR sampling accessory.
Mass spectrometry (MS): Reaction monitoring with mass spectrometry was conducted on a Waters
ZQ Quadruple MS operating in positive ElectroSpray Ionization (ESI) mode and LC-MS results were
acquired on an Agilent HP1100 HPLC system coupled to photodiode array detector and a Thermo LCQDECA ion-trap MS operating in positive ESI mode. The high-resolution mass spectrometry data used
to confirm elemental composition were obtained on a Thermo Scientific Exactive operating in positive
ESI mode.
High Performance Liquid Chromatography (HPLC): Analytical and semi-preparative HPLC utilized an
Agilent 1200 LC with in-line ultraviolet detection (220 nm, 240 nm or 254 nm). Analytical reversedphase HPLC used an Agilent Eclipse XDB C18 5 µm 4.6 × 150 mm column and the mobile phases (A =
H2O 0.1% trifluoroacetic acid (TFA), B = acetonitrile 0.1% TFA). 1 mL/min with the following gradient:
0-5 minutes 98% A, 5-20 minutes 2-98% B, 20-25 minutes 98% B, 25-30 minutes 98% A. Semipreparative reversed-phase HPLC was conducted using an Agilent Eclipse XDB C18 5 µm 21.2 × 150 mm
column with the concentration of mobile phase B increasing at a rate of 1%/min (A = H2O with 0.2%
TFA, B = acetonitrile with 0.2% TFA, starting from 100% A at time 0; ﬂow rate, 3 mL/min).
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Synthesis
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Reaction Scheme 1: Synthesis route for the production of compound 14 (Glu(tBu)2-C(O)Glu(tBu)2).
An oven-dried three-necked round-bottomed flask with a dropping funnel was attached to a Schlenk
line and cycled with vacuum and nitrogen gas three times. Triphosgene (compound 12, 0.53 mmol,
156 mg, molecular weight (MW) 296.75) was added to the flask which was then cooled to 0°C in an
ice bath. L-glutamic acid di-tert-butyl ester (compound 8, 1.6 mmol, 459 mg, HCl salt, MW 295.8) was
dissolved in 20 mL anhydrous dichloromethane (DCM) containing two equivalents of N,NDiisopropylethylamine (DIPEA) (550 µL, 3.2 mmol, MW 129.2, density 0.742 g/mL). This solution was
added dropwise to the reaction flask over 45 minutes using the dropping funnel, under nitrogen. The
solution was stirred throughout addition and some fuming occurred. The ice bath was then removed
and the reaction mixture left to warm to room temperature for 1 hour. Then a further 600 mg Lglutamic acid di-tert-butyl ester (compound 8, 2 mmol, HCl salt, MW 295.8) dissolved in 20 mL of DCM
and 600 µL DIPEA (3.5 mmol, MW 129.2, density 0.742 g/mL) was added to the dropping funnel and
added slowly to the flask over 45 minutes. The flask remained under nitrogen for 30 minutes postaddition and was then sealed and left to stir overnight. The next day the reaction mixture was washed
with water (50 mL x 3) and brine (50 mL x 1), dried over magnesium sulfate and the solvent removed
by rotary evaporation. The product, compound 14, was identified using silica gel TLC with 80:20
DCM:ethyl acetate (starting material RF = 0, product RF = 0.65). The crude product was purified using
flash chromatography (Biotage Isolaera™ Four) using a 10 g KP SNAP silica column with a DCM and
ethyl acetate gradient (100% DCM to 60% DCM, 40% ethyl acetate) and then dried under vacuum to
produce compound 14 (Glu(tBu)2-C(O)-Glu(tBu)2) as a white solid (562 mg, 1.03 mmol (MW = 544.69),
yield 64%). 1H NMR: (CDCl3, 400 MHz, normalized to chloroform solvent peak1 ): δ 1.39 (s, 18H), 1.42
(s, 18H), 1.83 (m, 2H), 2.02 (m, 2H), 2.27 (m, 4H), 4.30 (dd, J= 6.8, 12, 2H), 5.25 (broad s, 2H). 13C NMR:
(CDCl3, 100 MHz, normalized to chloroform solvent peak1 ): δ 28.07 (s, 6C), 28.14 (s, 6C), 28.52 (s, 2C),
31.64 (s, 2C), 53.13 (s, 2C), 80.53 (s, 2C), 82.03 (s, 2C) 156.94 (s, 1C) 172.13 (s, 2C), 172.50 (s, 2C). Highresolution mass spectrometry: [C27H48N2O9+H]+: observed m/z 545.3426, theoretical m/z
545.3433,[C27H48N2O9+Na]+: observed m/z 567.3241, theoretical m/z 567.3252.
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Figure 1: IR spectrum for compound 14 (Glu(tBu)2-C(O)-Glu(tBu)2) : a characteristic urea C=O
stretch is seen at 1637 cm - 1 . 2
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Reaction scheme 2: Synthesis route for the production of compound 5 (Glu-C(O)-Glu).
A solution containing 75 mg phenol (0.8 mmol, MW 94.11), 75 µL H2O, 35.5 µL TIPS (0.17 mmol, MW
158.36, density 0.773 g/mL) and 1.5 mL TFA (19.6 mmol, MW 114.02, density 1.489 g/mL) was added
to 66 mg of Glu(tBu)2-C(O)-Glu(tBu)2 (compound 14 0.12 mmol, MW = 544.69) and the mixture stirred
at room temperature for 6 hours. After this time 5 mL DCM was added and then the solution was
evaporated to ~0.5 mL under a stream of nitrogen gas, and 15 mL of ice-cold diethyl ether was added,
whereupon a white solid precipitated. The solid was separated from the diethyl ether by
centrifugation, dried overnight at room temperature, dissolved in 7 mL water containing 0.1% TFA and
then purified by semi-preparative HPLC. The purified sample was freeze-dried, forming a white solid.
18.6 mg (48% yield) of compound 5 (Glu-C(O)-Glu, 50 µmol, MW 320.25) was produced. 1H NMR: (D2O,
400 MHz, normalized to acetonitrile solvent peak1 ) δ 1.97 (m, 2H), 2.16 (m, 2H), 2.50 (t, J = 7.6, 4H),
