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Abstract

Prostate-specific membrane antigen (PSMA) is a cell-surface enzyme-biomarker that is actively 

pursued for targeted delivery of imaging and therapeutic agents for prostate cancer. Our lab has 

developed PSMA inhibitors based on a phosphoramidate scaffold, which has shown both high 

selectivity for PSMA-positive tumors and rapid clearance in vivo when radiolabeled with 18F. 

However, this scaffold exhibits hydrolytic instability under low pH and high temperature 

conditions, barring the use of other imaging or therapeutic radionuclides such as 68Ga or 177Lu. 

Previous studies in our lab have shown a trend in increasing acid stability as the distance between 

the phosphoramidate core and the α-carboxylate of the P1 residue is increased. Therefore, a new 

generation of phosphoramidate inhibitors was developed based on trans-4-hydroxyproline as the 

P1 residue to restrict the interaction of the α-carboxylate to the phosphoramidate core. These 

hydroxyproline inhibitors demonstrated comparable IC50 values to earlier generations as well as 

enhanced thermal and acid stability.
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Prostate-specific membrane antigen (PSMA) is a cell-surface enzyme-biomarker1, 2 that 

continues to be actively pursued for targeted delivery of imaging3-17 and therapeutic 

agents18-22 for prostate cancer. PSMA has been found to be up-regulated and strongly 

expressed on cancer cells, including those that are metastatic.23 As a consequence, enzyme 

inhibitors have been developed to selectively, and in some cases, irreversibly bind to PSMA.
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24-27 Most recently, our lab developed, and radiolabeled with 18F, the phosphoramidate 

inhibitors 5 and 6 (Figure 1), which exhibits both high selectivity for PSMA-positive tumors 

and rapid clearance in vivo. However, this scaffold, like previous generations of this class of 

inhibitors, exhibits hydrolytic instability under low pH and high temperature conditions. 

These conditions are likely to be encountered when such scaffolds are labeled with other 

imaging or therapeutic radionuclides such as 68Ga or 177Lu.28-30 Hence, it is desirable to 

optimize the phosphoramidate scaffold for this class of PSMA inhibitors for greater acid and 

thermal stability.

In our studies with earlier generations of phosphoramidate-based PSMA inhibitors, we 

observed a trend in increasing acid stability as the distance between the phosphoramidate 

centers and the α-carboxylate of the P1 residue was increased. This is evidenced by the 

observed rates of decomposition at pH 6.0 and 4.5 for scaffolds containing a P1 serine (1), 

homoserine (2), and hydroxypropylglycine residue (3).31 The mechanism for the cleavage of 

the P-N bond of the phosphoramidate core under these conditions remains conjectural, 

however, the proximity of the P1 α-carboxylate to the phosphoramidate center does appear 

to contribute to its lability. While this mechanism is a topic for a future study, this observed 

trend inspired the design of a new scaffold based on trans-4-hydroxyproline as the P1 

residue. Due to the conformational restrictions provided by the proline ring, the trans-

orientation between the α-carboxylate and hydroxyl group was expected to afford enhanced 

acid stability. Therefore, the focus of this study was aimed at preparing and evaluating a 

limited series of phosphoramidate-based PSMA inhibitors comprised of a trans-4-

hydroxyproline in the P1 position for both acid and thermal stability as well as inhibitory 

potency against PSMA. Because of the restricted conformational freedom imposed by the 

pyrrolidine ring, it was also expected that a degree of stereoselective inhibition of PSMA 

would be observed. In terms of assessing the impact of introducing a relatively inflexible 

pyrrolidine ring in the P1 position (e.g., 7a-b, 8a-b, 9a-b, and 10a-b), we chose to compare 

the inhibitory potencies and mode of inhibition to the more conventional acyclic analog 3 
(Figure 1).31

A common method was employed to prepare the trans-4-hydroxyproline-based 

phosphoramidate inhibitors (Scheme 1). The starting amino acids 11a-b were protected as 

the benzyl esters 12a-b, which were subsequently coupled to N-protected glutamic acid to 

provide the corresponding alcohols 13a-b and 14a-b. The reaction of these alcohols with 

diphenyl phosphite followed by the addition of benzyl alcohol provided H-phosphonates 

15a-b and 16a-b, which were then subjected to standard Atherton-Todd conditions to 

generate the protected phosphoramidate intermediates 17a-b and 18a-b. Deprotection of 

18a-b under hydrogenolysis conditions yielded the stereoisomeric inhibitors 7a-b. The Boc-

protected intermediates 17a-b were N-deprotected and functionalized to provide globally 

protected precursors 20a-b, 21a-b, and 22a-b. Global deprotection of these precursors under 

hydrogenolysis conditions yielded 8a-b, 9a-b, and 10a-b.

To assess the stability of the trans-4-hydroxyproline scaffold compared to an acyclic 

conventional type of phosphoramidate PSMA inhibitor scaffold under mildly acidic 

conditions, the decomposition of 10a and 631, were monitored by 31P NMR at pH 4.5. The 

compounds were analyzed at both 50 and 70 °C (see Supporting Information for 
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procedures). The respective rates of decomposition (Table 1) of 10a and 6 confirmed that the 

trans-4-hydroxyproline scaffold exhibited enhanced the stability of the phosphoramidate P-N 

bond over the acyclic analog 6. These results further support the contribution of the α-

carboxylate of the P1 amino acid on P-N hydrolysis of this class of phosphoramidate 

inhibitors of PSMA.

