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Abstract: In recent years, a number of drugs targeting the prostate specific-membrane antigen 15 

(PSMA) have become important tools in the diagnosis and treatment of prostate cancer. In the 16 

present work, we report on the synthesis and preclinical evaluation of a series of 18F-labeled PSMA 17 

ligands for diagnostic application based on the theragnostic ligand PSMA-617. By applying 18 

modifications to the linker-structure, insight into the structure-activity relationship could be gained 19 

highlighting the importance of hydrophilicity and stereoselectivity on interaction with PSMA and 20 

hence the biodistribution. Selected compounds were co-crystallized with the PSMA-protein and 21 

analyzed by X-ray with mixed results. Amongst these, PSMA-1007 (compound 5) showed the best 22 

interaction with the PSMA protein. The respective radiotracer [18F]PSMA-1007 was translated 23 

into the clinic and is in the meantime subject of advanced clinical trials.  24 

Introduction 25 

Over the past years, radiolabeled ligands targeting the prostate-specific membrane antigen 26 

(PSMA, also known as glutamate carboxypeptidase II or GCP-II) have become the new gold 27 

standard for the diagnosis of prostate cancer in nuclear medicine outperforming radiolabeled 28 

choline derivatives as well as [18F]FACBC in particular for recurrent disease with low PSA 29 

levels.1-12 Currently, 68Ga-labeled PSMA-ligands are used most frequently for positron emission 30 

tomography (PET) in clinical application.13-18 However, commercially available 68Ge/68Ga 31 

generators only offer a maximum activity of up to 1.85 GBq 68Ga per elution limiting the average 32 

batch production of a respective tracer to 2 to 4 patient doses. Thus, sustaining clinical routine 33 

demands multiple tracer syntheses per day – a problem that might be overcome by 18F-labeled 34 

PSMA-ligands. Another decisive advantage of 18F-labeled tracers is the possibility of shipment to 35 

distant facilities - the so called satellite concept.  36 
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In order to develop novel radiofluorinated PSMA-ligands for the diagnosis of prostate cancer, 37 

PSMA-617 was chosen as lead structure (structure depicted in Scheme 2).19,20 This tracer offers 38 

wide opportunities for radiolabeling with different radionuclides for imaging and therapy via its 39 

chelator DOTA and its use is of great potential in clinical settings.21,22 The main development steps 40 

are summarized in scheme 1. The chelator was replaced by fluoronicotinic acid to allow for easy 41 

introduction of fluorine-18 into the molecule (see below). From the development of PSMA-617 it 42 

was already known, that the hydrophobic aminoacids in the linker play a critical role for the affinity 43 

and uptake of PSMA ligands.20 Thus, only minor modifications in this area were considered.23 44 

However, it quickly turned out that the replacement of DOTA by 6-fluoronicotinic acid and the 45 

resulting loss of hydrophilicity negatively impacted the bio distribution.23,24 Thus, additional 46 

hydrophilic amino acids were added to the linker eventually leading to the development of 47 

[18F]PSMA-1007,24 which was successfully translated into clinic and is now subject of advanced 48 

clinical trials.25-32 While initial preclinical characterization of [18F]PSMA-1007 was already 49 

published,25 we herein report on its development. 50 

Scheme 1. Key steps in the development of PSMA-1007 and linker structure 23,24 51 
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Introduction of fluorine-18 was accomplished using a two-step procedure via the intermediate 53 

6-[18F]fluoronicotinic acid 2,3,5,6-tetrafluorophenyl ester ([18F]F-Py-TFP, Scheme 2) for its 54 

quickness and simplicity.33 55 

Scheme 2: Labeling Procedure using [18F]F-Py-TFPa 56 

 57 
aReagents and conditions (see also ref. 12): (a) 10 mg precursor, (Bu4N

+)(HCO3
-/F-), t-58 

BuOH/MeCN (8:2), 40 °C, 5-10 min; (b) 2-4 mg R-NH2, buffer pH 8.5-9.0. 59 

 60 

Results 61 

General structure of the ligands. The general structure of the investigated ligands is indicated 62 

in scheme 1 exemplified by PSMA-1007 (compound 5 in the following text). For clarity, the 63 

ligands prepared during the present study were divided into four sets. In sets I and IV modifications 64 

of lipophilic linker A are investigated, while sets II and III focus on modifications of the 65 

hydrophilic linker B. The linker structures of all compounds discussed in this paper are 66 

summarized in Figure 1. 67 
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 68 

Figure 1. Linker structures (A and B) of the compounds of the present study. Binding motif and 69 

label have been omitted for clarity. 70 

In vitro and in vivo evaluation of the ligands. All ligands were evaluated regarding binding 71 

affinity, specific cell binding, and internalization using PSMA-positive LNCaP cells. The results 72 

are summarized in Table 1. Compounds 3 and 5 (see discussion) were further investigated in organ 73 

distribution and dynamic PET experiments. The main results are summarized in Table 2 and Figure 74 

2, respectively. The corresponding time-activity curves are given in the supporting information 75 

(Figures S1 and S2).  76 

Table 1. Summary of binding characteristics of all ligands evaluated in this study 77 

Page 6 of 49

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 7 

Compound Set Ki
a 

[nM] 

Internalizationb  

[%IA/105 cells] 

Surface boundb 

[%IA/105 cells] 

Internalized 

fractionc 

[%] 