4.26 (dd, J = 5.2, 9.2, 2H). Solvent: 2.06 ppm – acetonitrile, 4.77 ppm – H2O. 13C NMR: (D2O plus drop
of MeOD, 100 MHz, normalized to methanol solvent peak1) δ 27.82 (s, 2C), 31.50 (s, 2C), 160.65 (s,
1C), 177.60 (s, 2C), 178.57 (s, 2C). High-resolution mass spectrometry: [C11H16N2O9+H]+: observed m/z
321.0924, theoretical m/z 321.0929, [C11H16N2O9+Na]+: observed m/z 343.0743, theoretical m/z
343.0748.
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Figure 2: Compound 5 (Glu-C(O)-Glu) 1H NMR: (D2O, 400 MHz, normalized to acetonitrile solvent
peak1 ) δ 1.97 (m, 2H), 2.16 (m, 2H), 2.50 (t, J = 7.6, 4H), 4.26 (dd, J = 5.2, 9.2, 2H). Solvent: 2.06
ppm – acetonitrile, 4.77 ppm – H2O. No other impurities detected.
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Reaction Scheme 3: Synthesis route for the production of compound 10 (Glu(tBu)2-C(S)Glu(tBu)2).
An oven-dried three-necked round-bottomed flask with a dropping funnel was attached to a Schlenk
line and cycled with vacuum and nitrogen gas three times. 5 mL DCM was added to the roundbottomed flask, followed by 260 µL of thiophosgene (compound 9, 3.4 mmol, MW 114.98, density 1.5,
bright orange liquid). The flask was then cooled to 0°C in an ice bath. L-glutamic acid di-tert-butyl ester
(compound 8, 1 g, 3.4 mmol, HCl salt, MW 295.8) was dissolved in 20 mL anhydrous DCM and 1.1 mL
DIPEA (6.3 mmol, MW 129.2, density 0.742 g/mL) was added dropwise to the flask over 45 minutes
using the dropping funnel whilst the flask remained under nitrogen. The solution was stirred
throughout the addition and some fuming occurred. The ice bath was then removed and the reaction
mixture was left to warm to room temperature for 1 hour. Then a further 1.1 g L-glutamic acid di-tertbutyl ester (compound 8, 3.7 mmol, HCl salt, MW 295.8) dissolved in 20 mL of DCM and 1.1 mL DIPEA
(6.3 mmol, MW 129.2, density 0.742 g/mL) was added dropwise to the flask over 45 minutes using the
dropping funnel. The flask was left under nitrogen for a further 30 minutes, then sealed and left to stir
overnight. The next day the reaction mixture was washed with water (50 mL x 3) and brine (50 mL x
1), dried over magnesium sulfate and then the solvent removed by rotary evaporation. The product
compound 10 was identified using silica TLC with 95:5 DCM:ethyl acetate (starting material RF = 0,
product RF = 0.4). The crude product was purified using flash chromatography (Biotage Isolaera™ Four)
using a 25 g SNAP KP silica column with a DCM and ethyl acetate gradient (100% DCM to 90% DCM,
10% ethyl acetate) and then dried under vacuum to produce compound 10 (Glu(tBu)2-C(S)Glu(tBu)2)as a light yellow oil which solidified upon standing. 260 mg, 0.46 mmol, a 14% yield (MW
560.75). 1H NMR: (CDCl3, 400 MHz, normalized to chloroform solvent peak 1): δ 1.41 (s, 18H), 1.43 (s,
18H), 1.98 (m, 2H), 2.09 (m, 2H), 2.31 (m, 4H), 4.84 (broad s, 2H), 6.79 (broad s, 2H). 13C NMR: (CDCl3,
100 MHz, normalised to chloroform solvent peak 1): δ 27.75 (s, 2C), 28.06 (s, 6C), 28.13 (s, 6C), 31.39
(s, 2C), 56.93 (s, 2C), 80.84 (s, 2C), 82.53 (s, 2C) 171.38 (s, 2C) 172.51 (s, 2C), 182.50 (s, 1C). Highresolution mass spectrometry: [C27H48N2O8S+H]+: observed m/z 561.3195, theoretical m/z 561.3204,
[C27H48N2O8S+Na]+: observed m/z 583.3010, theoretical m/z 583.3024
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Figure 3: IR spectrum for compound 10 (Glu(tBu)2-C(S)-Glu(tBu)2) : a characteristic thiourea C=S
stretch is seen at 1326 cm - 1 . 2
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Reaction Scheme 4: Synthesis route for the production of compound 6 (Glu(tBu)2-C(S)Glu(tBu)2).
Glu(tBu)2-C(S)-Glu(tBu)2 (Compound 10, 30 mg, 53.5 µmol, MW 560.75) was dissolved in 4 mL
acetonitrile and 2 mL 6 M HCl (final concentration 5 mg/mL) and stirred at room temperature for 8
hours. The reaction was monitored by HPLC. Figure 4 shows the HPLC results at the point that the
reaction was quenched. After 8 hours the solution was neutralized to pH 3-7 with NaOH (4 M ~3330
µL), frozen and then freeze-dried to form a white powder. The solid was dissolved in 6 mL H2O
containing 0.1% TFA and then purified by semi-preparative HPLC and freeze-dried forming a white
solid. Note: our previous studies had shown that compound 6 (Glu-C(S)-Glu) and compound 11 (GluC(S)-pyroGlu) could be successfully separated by HPLC (Figure 5). 7.7 mg (43% yield) of compound 6
(Glu-C(S)-Glu, 22.8 µmol, MW 336.32). 1H NMR: ((CD3)2SO, 400 MHz, normalized to tetramethylsilane
solvent peak1): δ 1.85 (m, 2H), 2.01 (m, 2H), 2.25 (m, 4H), 4.79 (dd, J=7.2, 12.8, 2H), 7.82 (d, J=8, 2H),
12.45 (broad s, 4H). Residual solvents and impurities: 0.00 ppm - tetramethylsilane, 2.50 ppm - DMSO,
3.32 ppm - H2O, 2.67 ppm unidentified impurity which accounts for 6% of signal. 1H NMR: ((D2O PBS,
400 MHz, normalized to acetone solvent peak1) δ 2.10 (m, 2H), 2.24 (m, 2H), 2.48 (t, J=8 4H), 4.67
(broad 2H). The CH peak at 4.67 ppm is affected by the water suppression. Residual solvent: 2.22 ppm
- acetone. High-resolution mass spectrometry: [C11H16N2O8S+H]+: observed m/z 337.0697, theoretical
m/z 337.0700, [C11H16N2O8S+Na]+ observed m/z 359.0515, theoretical m/z 359.0520.

