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4. CHAPTER 3 

 
Carbon-carbon double-bond 

hydrogenation of 15-deoxy-∆12,14-

prostaglandin J2 by human prostaglandin 

reductase 1: Product identification by 1H 

and 13C NMR spectroscopy and catalytic 

mechanism 

 

 

 

 

Some of the results of this chapter will appear in the publication: 

 

Mesa J, Porté S, Cabañas M, Jaime C, Parés X, Virgili A, Farrés J. 

Carbon-carbon double-bond hydrogenation of 15-deoxy-∆12,14-

prostaglandin J2 by human prostaglandin reductase 1: Product 

identification by 1H and 13C NMR spectroscopy and catalytic 

mechanism (manuscript in preparation) 
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4.1. Abstract 

15-Deoxy-∆12,14-prostaglandin J2 (15d-PGJ2) is a natural ligand of 

peroxisome proliferator-activated receptor gamma and a highly reactive 

electrophilic molecule. Some of the biological effects of 15d-PGJ2 are 

mediated through receptor-independent pathways relying on 

posttranslational protein modification. Inactivation of 15d-PGJ2 can be 

achieved by double-bond hydrogenation catalyzed by alkenal/one 

oxidoreductases, such as prostaglandin reductase 1 (PTGR1). By using 1H 

and 13C NMR spectroscopy, we have identified two different 

diastereoisomers, (12R)- and (12S)-12,13-dihydro-15d-PGJ2, as the 

products of human PTGR1 activity, proving the enzymatic hydrogenation of 

the C12-C13 α,β-double bond. Molecular docking of 15d-PGJ2 into the 

crystallographic structure of human PTGR1 predicts three tyrosine residues 

(Tyr49, Tyr245 and Tyr273) making van der Waals interactions with the 

substrate and a properly positioned Cβ atom for hydride transfer from the 

C4 atom of the NADPH nicotinamide. However, Tyr49 is not well oriented 

while substitution of either Tyr245 or Tyr273 by site-directed mutagenesis 

yields active enzyme, thus discarding their participation as proton donor 

residues. Considering these results, we propose a catalytic mechanism 

where the NADPH hydride first attacks the electrophilic C13 atom, and then 

protonation of the C12 atom takes place with little stereoselectivity. Since a 

suitably positioned proton donor residue is not available, a solvent proton 

could be added from both substrate faces, leading to the formation of the 

two diastereomeric products. The here described mechanism is also fully 
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compatible with the hydrogenation of the C13-C14 double bond of 15-keto-

PGs by PTGR1. 

  

  



95 

 

4.2. Introduction 

The isoprostane 15-deoxy-∆12,14-prostaglandin J2 (15d-PGJ2) (Fig. 

24), a naturally occurring degradation product of prostaglandin D2 (PGD2), 

is a lipid electrophilic molecule and an important redox signaling mediator 

with anti-inflammatory and adipocyte differentiating properties. 15d-PGJ2 is 

the endogenous ligand of peroxisome proliferator-activated receptor gamma 

(PPARγ). However, some effects of 15d-PGJ2 are mediated through 

receptor-independent pathways. This α,β-unsaturated electrophilic 

compound preferentially forms 1,4-Michael type adducts with nucleophiles, 

such as proteins and DNA. The 15d-PGJ2 molecule contains two electrophilic 

carbons at positions 9 and 13 which exert distinct contributions to the 

biological activity of 15d-PGJ2. While C13 is important for interaction with 

and activation of PPARγ66, C9 is the main site for glutathione conjugation 

and posttranslational protein modification67. In fact, several covalent 

adducts of 15d-PGJ2 have been reported with specific cysteine residues of 

proteins such as NF-κB, Keap1, Hras, Tat, etc.68–72 15d-PGJ2 can be 

inactivated by glutathione conjugation or by enzymatic double-bond 

hydrogenation73–75. Recently, we kinetically characterized and performed 

site-directed mutagenesis studies on human prostaglandin reductase 1 

(PTGR1), also known as leukotriene B4 dehydrogenase. PTGR1 is a zinc-

independent member of the medium-chain dehydrogenase/reductase (MDR) 

superfamily catalyzing the NADPH-dependent reduction of the α,β-double 

bond (C13−C14) of 15-keto-PGs. It was postulated that the catalytic 

mechanism of guinea-pig PTGR1 with 15-keto-PGE2 involves an enolate 

intermediate and the hydride (Ha, pro-R atom) transfer of the NADPH 
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nicotinamide to the re face of the substrate Cβ atom29. Later, Yu et al.74 

studied the 15d-PGJ2 reduction catalyzed by rat PTGR1 but the authors did 

not provide the unambiguous identification of the reaction product. In the 

present work, we analyzed the activity of human PTGR1 with 15d-PGJ2, 

identified the reaction products and the reduced double bond by 1H and 13C 

NMR spectroscopy, and proposed a catalytic mechanism. 