1 I 2.2±1.2* 1.9±0.9 0.54±0.22 23.1±2.7 

2 I 3.6±0.5* 1.8±1.3 1.3±1.4 33.2±16.7 

3 I 2.9±0.5* 1.7±0.6 1.4±9.7 44.3±6.1 

4 II 10.4±3.0 1.9±1.1 0.75±0.54 27.2±2.6 

5 II 6.7±1.7 0.24±0.07 0.58±0.31 68.9±4.8 

6 II 11.4±3.3 0.09±0.07 0.07±0.03 49.8±17.0 

7 III 6.9±1.1 0.93±0.07 0.21±0.10 19.9±11.8 

8 III 12.2±2.7 0.17±0.04 0.17±0.05 50.5±4.1 

9 III 6.0±0.3 0.10±0.04 0.24±0.16 67.2±7.1 

10 IV 10.3±2.3 0.77±0.31 0.21±0.02 22.3±5.2 

11 IV 7.4±2.8 0.65±0.20 0.16±0.04 20.7±2.8 

12 IV 108* - - - 

aCompetitive binding assay. Each independent experiment represents a quadruplicate. bCellular 78 

uptake. Each independent experiment represents a triplicate. cEquals internalization / 79 

(internalization + surface bound). If not stated otherwise all values are an average from two or 80 

three independent experiments. The asterisk (*) indicates single experiments. Cellular uptake of 81 

compound 5 was determined with n = 9 and was in part previously reported.13  82 

Table 2. Results of the organ distribution experiments  83 

Organ Uptake [%ID/g] 

[18F]3 [18F]5 

Blood 2.02±2.65 0.60±0.21 

Heart 0.25±0.01 1.11±0.20 

Lung 0.65±0.04 1.25±0.27 

Spleen 1.96±0.08 6.99±1.04 

Liver 3.02±1.31 1.06±0.20 
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Kidney 32.37±2.91 84.03±13.85 

Muscle 0.25±0.04 0.79±0.28 

Small intestine 8.49±5.17 0.90±0.21 

Brain 0.07±0.01 0.12±0.04 

Tumor 3.40±0.59 8.04±2.39 

Tumor-to-muscle 13.6±3.2 10.2±4.7 

Tumor-to-blood 1.7±2.2 13.2±6.1 

All mice (n = 3) were injected with 1-2 MBq [18F]3 or [18F]5 (60 pmol in 100 µl; n = 3) via tail 84 

vein. The mice were bearing PSMA-positive LNCaP tumors. Values for compound 5 were 85 

previously reported.13 86 

 87 

Figure 2. Maximum intensity projections of LNCaP tumor-bearing mice injected with approx. 25 88 

MBq (60 pmol in 100 µl) [18F]3 (A-D) or [18F]5 (E-F). Images were acquired 0-20 min (A,E), 20-89 

40 min (B,F), 40-60 min (C,G) and 100-120 min (D,H) p.i.. Images E-H were published 90 

previously.13  91 

 92 

Crystal structures of selected PSMA/inhibitor complexes. Crystal structures of 93 

PSMA/inhibitor complexes were determined to the resolution limit of 1.43 Å, 1.65 Å, and 1.53 Å 94 

Page 8 of 49

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 9 

for compounds 5, 7, and 9, respectively. The interpretable positive electron density representing 95 

the active site-bound ligand was observed for all complexes, and individual compounds were fitted 96 

into the positive peaks of the Fo-Fc electron density map in the final stages of the refinement 97 

(Figure 3). 98 

 99 

Figure 3. The Fo-Fc omit map (grey) is contoured at 3.0 σ and inhibitors are shown in stick 100 

representation with atoms colored red (oxygen), blue (nitrogen), pale cyan (fluorine), and yellow 101 

(sulfur). Carbon atoms are colored green, cyan and purple for compound 5 (PDB:ID 5O5T), 102 

compound 7 (PDB:ID 5O5R), and compound 9 (PDB:ID 5O5U), respectively. The active-site zinc 103 

ions are shown as orange spheres. Notice the absent electron density for some distal inhibitor parts 104 

implying its positional flexibility due to missing interactions with the enzyme. 105 

Positioning of the P1’ glutamate/urea docking module into the S1’ pocket, together with all 106 

inhibitor/protein interactions, is virtually identical to canonical urea-based inhibitors, complexes 107 

of which were described previously. Similarly, the P1 carboxylate function forms hydrogen 108 

bonding interactions with side chains of Asn519, Arg534, and Arg536 replicating thus the known 109 

interaction pattern of analogous PSMA/urea complexes.34-37 110 

The introduction of the 1-L-alanylnapht-2-yl function into the linker region represents a novel 111 

motif with unknown interaction interface with PSMA. Interestingly, our structures reveal that the 112 
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1-L-alanylnapht-2-yl function folds back onto the aminohexanoyl moiety and occupies a shallow 113 

pocket on the wall of the entrance funnel delineated by the side chains of Glu457, Tyr549, Tyr552, 114 

Tyr700, and the main chain of Gly548. It concomitantly pushes the aminohexanoyl group to the 115 

opposite side of the funnel and when combined, these two functions fill effectively (and 116 

completely) the lower portion of the funnel. The adjacent benzoyl group, forms the direct H-bond 117 

with the side chain amide of Asn698 (2.9 Å) and additional water-mediated contacts with the main-118 

chain carbonyl of Lys207 (3.1 Å) and Phe536 (2.6 Å). Furthermore, the phenyl ring is packed 119 

against the methyl group of Ala701 (3.5 Å from the ring center) contributing thus weak methyl/π 120 

attraction force between PSMA and the inhibitor. 121 

Contrary to the invariant placement of the binding motif and the linker A, the distal inhibitor 122 

parts, i.e. the hydrophilic linker B together with the label moiety, occupy diverse positions in the 123 

three complexes. Compound 5 is the only inhibitor in this series, where the distal parts are fully 124 

defined in the Fo-Fc omit map (Figure 3). While the LGlu-LGlu linker does not form any direct 125 

contacts with PSMA, the fluoro-pyridine label is inserted into the arene-binding site (ABS) (Figure 126 

4), a shallow pocket at the PSMA surface defined by side chains of Trp541, Arg511 and Arg463.16 127 