Figure 4: HPLC of reaction mixture compound 10 (Glu(tBu)2-C(S)-Glu(tBu)2)(30 mg, 53.5 µmol,
MW 560.75) dissolved in 4 mL acetonitrile and 2 mL 6 M HCl (final concentration 5 mg/mL) after
it had been stirred at room temperature for 8 hours. This was the point at which the reaction
mixture was quenched.
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Figure 5: HPLC results to show that compound 6 (Glu-C(S)-Glu) and compound 11 (Glu-C(S)pyroGlu) could be separated by HPLC in high purity and did not interconvert.
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Figure 6: Compound 6 (Glu-C(S)-Glu) 1H NMR: 1H NMR: ((D2O PBS, 400 MHz, normalized to
acetone solvent peak1) δ 2.10 (m, 2H), 2.24 (m, 2H), 2.48 (t, J=8 4H), 4.67 (broad ~2H). The CH
peak at 4.67 ppm is affected by the water suppression. Residual solvent: 2.22 ppm - acetone. No
other impurities detectable.
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Figure 7: Compound 6 (Glu-C(S)-Glu) 1H NMR: ((CD3)2SO, 400 MHz, normalized to
tetramethylsilane solvent peak1): δ 1.85 (m, 2H), 2.01 (m, 2H), 2.25 (m, 4H), 4.79 (dd, J=7.2, 12.8,
2H), 7.82 (d, J=8, 2H), 12.45 (broad s, 4H). Residual solvents and impurities: 0.00 ppm tetramethylsilane, 2.50 ppm - DMSO, 3.32 ppm - H2O, 2.67 ppm unidentified impurity which
accounts for 6% of signal.
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Quantitative 1H NMR studies.
Quantitative 1H NMR (800 MHz) studies with a repetition time of 20 seconds were conducted to
determine the concentrations of the two synthetically prepared inhibitors compounds 5 and 6 with a
known concentration of maleic acid as a standard. The signal to noise ratio in the sample was increased
through the use of a Bruker Z106898 oval NMR tube which reduces the resistance to radiofrequency
penetration when analyzing samples with high salt content3. Based on the concentrations determined
using these NMR studies, 20 mM solutions of each inhibitor were prepared and used for IC50 studies.
NMR stability pH 7
In order to ensure that compound 6 (Glu-C(S)-Glu) was stable at near-neutral pH, the compound was
dissolved in D2O containing ten times the standard concentration of PBS (NaCl 1.37M, KCl 27 mM,
Na2HPO4 100 mM, KH2PO4 18 mM). This only brought the pH to 4 and so ammonium acetate was used
to raise the pH to at least 6.5 (final concentration 1 M ammonium acetate). This mixture was then
monitored by 1H NMR (400 MHz) at time points up to 48 hours to look for any evidence of cyclisation.
The same experiment was also carried out with compound 5 over 48 hours.