While greater acid stability of the trans-4-hydroxyproline scaffold was observed, it was 

important to determine if this structural change resulted in a loss of inhibitory potency 

toward PSMA and/or a change in the mode of inhibition when compared to acyclic analogs. 

It was noted that the trans-4-hydroxyproline-based inhibitors of PSMA with unmodified N-
terminal amines generally exhibited lower inhibitory potency than their respective 4-

fluorobenzamide derivatives; a trend that is consistent with small molecule PSMA inhibitors 

based on phosphoramidate and urea scaffolds.31 With respect to the impact of 

stereochemistry of the P1 4-trans-hydroxyproline residue on PSMA inhibition, it was 

observed that the natural L-isomer of this amino acid was preferred (e.g., 9a and 10a), which 

is consistent with our previous findings.32 Of the 4-fluorobenzamide derivatives of the 

inhibitors based on the trans-4-hydroxyproline scaffold (9 and 10), the one that was most 

comparable to the analogs based on the hydroxypropylglycine scaffold (5 and 6)31 was 10a 
(Table 2) based on IC50 values. Interestingly, the mode of inhibition studies demonstrated 

that all the analogs based on the trans-4-hydroxyproline scaffold (7-10) exhibited slowly 

reversible binding, in contrast to the irreversible mode of inhibition for the compounds based 

on the acyclic scaffold 1-631 suggesting that rigidity or increased molecular volume 

introduced by the trans-4-hydroxyproline residue does not allow the same interactions that 

the acyclic analogs experience with the binding site of PSMA that lead to irreversible 

binding.

With considerable inhibitory potency against PSMA and a slowly-reversible mode of 

inhibition, it was of interest to confirm that the 4-trans-hydroxyproline-based 

phosphoramidate inhibitor scaffold could also perform sufficiently in vivo as the targeting 

motif of a PET imaging agent for PSMA-positive tumors. For a preliminary assessment of 

this new scaffold's in vivo performance, the 18F-radiolabled analog [18F]10a was prepared as 

described previously using N-succinimidyl 4-[18F]fluorobenzoate ([18F]SFB).15 As shown 

in the PET/CT image (Figure 2), there was significant and selective uptake of [18F]10a 
tracer in CWR22Rv1 (PSMA+) tumor xenografts at 2 h post-injection. In addition, there was 

the expected uptake in the kidneys due to the expression of PSMA in mouse kidneys23, 33, 34 

but minimal uptake in all other organs.

In summary, the stability and inhibition studies demonstrated that limiting the interaction of 

the α-carboxylate of the P1 amino acid to the phosphoramidate core improved the acid and 

thermal stability of the P-N bond without completely sacrificing inhibitory potency against 

PSMA. As a result, it is expect that the trans-4-hydroxyproline scaffold could be 

radiolabeled with imaging and therapeutic radionuclides such as 68Ga and 177Lu that might 

require harsher conditions for the installation of the isotopes. Such findings would extend 

the versatility of the phosphoramidate scaffold in the targeting molecule motif for targeted 

imaging and therapeutic agents for prostate cancer.
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Figure 1. 
(A) Current phosphoramidate inhibitors of PSMA 1-6. (B) Phosphoramidate inhibitors of 

PSMA with enhanced stability 7a-10b.
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Scheme 1. 
(a) BnOH, p-toluene-SO3H, Benzene, 125 °C, 20 h reflux; (b) R-Glu-OBzl (R=Cbz or Boc), 

HBTU, Et3N, DMF; (c) (PhO)2P(O)H, pyridine, −5 °C to rt, 2 h; (d) BnOH, rt, 3 h; (e) H-

Glu(OBzl)-OBzl HCl, CCl4, Et3N, CH3CN; (f) 30% TFA/CH2Cl2, rt, 1.5 h; (g) H2, 10% 

Pd/C, K2CO3, ddH2O, 1,4-dioxanes; (h) HBTU, Et3N, DMF; (i) H2, 10% Pd/C, K2CO3, 

ddH2O, 1,4-dioxanes
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Figure 2. 
PET/CT image (20 minute static scan) of a male nude mouse bearing a CWR22Rv1 tumor 

xenograft at 2 h post-injection of [18F]10a. Arrow indicates tumor placement.
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Table 1

Comparative stability of representative phosphoramidates at pH 4.5

Entry Temp (°C) t½ (min)

6 50 75

6 70 12

10a 50 105

10a 70 32
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Table 2

Inhibition potency of phosphoramidate inhibitors of PSMA

Entry IC50 (nM)
a

3 27 (3)

4 19 (1)

5 1.3 (0.08)

6 0.4 (0.05)

7a 60 (11)

7b 357 (29)

8a 79 (6)

8b 112 (8)

9a 2.6 (0.2)

9b 3.0 (0.3)

10a 1.3 (0.2)

10b 11 (0.8)

a
Standard deviation in parentheses.
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