The Fo-Fc electron density maps for distal parts of 7 and 9 are less clear or missing, and this fact 128 

is consistent with the absence of pronounced intermolecular interactions with PSMA and resulting 129 

positional flexibility of this function outside the internal funnel of PSMA. In the case of 7, which 130 

differs from 5 only by the stereochemistry of linker glutamates, the DGlu-DGlu linker is not visible 131 

in the structure, while the weak Fo-Fc electron density peaks of the terminal label group are 132 

observed close to the interface of helices α4 (amino acids Thr182 – Arg190) and α19 (amino acids 133 

Pro706 – Leu712). For 9, only the proximal sulfo-alanyl moiety, engaged in H-bonding/ionic 134 
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interactions with Ser513 (3.4 Å) and Lys514 (2.9 and 3.4 Å), is visible in the structure, while the 135 

remaining inhibitor parts are completely disordered. 136 

 137 

Figure 4. The superposition of PSMA/inhibitor complexes (from PDB-IDs 5O5T, 5O5R and 138 

5O5U). PSMA molecules in individual complexes were superpositioned on corresponding C-α 139 

atoms. PSMA is shown in semitransparent surface representation and individual inhibitors in stick 140 

representation with carbon atoms colored green, cyan and purple for 5, 7, and 9, respectively. The 141 

arene binding site (ABS) is marked red. Notice different positioning of the distal part of the 142 

inhibitors, while the PSMA binding motifs up to the phenyl ring fully overlap. 143 

 144 

Discussion 145 

Compound set I (preliminary ligand set). In the first compound set, the simplest derivatives 146 

of PSMA-617 using the 6-fluoronicotinic acid prosthetic group were investigated (compound 1-147 

3). The aim within this set was the validation of our structural approach. All three compounds 148 

exhibited a high binding affinity towards PSMA in the low nanomolar range and showed good 149 
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internalization ratios on LNCaP cells, ranging from 23 to 44 %. With the highest internalized 150 

fraction of 44 % and a good affinity of 2.9 nM compound 3 was selected for further in vivo 151 

experiments.  152 

In the organ distribution, compound 3 showed a moderate tumor uptake of 3 % ID/g with a 153 

tumor-to-blood ratio of 1.68 and a tumor-to-muscle ratio of 12.2. However, a considerable uptake 154 

in spleen, kidneys, liver and small intestine was also observed. While the uptake in kidneys is 155 

endogenous and specific for PSMA binding ligands, the undesired uptake in liver and small 156 

intestine indicate a hepatobiliary excretion of the tracer. This might be a consequence of the loss 157 

in hydrophilicity caused by replacement of the chelator moiety with the prosthetic group. Finally, 158 

compound 3 was also investigated in a dynamic PET scan in an LNCaP tumor-bearing mouse. 159 

Compared to the organ distribution experiment, the observed tumor-to-blood and tumor-to-muscle 160 

ratios, calculated from the respective standardized uptake values (SUV; blood corresponds to 161 

heart), were lower with values of 0.71 and 3.0, respectively. This is also reflected in the maximum 162 

intensity projections (MIPs), where the tumor is only barely visualized at 60 min p.i.. At 120 min 163 

p.i., the visualization is clearly improved. From these very first results we concluded, that further 164 

ligands should exhibit an enhanced hydrophilicity. 165 

Compound set II. In this set, we aimed towards ligands with an enhanced hydrophilicity by the 166 

systematic addition of glutamic acids to the linker structure counterbalancing the loss of 167 

hydrophilicity compared to PSMA-617 by the elimination of the DOTA chelator. Therefore, the 168 

compounds are also compared with compound 3 (with the number of Glu units = 0). All 169 

compounds show a high affinity towards PSMA in competitive cell binding studies while the 170 

internalized fraction varies in a non-systematic manner. To compensate for inter-assay variability, 171 

all compounds were compared on a single 24 well plate using LNCaP cells from the same passage 172 
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(Figure 5). While the total specific binding of compound 3 is significantly higher than that of the 173 

other compounds, compound 5 clearly shows the highest internalization ratio, which was 174 

considered as crucial value for mimicking the in vivo behavior of PSMA-617 based therapeutics.  175 

 176 

Figure 5. Example of a cell binding assay (n = 1); All compounds were measures as triplet. 1st and 177 

second wash corresponds to surface bound activity, lysate to internalized activity. 178 

Therefore, compound 5 was further evaluated in LNCaP tumor-bearing nude mice. The organ 179 

distribution revealed a significantly increased uptake in the kidneys, while the uptake decreased in 180 

liver and small intestine. This clearly indicates the desired shift from hepatobiliary towards renal 181 

excretion. Furthermore, compound 5 demonstrated an improved tumor-to-blood ratio in 182 

comparison to compound 3, while the tumor-to-muscle ratio slightly decreased. In the following 183 

dynamic PET experiment [18F]5 clearly outperformed compound 3 (Figure 2) reflecting the 184 
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increased tumor uptake. Therefore, we selected compound 5 as new lead structure for further 185 

development. 186 

Compound Set III. In this set, we tried to replace the glutamic acids in linker B by non-187 

canonical, negatively charged amino acids. All compounds showed acceptable binding affinities 188 

to PSMA. Interestingly, replacing the natural L-glutamic acids in linker B of compound 5 by non-189 

natural D-glutamic acids in compound 7 resulted in a significant reduction of the internalization 190 

ratio to approx. 20 %, indicating a specific interaction between this linker part and PSMA. 191 

Compound 8 was not considered for further evaluation due to its low internalization ratio. 192 

However, compound 9 bearing two non-natural β-sulfoalanines also showed similarly high 193 

internalization ratio as compound 5. Overall the results from this set were quite surprising for us. 194 