Figure 8: Stability study for compound 6 (Glu-C(S)-Glu) monitored by 1H NMR spectroscopy (400
MHz). No change in the spectra over the time-course confirms the compound is stable under these
conditions for up to 48 hours.

Stability in the presence of cells by NMR
Stability of compound 6 (Glu-C(S)-Glu) in the presence of cells: NMR spectroscopy was used to
determine if cyclisation of compound 6 to compound 11 occurred whilst the blocking agent was
incubated with cells. DU145-PSMA cells (1 × 106 per well) were seeded in a 6-well plate, 1 day before
the assay. At the time of the assay, the medium was removed and replaced with 980 µL of PBS at 37°C.
Then 20 µL of compound 6 was added (dissolved in 1 M ammonium acetate and 10 x PBS) to give a
final concentration of 400 µM on the cells. The cells were then incubated at 37°C for 1 hour. As a
control, wells without any cells were incubated with compound 6 in the same way. After 1 hour the
supernatant was removed from the wells (containing cells or with no cells), centrifuged to remove any
cell debris or particulates, then analyzed by 1H NMR spectroscopy at 400 MHz.
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Figure 9: 1H NMR (400 MHz) spectrum of: (A) Solution of compound 6 added to the cells for the
IC50 assay. The signal at 2.2 ppm is identical to that in the stability study. (B) Compound 6after
incubation at 400 µM in an empty 6 well plate in 1 mL PBS for 1 hour. (C) Compound 6 after
incubation at 400 µM with 1 million cells in a 6 well plate in 1 mL PBS for 1 hour. Peaks
corresponding to the release of lactic acid, pyruvate and alanine from the cell can be detected, but
the signal coming from the thiourea-PSMA at 2.3 ppm does not change showing it is stable under
these conditions. Ethanol and methanol residue from NMR tube preparation are marked with a
cross.