 

  Substrates       Products 

 

Figure 24:  Structures of 15-keto-Prostaglandin E2 and 15-deoxy-∆12,14-

Prostaglandin J2 used as substrates and their products. Substrates, on the left, and 

the corresponding products, on the right, after reduction by PTGR1. Asterisks (*) indicate the 

electrophilic atoms in 15-deoxy-∆12,14-Prostaglandin J2. 
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4.3. Materials and methods 

4.3.1 Materials  

All compounds were purchased from Cayman Chemical (Ann Arbor, 

MI). 15d-PGJ2 was 11-oxo-prosta-5Z,9,12E,14E-tetraen-1-oic acid (CAS 

number 87893-55-8). LTB4 was leukotriene B4 (5S,12R-dihydroxy-

6Z,8E,10E,14Z-eicosatetraenoic acid, CAS number 71160-24-2). 

 

4.3.2 Site-directed mutagenesis 

The mutants (Arg56Ala, Tyr245Phe and Tyr273Phe) were made using 

the QuikChange Site-Directed Mutagenesis Kit. We start from pNIC28-Bsa4 

construts60, which allow wild-type PTGR1 protein expression. The primers 

required for mutagenesis were designed and manufactured with the 

following sequences: Arg56Ala (5’-

GGCAGCCAAAGCATTGAAGGAAGGTGATAC-3’ and 

5’-CCTTCCTTCAATGCTTTGGCTGCCACTC-3’), for Tyr245Phe 

(5’-GCCATCTCTACATTTAACAGAACCGGCCCACTTCCC-3’ and 

5’-GGGCCGGTTCTGTTAAATGTAGAGATGGCTCCAC-3’) and for Tyr273Phe 

(5’-GCTTTTGTCGTCTTCCGCTGGCAAGGAGATGCCC-3’ and 

5’-GGGCATCTCCTTGCCAGCGGAAGACGACAAAGC-3’), nucleotide changes 

are shown bold and underlined. 
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4.3.3 Protein expression and purification 

Human PTGR1 and its mutants (Arg56Ala, Tyr245Phe and Tyr273Phe) 

were expressed from pNIC28-Bsa4 constructs, which allow protein 

expression with a (His)6 tag under the control of the T7 RNA polymerase 

promoter and lac operon. For protein expression, E. coli BL21(DE3)pLys 

strains transformed with the respective constructs were grown in 25 mL LB 

medium with 33 µg/mL cloramphenicol and 33 µg/mL kanamycin at 37°C 

overnight. This culture was used to inoculate 1 L 2x YT medium in the 

presence of the same antibiotics and was incubated at 37°C until an OD600 

of 0.6 was reached. Protein expression was then induced by the addition of 

0.1 mM IPTG and cells were grown overnight at 22°C. Cells were collected 

by centrifugation (20 min, 12000 x g), resuspended with 50 mL of Bind 

Buffer (20 mM Tris-HCl, 0.5 M NaCl, 5 mM imidazole, pH 8) per litre of cell 

culture and stored frozen at −20°C until use. For protein purification, cell 

lysis was performed by treatment with 1 mg/mL  lysozyme, 20 µg/mL 

DNase and 1 mM of protein inhibitor PMSF (Sigma-Aldrich) followed by 2 

cycles of 2-min sonication. The resulting cell homogenate was centrifuged 

(20 min, 12000 x g), cleared through filtration and applied to a 5-mL Hi-

TrapTM (GE Healthcare) column using an ÄKTATM FPLC (GE Healthcare) 

purification system. The protein was eluted by applying a step-wise gradient 

of increasing imidazole (5, 60, 100 and 250 mM) concentration. The 

enzyme eluted at 250 mM imidazole and the corresponding fractions were 

collected. The imidazole present in the eluted protein fractions was removed 

through a PD-10 column (GE Healthcare). The proteins including the His tag 

were stored frozen at −80°C in 200-µL aliquots. To follow the purification 
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process, 1-mL aliquots were collected from each step and analyzed by SDS-

polyacrylamide gel electrophoresis.  