Initially we expected that the hydrophilic linker B would bend towards the less rigid outlet of the 195 

entrance funnel of the PSMA protein as observed for the DOTA chelator in PSMA-617 (see Figure 196 

5 in reference 7) and that the positive effect of the two glutamic acids in compound 5 on the 197 

internalization ratio would be rather unspecific. While the lower internalization ratio of compound 198 

7 seems to contradict this, our expectation would be in line with the behavior of compound 9. 199 

Further investigations with the mixed DGlu-LGlu and LGlu-DGlu in linker B and replacement of 200 

the glutamic acids by aspartic acids might help to elucidate this effect. However, we also had the 201 

opportunity to investigate this effects using protein crystallography. Thus, compounds 5, 7 and 9 202 

were co-crystallized with PSMA and analyzed using x-ray crystallography (see below).  203 

 204 

Crystal Structures of PSMA with Compounds 5, 7, and 9. The structural data presented above 205 

was not in line with our expectation and expands our understanding of interaction pattern 206 

governing inhibitor recognition by PSMA emphasizing the importance of flexibility of the enzyme 207 
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to accommodate diverse inhibitory scaffolds. Furthermore, it brings about the call for caution when 208 

interpreting SAR data and modeling inhibitor binding modes, as even minor modifications in the 209 

inhibitor molecule can have a profound effect on its interactions with PSMA.38 The latter fact is 210 

documented by the comparison of 5 and 7, two stereoisomers differing only in the stereochemistry 211 

of glutamates of the linker B. Despite the fact that none of the glutamate moieties is engaged in 212 

PSMA interactions and cannot thus efficiently guide the terminal label group to a defined position 213 

within the structure, the “linker B-label” parts of the two inhibitors occupy spatially distinct 214 

positions, with the terminal fluorine atoms more than 21 Å apart (Figure 4). 215 

Interestingly, the terminal fluoro-pyridine label of 5 is inserted into the arene-binding site of 216 

PSMA. This binding mode thus expands a collection of PSMA inhibitors and natural substrates 217 

exploiting this shallow binding cleft at the surface of the enzyme.19,39,40 It shall be noted that in 218 

previous studies, the engagement of the ABS by a terminal inhibitor group resulted in substantial, 219 

up to 60-fold, increase in their binding affinity for PSMA.37 However, no such affinity 220 

enhancement was observed for 5, as its in vitro inhibition constant is comparable to 7, the terminal 221 

label of which does not interact with residues forming the ABS. Obviously, at least in the case of 222 

in vitro affinity measurements, the ABS engagement by the inhibitor is not necessarily directly 223 

linked to the increase of affinity in all cases as additional inhibitor characteristics that are not 224 

directly quantifiable by biochemical/structural experiments (e.g. inhibitor solvation, deformation 225 

energy upon binding) may influence overall binding energy. 226 

Our structural data also underscores the importance of the flexibility of the entrance lid (amino 227 

acids Trp541-Gly548) to accommodate inhibitors with bulky distal parts.41 It shall be noted that 228 

binding of 5 is accompanied by the substantial repositioning of the lid to accommodate the 229 

inhibitor (Figure 6). This rearrangement is necessary to avoid steric clashes between PSMA side 230 
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chains and the inhibitor. More importantly, the repositioning of the lid results in the relocation of 231 

the Trp541 side chain by 4.1 Å and the formation of the “open” ABS that can be then engaged by 232 

the inhibitor (Figure 6). Considering this special binding mode together with the almost complete 233 

localization of compound 5 within the PSMA binding pocket one could define the complete 234 

molecule as an extended binding motif compared to the well-known Glu-Urea-Lys. In combination 235 

with the results from the in vitro and in vivo evaluation this almost perfect interaction with the 236 

PSMA settled our choice of compound 5 for clinical translation. 237 

 238 

Figure 6. Positional flexibility of the entrance lid (amino acids W541-G548) is critical for the 239 

formation of the arene-binding site upon inhibitor binding. Superposition of PSMA complexes 240 

with compound 5 (PSMA purple, compound 5 green, PDB-ID: 5O5U) and compound 7 (PSMA 241 

cyan; compound 7 inhibitor omitted for clarity, only PSMA part of complex visualized, PDB-ID 242 

5O5R). The protein is shown in cartoon representation and compound 5 in stick representation. 243 

Notice 4 Å movement of the entrance lid upon compound 5 binding leading to the formation of 244 

the arene-binding site.  245 

 246 
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Compound Set IV. In this set, the influence of linker A was reinvestigated while linker B was 247 

consisting of two glutamic acids, as for compound 5. While the binding affinity of compounds 10 248 

and 11 towards PSMA was in the typical range, the affinity of compound 12 was very low. The 249 

former two compounds showed both comparatively low internalization ratios. This was especially 250 

unexpected for compound 10, since this compound is structurally most similar to PSMA-617 of 251 

all compounds investigated in this study. The internalization of compound 12 was not investigated 252 

due to its low binding affinity. This drop of affinity was also observed for other compounds with 253 

positive charges in this area of the linker (unpublished data), and might be caused by a negative 254 

interaction with the arginine patch of the PSMA.7 However, further studies would be necessary to 255 

verify this. Since none of the compounds matched the in vitro characteristics of compound 5 a 256 

further evaluation of the compounds of this set was not considered. Albeit we would not expect a 257 

similar good interaction with the PSMA protein, a crystal structure of PSMA with compound 10 258 

would be interesting closing the gap between PSMA-617 and compound 5 (PSMA-1007). 259 

 260 

Summary and conclusion. In the present work, we have summarized the in vitro 261 

characterization of several compounds developed during our search for a suitable, 18F-labeled 262 

PSMA ligand. Backed up by early in vivo experiments, compound 5, better known as PSMA-1007 263 