IC50 assay method
The GCP(II)/PSMA-negative cell line chosen was DU145, a human carcinoma prostate cancer cell line
derived from a brain metastatic site, which does not express GCP(II)/PSMA. The GCP(II)/PSMAexpressing cell line chosen was a genetically modified daughter cell line of DU145, DU145-PSMA. This
cell line had previously been transduced to express full-length human GCP(II)/PSMA, with a published
method4. These cells were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum,
2 mM L-glutamine, and penicillin/streptomycin. To prepare for experiments, cells were grown at 37°C
in an incubator equilibrated with humidiﬁed air and 5% CO2.
IC50: To determine the IC50, competitive binding studies were performed with DU145-PSMA cells with
1 nM [68Ga]Ga-DOTA-PSMA as the probe and blocking with compounds 5, 6 and 7 over a range of
concentrations (1 nM - 400 µM). As both compound 5 and 6 had been dissolved in 10 x PBS and 1 M
ammonium acetate to maintain pH at 7 for the stability and quantification NMR studies, care was
taken to ensure that the same amount of these reagents were added into every well used in this assay.
Cells (0.25 × 106 per well) were seeded in a 24-well plate, 1 day before the assay. At the time of the
23

assay, the medium was removed and replaced with 240 µL of complete RPMI medium at 37°C.
Increasing concentrations of compounds 5, 6 and 7 (5 µL dissolved in 1 M ammonium acetate and 10
x PBS) followed by 1 nM [67Ga]Ga-DOTA-PSMA (5 µL, molar activity 5–10 MBq/nmol, diluted in PBS)
were added to the cells (total volume, 250 µL). A control was also included to account for non-specific
binding where non-GCP(II)/PSMA-expressing cells (DU145) prepared in the same way were also
incubated with 1 nM [67Ga]Ga-DOTA-PSMA. After 1 hour incubation at 37°C, the supernatant was
removed and the cells were washed with PBS (2 × 0.25 mL), lysed with NaOH (1 M, 0.25 mL), and the
wells washed with PBS (0.25 mL). The activity present in supernatant and lysate was measured by γcounting. Data were analyzed using GraphPad Prism (version 7.04 GraphPad Software) and a 1-site–
ﬁt log IC50 algorithm.

Relationship between Ki and IC50
The mathematical relationship between Ki and IC50 can be described by the Cheng–Prusoff equation5:

(

𝐼𝐶50 = 𝐾𝑖 1 +

[𝑆]
𝐾𝑀

)

Equation 1: Cheng–Prusoff relationship
Where [S] is the substrate concentration and KM is the Michaelis constant of the substrate. In certain
circumstances IC50 values do trend towards Ki values – IC50 values approximate Ki when the [S] used in
the assay is much lower than KM.
However, in in this report because cells expressing the protein of interest were used - a high
concentration of substrate - the criteria of [S] being lower than KM was not fulfilled. This explains why
the IC50 values measured were significantly larger than the Ki values previously reported for
compounds 5 and 7.
However, as long the IC50 values of two different inhibitors are measured under the same conditions,
with the same concentration of substrate, and the inhibitors have the same mechanism of action (the
assumption for the set of inhibitors in this report) then ratios of the two inhibitors IC50 values are
comparable to ratios of Ki measurements using equation 2 5.
𝐾𝑖,1
𝐾𝑖,2

=

𝐼𝐶50,1
𝐼𝐶50,2

Equation 2:
Where Ki,1 is the Ki of inhibitor 1, Ki,2 is the Ki of inhibitor 2, IC50,1 is the IC50 of inhibitor 1 and IC50,2 is
the IC50 of inhibitor 2. As our experiments meet these criteria, the IC50 values we obtained are suitable
to compare the relative affinity ratios of the three inhibitors, even though the Ki for compound 6 has
not been determined.
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