 

4.3.4 Kinetic characterization by HPLC-based method 

Reaction mixtures were prepared in 100 mM sodium phosphate, pH 

7.0, 0.2 mM NADPH, and enzyme, in glass tubes up to 1-mL total volume. 

Reactions were started by the addition of prostaglandin and were incubated 

at different times and substrate concentrations, at 37°C, to obtain a 

conversion of substrate to product from 10 to 30%. Just before ending the 

reaction, 70 µL LTB4 (1 ng/µL, in 100 mM sodium phosphate) was added as 

an internal standard. The reaction was stopped by the addition of 2 mL ice-

cold ethyl acetate and prostaglandins were extracted by centrifugation at 

1200 rpm for 1.5 min at room temperature. The upper layer (80%) was 

recovered and evaporated under nitrogen. Three-hundred µL of mobile 

phase (acetonitrile/0.1% formic acid in water, 35:65, v/v) were added, and 

an aliquot (200 µL) was analyzed by HPLC (Waters Alliance 2695). The 

column (Symmetry C18 Cartridge, 100 Å, 5 µm, 3 x 150 mm) was eluted 

with mobile phase at a flow rate of 1.5 mL/min. The absorbance was 

monitored at 230 nm (for 15d-PGJ2), 220 nm (for reaction products) and 

270 nm (for LTB4). 
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4.3.5 Docking simulations 

Docking simulations were performed with the program AutoDock 4.2. 

The ligand was 15d-PGJ2 and their coordinates were generated by drawing 

the molecule using Symyx Draw 3.2. To eliminate any potential bond length 

and bond angle biases in the structure, the ligands were subjected to a full 

minimization prior to the docking using the PRODRG server 

(http://davapc1.bioch.dundee.ac.uk/cgi-bin/prodrg). The crystal structure 

of the ternary complex of the human enzyme with NADP+ and raloxifene 

(PDB ID: 2Y05), and that of guinea-pig holoenzyme (PDB ID 1V3V) were 

used as models.  The inhibitor molecule was removed and the protein 

structure and the cofactor were kept rigid, while all the torsional bonds in 

the ligand, except for all the conjugated double bonds, were set free. 

Gasteiger united atom partial charges were assigned and polar hydrogen 

atoms were added by using the Hydrogen module in AutoDock Tools (ADT). 

The dimensions of the grid were 70 x 70 x 70 Å, with a spacing of 0.375 Å 

between the grid points, and centered in the coordinates of the Tyr245 

hydroxyl group. The ligand docking was accomplished using 200 Lamarckian 

genetic algorithms (LGA) from random initial position of the ligand. The 

docking parameters were left as default. Following docking, all structures 

generated for the same compound were subjected to cluster analysis with a 

tolerance of 2.0 Å for an all-atom root mean square deviation (rmsd) from a 

lower energy structure. Figures were prepared using PyMOL.  
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4.3.6 NMR analysis of PTGR1 reaction products 

Reaction mixtures were prepared as described above. Reaction was 

started by the addition of 15d-PGJ2 and was incubated enough time at 37°C 

to obtain a conversion of substrate to product as large as possible. The 

reaction was stopped by the addition of 2 mL ice-cold ethyl acetate and 

prostaglandins were extracted by centrifugation at 1200 rpm for 1.5 min at 

room temperature. The upper layer (80%) was recovered and evaporated 

under nitrogen. Dry samples were dissolved in CDCl3 and NMR experiments 

were recorded on a BRUKER DRX-500 spectrometer equipped with a 3-

channel 5-mm cryoprobe incorporating a z-gradient coil. The temperature 

for all measurements was set to 298 K. Full peak assignment of proton 

absorptions from 15d-PGJ2 and from the two diastereomeric products was 

achieved after running the following experiments and registering and 

analyzing the corresponding spectra: 1H-NMR, 13C-NMR, DEPT-135, 

Gradient-enhanced magnitude mode COSY (sequence cosygpqf), Phase 

sensitive ge-2D HSQC (sequence hsqcetgpsisp2), Magnitude mode ge-2D 

HMBC (sequence hmbcgplpndqf). 
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4.4. Results and discussion 