– or [18F]PSMA-1007 in its radiolabeled form – was selected as lead candidate for clinical 264 

application in the PET imaging of prostate cancer. Reinvestigation of the lipophilic and 265 

hydrophilic areas of the linker by in vitro cell binding experiments confirmed our selection. These 266 

results were further supported by co-crystallization experiments with the PSMA protein itself, 267 

revealing that compound 5 fully engages known inhibitor interacting motifs. In the meantime, 268 
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[18F]PSMA-1007 has successfully passed clinical translation and is a promising subject in ongoing 269 

clinical trials as new tool for the detection and stratification of prostate cancer.29,42,43 270 

 271 

Experimental Section 272 

General. All solvents and reagents were purchased from Sigma-Aldrich (Taufkirchen, 273 

Germany), VWR (Bruchsal, Germany), Iris Biotech (Marktredwitz, Germany), Bachem 274 

(Bubendorf, Switzerland) and Carl Roth (Karlsruhe, Germany), were at least of synthesis grade 275 

and used without further purification if not stated otherwise. Mass spectra were recorded on a 276 

Bruker microflex LRF system. HPLC analyses were performed on an Ultimate 3000 system with 277 

a variable wavelength detector RS 3000 (both Thermo Fisher Scientific, Schwerte, Germany) and 278 

a Gabi detector (Raytest, Straubenhardt, Germany) for radioactivity detection, equipped with a 279 

Chromolith performance C18ec 100 4.6-mm column (Merck, Darmstadt, Germany). For 280 

Semipreparative runs the system was equipped with a Chromolith® RP-18ec 100-10 mm column 281 

(Merck, Darmstadt, Germany). The system was controlled by Chromeleon software version 7.1.2 282 

(Thermo Fisher Scientific, Schwerte, Germany). 283 

Synthesis and characterization of labeling precursors and reference compounds. The 284 

peptidomimetic precursors and reference compounds were synthesized by manual solid-phase 285 

synthesis using standard Fmoc-chemistry as published earlier.44,45 Briefly, the binding motif Glu-286 

Urea-Lys was built up from resin bound lysine (side chain protected with Alloc) and the bis t-Bu 287 

protected isocyanate of glutamic acid (10 Eq, generated in situ from H-(t-Bu)Glu(t-Bu) and 288 

triphosgene in DCM in presence of excess DIPEA).16 Subsequently, the linker was synthesized by 289 

standard Fmoc solid phase chemistry (4 eq. natural or non-natural amino acid activated with HBTU 290 

{0.98 eq. with respect to the amino acid} for 2 minutes).11 For the synthesis of the reference 291 
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compounds, half of the resin was further coupled to activated 6-fluoronicotinic acid while the 292 

second half was designated as labeling precursor.13 Cleavage from the resin was achieved using 293 

TFA/TIS/H2O (95:2.5:2.5) and the products were purified by semipreparative HPLC. Reaction 294 

conditions were not optimized and yields were not determined. The purity was checked by HPLC 295 

and was at least 95 % for all compounds. The identity of all compounds was confirmed by MALDI-296 

MS. The respective results are summarized in Table 3.  297 

Table 3. Results of the identification of compounds 1-12 and the respective labeling 298 

precursors by MALDI-MS 299 

Compound* Sum formula [M+H+]+ 

(calc.) 

[M+H+]+ 

(found) 

1 C39H47FN6O10
 779.34 779.7 

P1 C33H45N5O9 656.33 656.3 

2 C31H34FN5O9 640.24 640.4 

P2 C25H32N4O8 517.23 517.1 

3 C39H41FN5O10 773.29 773.3 

P3 C33H39N4O9 650.28 650.3 

4 C44H48FN7O13 902.34 902.5 

P4 C38H46N6O12 779.33 779.4 

5 C49H55FN8O16 1031.38 1032.1 

P5 C43H53N7O15 908.37 908.7 

6 C54H62FN9O19 1160.42 1160.8 

P6 C48H60N8O18 1037.41 1037.6 

7 C49H55FN8O16 1031.38 1031.8 

P7 C43H53N7O15 908.37 907.8 

8 C42H46FN7O14S 924.29 924.7 
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 300 

 301 

 302 

 303 

 304 

 305 

 306 

* PX is the precursor for the radiosynthesis of the ligand [18F]X corresponding to compound X 307 

(with X = 1-12) by reaction with [18F]F-Py-TFP (Scheme 2). 308 

 309 

Radiolabeling. Production and activation of [18F]fluoride, as well as radiosynthesis of 6-[18F]F-310 

Py-TFP and subsequent coupling to [18F]1-4 was accomplished as reported earlier.13 Briefly, 6-311 

[18F]F-Py-TFP was prepared by direct nucleophilic substitution on the corresponding 312 

trimethylammonium triflate precursor.12,13 Subsequently, 6-[18F]F-Py-TFP was isolated by solid 313 

phase extraction, eluted in 65:35 MeCN:H2O and coupled to P1-P4 under phosphate buffered 314 

aqueous conditions. For the synthesis of [18F]5-12 a modification of the elution procedure for the 315 

prosthetic group 6-[18F]F-Py-TFP was applied: after the washing step with 10 ml water, the MCX 316 

cartridge (Oasis) was dried using 20-40 ml air and the cartridge rinsed with 500 µl dry acetonitrile. 317 

Subsequently, the product was eluted via a SepPak SodSulf drying cartridge (Waters) using 0.8-318 

1.2 ml of dry acetonitrile. For the following coupling reactions, 200 µl of the (dry) 6-[18F]F-Py-319 

TFP solution were mixed with 50 µl of the respective precursor and 10 µl of DIPEA. Then, the 320 

mixture was heated at 60 °C for 20-50 minutes* and the labeled product separated by 321 

semipreparative HPLC. Using this procedure, up to four labeled ligands could be synthesized in 322 