4.4.1 NMR analysis of human PTGR1 activity with 15d-PGJ2 

Enzymatic activity with 15d-PGJ2 was determined by an HPLC-based 

method where the consumption of the prostaglandin substrate was followed 

(Fig. 25). A single product peak was observed by monitoring the elution 

profile at 220 nm. In order to identify the enzymatic products, the reaction 

mixture was submitted to 1H and 13C NMR mono- and two-dimensional 

spectroscopy. The chemical shifts corresponding to 15d-PGJ2 could be 

unambiguously assigned in the reaction mixture prepared in the absence of 

enzyme (Fig. 26). Careful analysis of new peaks appearing in the reaction 

mixture in the presence of enzyme revealed a mixture of two different 

diastereomeric products, (12R)- and (12S)-12,13-dihydro-15d-PGJ2 (Fig. 

24), as a result of the C12−C13 double bond hydrogenation (Fig. 27). The 

two diastereoisomers were produced by the reduction through the two 

diastereotopic faces of the cyclopentenone ring. Attack to the (12re) face 

created a new chiral center with (12S) absolute configuration and with 

substituents on C8 and C12 in cis. On the contrary, attack on the (12si) 

face produced the (12R) chiral center and the trans relative configuration on 

C8-C12. Expansion and integration of 1H-NMR spectrum indicates that the 

two novel H8 protons (δ= 3.08 and 2.73) are in a 1:1.47 ratio, 

corresponding to a diastereomeric excess of 18.9%. The coupling constants 

deduced from the expansion of the novel H8 protons indicate that the one 

at δ= 3.08 has five coupling constants with values 10.5, 6, 5, 3, and 2 Hz, 

while the other (δ = 2.73) presents two couplings with 7.1 Hz and three 
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with 2.1 Hz (Fig. 28). These couplings are compatible with the presence of 

the (12S) and (12R) isomers, respectively.  

This result demonstrates that PTGR1 catalyzed the reduction of the 

α,β-double bond (C12−C13) with respect to the carbonyl group at C11 and 

has relevant consequences on the catalytic mechanism, as we will discuss 

below. More importantly, the relative abundance of the two 

diastereoisomers is consistent with the small selectivity of the protonation 

step. The two diastereoisomers were produced by the reduction through the 

two diastereotopic faces of the cyclopentenone ring. Attack to the (12re) 

face created a new chiral center with (12S) absolute configuration and with 

substituents on C8 and C12 in cis; on the contrary, attack on the (12si) face 

produced the (12R) chiral center and the trans relative configuration on C8-

C12. No evidence of C9-C10 double bond hydrogenation was found. This 

result is consistent with what was observed for rat PTGR1, although in that 

case mass spectrometry was used and could not discriminate between the 

two double bond positions or the two product isomers74. 



 

Figure 25: HPLC analysis of the reduction reaction of 15d

enzyme was added to the reaction mixture. (B) 

substrate and products. Right: UV

products (bottom). 

104 

HPLC analysis of the reduction reaction of 15d-PGJ2 by 

reaction mixture. (B) PTGR1 was added. Left: elution profile of 

substrate and products. Right: UV–vis absorption spectra of substrate (top) and reaction 

 

by PTGR1. (A) No 

was added. Left: elution profile of 

vis absorption spectra of substrate (top) and reaction 
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Figure 26: 1H-NMR spectrum of 15d-PGJ2 in the absence of enzyme, recorded in CDCl3 at 

500 MHz and 298 K. Assignment of peaks to 15d-PGJ2 protons are shown and marked as Hn. 

Impurities present in the sample are marked as X. 
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Figure 27: 1H-NMR spectrum of the reduction reaction of 15d-PGJ2 by PTGR1, recorded in 

CDCl3 at 500 MHz and 298 K. Clearly, two diastereomeric products, apart from the substrate, 

are observed. Assignment of peaks to the protons from 15d-PGJ2 and from diastereoisomers 

are shown and marked as Hn (in black), and Hna (in red) and Hnb (in blue), respectively. 

CHCl3 side bands as well as some impurities present in the sample are marked as X. 
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Figure 28: Expansion of a portion of the 1H-NMR spectrum of the products of the enzymatic 

reduction of 15d-PGJ2 corresponding to the H8 protons of the two diastereomeric products; 

couplings of 10.5, 6, 5, 3, and 2 Hz, were used for the simulation of the absorption at δ = 

3.08, and of 7.1 Hz (t), and 2.1 Hz (q), for the one at δ = 2.73.  
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4.4.2 Kinetic parameters of PTGR1 with 15d-PGJ2 

PTGR1 catalyzed the NADPH-dependent reduction of 15d-PGJ2 with a 

Km value in the micromolar range (Table 11), similar to that for other 15-

keto-prostaglandins19. The catalytic efficiency of PTGR1 with 15d-PGJ2 was 

also comparable to that with other 15-keto-PGs. In order to validate the 

molecular docking predictions, we also examined the effect of various 

mutations, involving Tyr245, Tyr273 and Arg56, on the kinetic constants 

(Table 11). The Tyr245 mutant shows a notable decrease in the catalytic 

efficiency (kcat/Km) with 15d-PGJ2, mainly as a consequence of the rise in 

the Km value, similar to what had been observed with 15-keto-PGE2
19. In 

fact, the Tyr245Phe mutant displays a higher Km value for 15d-PGJ2, but the 

increase (14-fold) is not as large as that previously reported for 15-keto-

PGE2 (75-fold,19). For this substrate, we proposed the participation of 

Tyr245 in substrate binding, through the 2’-hydroxyl group of the NADPH 

ribose, although this Tyr residue was not absolutely required for catalysis19. 

Here, the involvement of Tyr245 in 15d-PGJ2 binding might be less relevant 

since the interaction with the 2’-hydroxyl group of the nicotinamide is lost. 

No effect on the kinetic constants is observed for the Tyr273Phe 

mutant, suggesting that this residue is not involved in catalysis or substrate 

binding. This is supported by the lack of effect of this mutation on the 

kinetic constants for the model substrate trans-2-nonen-3-one (results not 

shown). The R56A mutation results in a 9-fold decrease in the catalytic 

efficiency, which parallels our previous observation on this mutant with 15-

keto-PGE2
19 and supports the role of Arg56 in establishing an ionic 

interaction with the α chain carboxyl group of 15d-PGJ2. This result is 
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consistent with our molecular docking analysis and confirms the importance 

of Arg56 for properly positioning of the prostaglandin substrates in the 

active site. By tethering the carboxyl end of the α chain, the ω chain will be 

facing the nicotinamide ring to facilitate the hydride transfer on C13. 

 

  

Table 11. Kinetic parameters of wild-type and mutant PTGR1 with 15-

deoxy-∆12,14-prostaglandin J2 

Parameter Wild Type Y245F Y273F R56A 

Km (µM) 1.8 ± 0.6 25.7 ± 9.6 2.8 ± 0.7 9.9 ± 3 

kcat (min−1) 2.75 ± 0.32 1.9 ± 0.3 3.8 ± 0.3 1.7 ± 0.2 

kcat/Km (mM−1·min−1) 1500 ± 500 76 ± 31 1350 ± 180 170 ± 55 

 
Activities were determined in 0.1 M sodium phosphate, pH 7.0, with 0.2 mM 

NADPH, at 37°C. 
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4.4.3 Molecular docking of 15d-PGJ2 into the PTGR1 active site  

The crystal structure of human PTGR1 (PDB ID 2Y05) was used as a 

template to dock the 15d-PGJ2 molecule into the active site of human 

PTGR1 (Fig. 30). The substrate could be fitted into the substrate-binding 

site with a favorable binding energy (∆G = −7.2 kcal/mol). The atomic 

distance between the C4 of nicotinamide NADPH and the Cβ (C13) of 15d-

PGJ2 was 4 Å, very similar to that measured in the PTGR1 structure with the 

C13 of 15-keto-PGE2 (3.8 Å)29. In contrast to the complex with 15-keto-

PGE2, the interaction of the 2’-hydroxyl group of the nicotinamide ribose 

with the substrate was lost due to the absence of the carbonyl group at C15 

in 15d-PGJ2. A new interaction could be predicted, involving the Tyr273 

hydroxyl group and the carbonyl oxygen of C11 (Fig. 29). However, as 

shown below, site-directed mutagenesis results do not give support to this 

observation. Finally, the carboxyl group in the prostaglandin α chain 

ionically interacts with Arg56 (Fig. 29), as previously suggested for 15-keto-

PGs19, and here supported by the kinetic analysis of the Arg56Ala mutant. 