P8 C36H44N6O13S 801.21 801.8 

9 C45H51FN8O18S2 1075.28 1075.8 

P9 C39H49N7O17S2 952.27 952.7 

10 C49H61FN8O16 1037.43 1037.7 

P10 C43H59N7O15 914.41 914.4 

11 C46H55FN8O18 1027.37 1027.9 

P11 C40H53N7O17 904.36 904.9 

12 C48H60FN9O16 1038.42 1038.7 

P12 C42H58N8O15 915.41 915.7 
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parallel. Reaction conditions were not optimized. The radiochemical yields are summarized in 323 

Table 4. The radiochemical purity of the ligands was at least 98 % after separation by semi-324 

preparative HPLC. Identification of the labeled products was confirmed using analytical HPLC by 325 

co-elution with the respective, non-radioactive standard (“co-elution” in the radio HPLC). 326 

*Usually up to four different radioligands were produced in parallel for direct comparison of the 327 

internalization rate. Since the separation by semipreparative HPLC had to be conducted after each 328 

other, the pending reactions were left in the heating block resulting in the variable reaction time. 329 

Table 4.  Summary of the results from the radiolabeling experiments  330 

Compound tret [min] 

(Gradient) 

RCY [%] 

[18F]1 5.02 (1) 26±4 

[18F]2 4.79 (1) 16±1 

[18F]3 5.09 (1) 36±3 

[18F]4 6.48 (2) 11 ±3 

[18F]5 4.56 (1) 26±9* 

[18F]6 3.87 (3) 20±6* 

[18F]7 3.87 (2) 29±6* 

[18F]8 4.03 (1) 57±9* 

[18F]9 3.10 (3) 62±7* 

[18F]10 4.43 (1) 47±7* 

[18F]11 6.48 (3) 60±7* 

[18F]12 3.22 (3) - 

RCY determined with respect to 6-[18F]F-Py-TFP; Gradients: Solvent A: acetonitrile; Solvent 331 

B: 0.1 % TFA in H2O; A + B = 100 %; Gradient 1: 5 % A to 95 % A in 12.5 minutes; Gradient 2: 332 

5 % A to 50 % A in 10 minutes; Gradient 3: 5 % A to 95 % A in 10 minutes; Flow: 3 ml/min each; 333 

column: Chromolith performance RP 18 ec 4.6X100 mm; dead time 0.56 minutes each (thiourea) 334 

 335 
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Formulation. For the formulation of each ligand, the HPLC-fraction containing the respective 336 

product was diluted with water (approx. 10 ml), concentrated on a pre-conditioned (5 ml MeOH 337 

followed by 10 ml H2O) SepPak C-18 light cartridge (Waters) and eluted in 1 ml ethanol/water 338 

(70:30 v/v). The solvent was evaporated at 98 °C under a stream of air and the dry residue (invisible 339 

tracer amounts) dissolved in a 6 µM solution of the respective reference compound in 0.9 % NaCl 340 

so that an activity concentration of approx. 100 MBq/ml was reached. Finally, the identity of the 341 

products was confirmed by analytical radio-HPLC and comparison (radioactivity- and UV-342 

channel) with the non-radioactive reference compounds (co-elution). For small animal PET and 343 

organ distribution experiments the dry tracer was dissolved in a minimum amount of saline (100-344 

200 µl) and the molar activity was determined by HPLC before final formulation. Then the solution 345 

was diluted with 0.9 % NaCl to a 0.6 µmolar concentration of the tracer with an activity 346 

concentration of approx. 100-250 MBq/ml (small animal PET) or 10-20 MBq/ml (organ 347 

distribution; further dilution with 0.6 µmolar solution of the respective non-labeled reference 348 

compound). 349 

Crystallization and data collection Diffraction quality crystals were grown using the hanging-350 

drop vapor diffusion method at 293 K according to the established protocol.46 Briefly, PSMA (9 351 

mg/ml) was mixed with a 10 mM solution of given inhibitor dissolved in 50 mM Tris-HCl, 150 352 

mM NaCl, pH 8.0, at 9:1 (v/v) ratio. Protein/inhibitor solution was then mixed with the equal 353 

volume of mother liquor [33% (v/v) pentaerythritol propoxylate PO/OH 5/4 (Sigma Aldrich), 2 % 354 

(w/v) PEG 3350, and 100 mM Tris-HCl, pH 8.0] and 1 µl crystallization droplets equilibrated 355 

against 800 µl of the mother liquor. Orthorhombic crystals (I222, a = 101 Å, b = 130 Å, c = 159 356 

Å) were vitrified in liquid nitrogen directly from crystallization droplets. Diffraction data were 357 

collected from a single crystal using synchrotron radiation at the MX 14.1 beamline (0.91841 Å; 358 
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BESSYII, Berlin, Germany) at 90K. (5O5R, 5O5U) and at the MX1 Beamline 13 (0.9796 Å, 359 

DESY, Hamburg, Germany) at 100 K (5O5T). Both beamlines are equipped with Pilatus 6M 360 

detector (Dectris, Switzerland). Datasets were indexed, integrated and scaled using the XDSAPP 361 

interface.47 362 

Structure refinement. Difference Fourier methods were used to determine structures of 363 

PSMA/inhibitor complexes with ligand-free PSMA (PDB code 2OOT) used as a starting model. 364 

Iterative refinement and model building cycles were performed using Refmac 5.5. and Coot, 365 

respectively.48,49 Ligand topologies and coordinates were generated with PRODRG and inhibitors 366 

were fitted into |Fo| − |Fc| electron density maps in the final stages of the refinement.50 367 

Approximately 1,000 randomly selected reflections were kept aside for cross-validation (Rfree) 368 

during the refinement process. The final models were validated using the MolProbity server51 and 369 

deposited in the Protein Data Bank (PDB) under accession codes 5O5T (compound 5), 5O5R 370 