 

 

Figure 29: Docking simulation of 15d

structure of the human PTGR1 structure (PDB ID

bond with the 2′-hydroxyl group of the nicotinamide ribose (2.9

C4 atom of the nicotinamide and 

interaction between Arg56 and the substrate carboxyl group is depicted. Residue

van der Waals interactions are shown: Tyr49, Val52, Ala53, Tyr245, Glu258, Ile261, Val271, 

Val272 and Tyr273. 
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Docking simulation of 15d-PGJ2 bound into the PTGR1 active site.

structure of the human PTGR1 structure (PDB ID 2Y05) is shown. Tyr245 forms a hydrogen 

hydroxyl group of the nicotinamide ribose (2.9 Å). The distance between the 

C4 atom of the nicotinamide and Cβ of the substrate is shown (4.0 Å). A predicted ionic 

interaction between Arg56 and the substrate carboxyl group is depicted. Residue

van der Waals interactions are shown: Tyr49, Val52, Ala53, Tyr245, Glu258, Ile261, Val271, 

 

 

und into the PTGR1 active site. The 

) is shown. Tyr245 forms a hydrogen 

Å). The distance between the 

Å). A predicted ionic 

interaction between Arg56 and the substrate carboxyl group is depicted. Residues involved in 

van der Waals interactions are shown: Tyr49, Val52, Ala53, Tyr245, Glu258, Ile261, Val271, 
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4.4.4 Proposed catalytic mechanism 

C9 and C13 (both are Cβ atoms) are the two most electrophilic 

positions in 15d-PGJ2, but only C13 would be located at the right distance 

for hydride transfer from the C4 of the NADPH nicotinamide (Fig. 29). This 

would explain why the 9,10 double bond is not reduced or why the 1,4-

addition is preferred over the 1,6-addition reaction (14,15 double bond 

reduction). In fact, based on the NMR analysis of the reaction products, only 

the C12-C13 double bond is enzymatically reduced, resulting in the 

synthesis of two epimers. Thus, we propose the following catalytic 

mechanism for the hydrogenation of the C12-C13 double bond of 15d-PGJ2 

(Fig. 30B and 31).  

Any α,β-unsaturated ketone presents a resonant form where a partial 

positive charge is created on the Cβ atom. As in the cases of guinea-pig 

PTGR1 (Fig. 30A), Arabidopsis AOR, human PTGR2 and ζ-crystallin, where a 

conjugated enolate was proposed as the reaction intermediate with the 

participation of a Tyr residue20,29,35,76, in our substrate this positive charge 

density would be created at C13. The proposed mechanism would be based 

on orientation and proximity effects in addition to the higher substrate 

reactivity of 15d-PGJ2. The reaction could then proceed stepwise or by a 

concerted mechanism through the nucleophilic attack by the NADPH hydride 

on the electrophilic C13 atom. Enzymes of the MDR superfamily are all pro-

(4R) specific and the hydride transfer takes place on the re or si face of the 

substrate. In the action of PTGR1 on 15d-PGJ2, the hydride attack occurs on 

the si face. As a second step, a proton from the solvent or a proton donor 

residue, such as His, Ser or Tyr77, could be transferred to the O11 atom of 
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the enolate anion. In the available 3D structures of PTGR1, the substrate ω 