(compound 7), and 5O5U (compound 9). The data collection and structure refinement statistics are 371 

summarized in Table 5 below. 372 

Table 5: Data collection and refinement statistics 373 

Data collection statistics 

Inhibitor Compound 5 Compound 7 Compound 9 

PDB code 5O5T 5O5R 5O5U 

Wavelength (Å) 0.9796 0.9184 0.9184 

Space group 23 (I222) 23 (I222) 23 (I222) 

Unit-cell parameters a, b, c (Å) 
101.66, 130.16, 

159.16 

101.51, 130.20, 

159.16 

101.79, 130.41, 

159.10 

Resolution limits (Å) 
45.38 – 1.43 (1.45 

– 1.43) 

49.13 – 1.65 (1.68 

– 1.65) 

49.13 – 1.53 (1.55 

– 1.53) 
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Number of unique reflections 183216 (7062) 125247 (5979) 157677 (7245) 

Redundancy 5.1 (3.7) 4.5 (4.6) 5.2 (5.2) 

Completeness (%) 95.2 (74.9) 99.1 (96.4) 99.1 (92.7) 

I/σI 23.6 (1.7) 15.4 (1.7) 13.7 (1.8) 

Rmerge 0.032 (0.656) 0.055 (0.953) 0.053 (0.948) 

Refinement Statistics 

Resolution limits (Å) 
50.00 - 1.43 (1.47 - 

1.43) 

50.00 – 1.65 (1.69 

– 1.65) 

29.57 – 1.53 (1.57-

1.53) 

Total number of reflections 177614 (10818) 118929 (8635) 154553 (11133) 

Number of reflections in 

working set 
17212 (10465) 112616 (8175) 151450(10910) 

Number of reflections in test set 5602 (353) 6313 (460) 3103 (223) 

R/Rfree (%) 
13.8/17.3 

(28.6/30.0) 

16.1/18.55 

(27.7/28.8) 

16.4/18.0 

(29.1/32.9) 

Total number of non-H atoms 6676 7020 6910 

Number of non-H protein atoms 5810 6081 5927 

Number Inhibitor molecules 74 74 74 

Number of water molecules 603 625 617 

Average B-factor (Å2) 32.8 37.5 33.8 

Protein atoms 31.3 35.5 31.2 

Waters 43.0 46.5 41.8 

Inhibitor 27.5 60.6 53.8 

&Ramachandran Plot (%)    

Most favored 97 97  98 

Additionally allowed 3 2  2 

Disallowed Val 382, Gly 335 
(LysA 655, Val 

382, Phe 653)   
Ser 656, Val 382) 

R.m.s. deviations:  bond lengths 

(Å) 
0.019 0.018 0.017 
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bond angles (°) 1.83 1.85 1.78 

planarity (Ǻ)  0.011 0.011 0.011 

chiral centers (Ǻ3) 0.17 0.13 0.12 

Missing residues AA 44-54 AA 44-54 AA 44-54 

* Values in parenthesis are for the highest resolution shells. 374 

& Structures were analyzed using the MolProbity 4.02b-467 375 

Preclinical evaluation, General. Preclinical evaluation was conducted according to previously 376 

published procedures.13 All animal experiments were conducted in compliance with the current 377 

laws of the Federal Republic of Germany. For in vivo and organ distribution experiments, 8 week 378 

old male athymic BALB/c nu/nu mice were subcutaneously inoculated into the right trunk with 5 379 

x 106 LNCaP cells in 50% Matrigel. The organ distribution studies were carried out when the 380 

tumor size was approximately 1 cm3. 381 

Cell Culture. For binding studies and in vivo experiments, LNCaP cells (metastatic lesion of 382 

human prostatic adenocarcinoma, ATCC® CRL-1740TM) were cultured in RPMI 1640 (PAN 383 

Biotech) medium supplemented with 10% fetal calf serum and stabilized glutamine (PAN 384 

Biotech). Cells were grown at 37 °C in an incubator with humidified air, equilibrated with 5 % 385 

CO2. 386 

Determination of the Binding Affinity. The competitive cell binding assays and internalization 387 

experiments were performed as described previously.13 Briefly, LNCaP cells (105 per well) were 388 

incubated with the 68Ga-labeled radioligand [Glu-urea-Lys(Ahx)]2-[
68Ga(HBED-CC)] (68Ga-389 

PSMA-10)52 at a concentration of 0.75 nM in the presence of 12 different concentrations of the 390 

(unlabeled) compounds 1-12 (0–5000 nM, 100 µl/well). After incubation, washing was carried out 391 

using a multiscreen vacuum manifold (Millipore, Billerica, MA). Cell-bound radioactivity was 392 

measured using a gamma counter (Packard Cobra II, GMI, Minnesota, USA). The 50 % inhibitory 393 
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concentrations (IC50) were calculated by fitting the data using a nonlinear regression algorithm 394 

(GraphPad Prism 5.01 Software). Experiments were performed as quadruplicate. 395 

Determination of Cellular Binding / Uptake. To determine the specific cell uptake and 396 

internalization, 105 cells were seeded in poly-L-lysine coated 24-well cell culture plates for 24 h. 397 

The cells in each well were incubated with 250 µl of a 30 nM solution of the respective c.a. 398 

radioligand ([18F]1-12; 15-20 GBq/µmol) in Opti-MEM I medium (Gibco). Specific cellular 399 

uptake was determined by blocking with 2-(phosphonomethyl)pentanedioic acid (2-PMPA) (500 400 

µM final concentration, Axxora, Loerrach, Germany). All experiments were conducted at 37 °C 401 

and 4 °C. The incubation was terminated after 45 min by washing 3 times with 1 ml of ice-cold 402 

phosphate buffered saline. The cells were subsequently incubated twice with 0.5 ml glycine-HCl 403 

(50 mM, pH = 2.8) for 5 min each to remove the surface-bound fraction; the supernatant was 404 

collected. After an additional washing step with 1 ml ice-cold phosphate buffered saline, the cells 405 

were lysed using 0.5 ml NaOH (0.3 N), collected and measured in a gamma counter. The specific 406 

cellular uptake was calculated as percent of the initially added radioactivity bound to 105 cells 407 

%IA/105 cells by subtraction of the respective uptake under blocking conditions. All experiments 408 

were conducted as triplicate. 409 

Small animal PET. For the small animal PET study 100 µl 0.6 µM of the respective c.a. 410 

radioligand ([18F]3 or [18F]5; approx. 420 GBq/µmol; 60 pmol; 25 MBq; approx. 100 µl) were 411 

injected via a lateral tail vein into a mouse bearing an LNCaP tumor xenograft. The anaesthetized 412 

animal (2% sevoflurane, Abbott, Wiesbaden, Germany) was placed in prone position into the 413 

Inveon small animal PET scanner (Siemens, Knoxville, Tenn., USA) to perform a dynamic small 414 

animal PET scan. Prior to the scan the transmission was measured for 900 s using a rotating Co-415 

57 source. Acquisition was started 3 s before the tracer was injected and continued for 3600 s in 416 
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list mode. The radial field of view was 7.5 cm. A second scan was performed 2 h p.i.. Between the 417 

first and the second scan the mouse was allowed to wake up.  418 

The scans were reconstructed using the software Acquisition Workplace (Siemens) with a 28 419 

frame protocol (2 times 15 s, 8 times 30 s, 5 times 60 s, 5 times 120 s, 8 times 300 s). The volumes 420 

of interest for the generation of the time-activity-curves were drawn manually over the respective 421 

organs. Reconstruction of the images was done with the OSEM 3D MAP algorithm (MAP 422 

iterations: 18, output interval: 20; Image x-y size 256, image z size 161; size of voxel: x,y: 0.43 423 

mm, z: 0.796 mm). 424 

Organ Distribution. Organ distribution studies were carried out with mice bearing LNCaP 425 

tumors (n = 3). The compound (3 or 5) was administered as 0.6 µM solution (100 µl; 60 pmol), 426 

spiked with 1-2 MBq of the respective radioligand ([18F]3 or [18F]5) via tail vein injection. At 1 h 427 

p. i., the animals were sacrificed (CO2 asphyxiation), organs of interest were dissected, blotted dry 428 

and weighed. The radioactivity was measured with a gamma counter (Packard Cobra II, GMI, 429 

Minnesota, USA) and calculated as % ID/g. 430 

 431 

ASSOCIATED CONTENT 432 

The corresponding time-activity-curves from the PET experiments as well as 433 

(radio)chromatograms (HPLC) of key components are summarized in the supporting information 434 

jm-2019-01479m-SI.docx. Molecular formular strings (MFS) of all presented substances are 435 

summarized in the file jm-2019-01479m-MFS.csv. 436 

Accession Codes 437 

PDB code for PSMA with bound 5 is 5O5T 438 
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PDB code for PSMA with bound 7 is 5O5R 439 

PDB code for PSMA with bound 9 is 5O5U 440 
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Scheme 1. Key steps in the development of PSMA-1007 and linker structure 23,24 
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Scheme 2. Labeling Procedure using [18F]F-Py-TFPa 

165x30mm (300 x 300 DPI) 

Page 42 of 49

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

Figure 1. Linker structures (A and B) of the compounds of the present study. Binding motif and label have 
been omitted for clarity. 
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Figure 2. Maximum intensity projections of LNCaP tumor-bearing mice injected with approx. 25 MBq (60 
pmol in 100 µl) [18F]3 (A-D) or [18F]5 (E-F). Images were acquired 0-20 min (A,E), 20-40 min (B,F), 40-

60 min (C,G) and 100-120 min (D,H) p.i.. Images E-H were published previously.13 
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Figure 3. The Fo-Fc omit map (grey) is contoured at 3.0 σ and inhibitors are shown in stick representation 
with atoms colored red (oxygen), blue (nitrogen), pale cyan (fluorine), and yellow (sulfur). Carbon atoms 

are colored green, cyan and purple for compound 5 (PDB:ID 5O5T), compound 7 (PDB:ID 5O5R), and 
compound 9 (PDB:ID 5O5U), respectively. The active-site zinc ions are shown as orange spheres. Notice the 

absent electron density for some distal inhibitor parts implying its positional flexibility due to missing 
interactions with the enzyme. 
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Figure 4. The superposition of PSMA/inhibitor complexes (from PDB-IDs 5O5T, 5O5R and 5O5U). PSMA 
molecules in individual complexes were superpositioned on corresponding C-α atoms. PSMA is shown in 

semitransparent surface representation and individual inhibitors in stick representation with carbon atoms 
colored green, cyan and purple for 5, 7, and 9, respectively. The arene binding site (ABS) is marked red. 

Notice different positioning of the distal part of the inhibitors, while the PSMA binding motifs up to the 
phenyl ring fully overlap. 
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Figure 5. Example of a cell binding assay (n = 1); All compounds were measures as triplet. 1st and second 
wash corresponds to surface bound activity, lysate to internalized activity. 
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Figure 6. Positional flexibility of the entrance lid (amino acids W541-G548) is critical for the formation of 
the arene-binding site upon inhibitor binding. Superposition of PSMA complexes with compound 5 (PSMA 

purple, compound 5 green, PDB-ID: 5O5U) and compound 7 (PSMA cyan; compound 7 inhibitor omitted for 
clarity, only PSMA part of complex visualized, PDB-ID 5O5R). The protein is shown in cartoon representation 
and compound 5 in stick representation. Notice 4 Å movement of the entrance lid upon compound 5 binding 

leading to the formation of the arene-binding site. 
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