chain is solvent accessible. A properly positioned proton donor residue is not 

available and a solvent proton or the keto-enol tautomerism would favor the 

addition at C12 from both substrate faces, therefore explaining the 

formation of the two diastereomeric products. Product racemization is 

another possibility but it is unlikely to occur once the reaction mixture is 

extracted in non-aqueous solvents. The postulated mechanism is consistent 

with the observation of the protonation step in MDR alkenal/one 

oxidoreductases and enoyl reductases, being less stereospecific than the 

hydride transfer step35,36,78,79. The proposed mechanism is also fully 

compatible with the hydrogenation of the C13-C14 double bond of 15-keto-

PGs by PTGR119 but there the lower reactivity of the C13 atom has to be 

assisted by the stabilization of the enolate intermediate through a hydrogen 

bond interaction with NADPH and Tyr245. Although the position of the 

carbonyl group in the active site is shifted by four C atoms (C11 in 15-keto-

PGs and C15 in 15d-PGJ2), the Cβ atoms (C13 in both 15-keto-PGs and 

15d-PGJ2) are fully superimposable and optimally positioned for hydride 

transfer (Fig. 29). In the case of 15-keto-PGs, though, only a single 

chemical entity would be formed since protonation of C14 does not yield an 

asymmetric carbon. Recently, Rosenthal et al. (2013, 2015)63 reported that, 

for the reduction of the α,β-double bond by MDR crotonyl-CoA 

carboxylase/reductase, the catalytic mechanism would proceed through a 

covalent adduct intermediate with NADPH. In that case, a short distance 

(3.8 Å) between the C2 atom of NADPH and the substrate Cα, and a π-π 

orbital interaction were required. For PTGR1, the distance between the C2 

atom of NADPH and the substrate Cα is 6.1 Å and the relative position of 
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the two double bonds (C2-C3 of nicotinamide and C12-C13 of 15d-PGJ2) is 

not optimal for the ene reaction to take place. Finally, we did not observe 

any spectrophotometric evidence of such a covalent adduct intermediate. 

To our knowledge, this is the first report showing the production of 

two different molecular entities, (12R)- and (12S)-12,13-dihydro-15d-PGJ2, 

arising from the metabolic inactivation of 15d-PGJ2. This finding may be 

relevant as to physiological implications of prostaglandin metabolism and 

signaling. Future work will have to include their detection at physiological 

level and investigate whether they might have distinct biological activities. 



 

 

Figure 30: Schematic drawing of the reaction yielding to the enolate anion intermediate in the PTGR1 reductase catalytic mechanism on tw

substrates (A) 15-keto-PGE2 (Hori et al., 2004) and (B) 15d
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Schematic drawing of the reaction yielding to the enolate anion intermediate in the PTGR1 reductase catalytic mechanism on tw

and (B) 15d-PGJ2. 

 

Schematic drawing of the reaction yielding to the enolate anion intermediate in the PTGR1 reductase catalytic mechanism on two different 
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Figure 31:.Proposed catalytic mechanism for the reduction of 15d-PGJ2 by PTGR1, using 

NADPH as a cofactor, leading to the two diastereomeric products, (12R)- and (12S)-12,13-

dihydro-15d-PGJ2. 
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5. GENERAL 
DISCUSSION 
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5. GENERAL DISCUSSION 

The current post-genomic era faces enormous challenges in 

deciphering the role of genes for which a biological function has not yet 

been fully elucidated to date. The number of human genes without known 

function could be as high as 24%80. Nowadays, to reverse this fact 

constitutes one of the main objectives of the so called field of functional 

genomics. Knowledge about existing gene families and the ever-increasing 

number of 3D structures (for a total of 120,000 released atomic coordinate 

entries, 32,000 human, approx. 1400 unique folds, 2500 unique 

superfamilies, in the PDB up to June 2016) provides the opportunity to 

extrapolate information from homologous proteins, giving clues about their 

likely biological function. Additional evidence comes from the field human 

molecular genetics, as genetic linkage analysis, genome-wide association 

studies and allelic variants provide some knowledge about disease-

associated genes, physiological and pathological function, and the role of 

specific amino acid residues. 

Many of the oxidoreductases of phase I-drug metabolism typically 

fulfill dual roles, firstly in detoxication and defense against oxidative stress, 

and secondly in the metabolism of signaling molecules. Some of them have 

acquired through evolution additional catalytic capabilities (dual or 

multifunctional activities) or even non-enzymatic functions and thus they 

have been described as being moonlighting proteins or the products of gene 

sharing. In addition, interest for these enzymes stems from the fact that 

they are induced or repressed in response to different stimuli and disease 

states, such as cancer. 
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The members of the MDR superfamily are no exception. Among 

these, the Zn-lacking, NADP(H)-dependent MDRs, have long remained 

much less characterized than MDRs containing Zn and for many of them 

their enzymatic activity and endogenous substrate are still unknown. We 

previously characterized the activity of human ζ-crystallin and PIG3. In 

addition to performing the reduction of quinones, ζ-crystallin catalyzed the 

double-bond α,β-hydrogenation of medium-chain 2-alkenals and 3-

alkenones, while PIG3 performed the hydrogenation of the N=N double 

bond of the azodicarbonyl diamide and the N=C double bond of 2,6-

dichloroindophenol. Thus, the α,β-double bond hydrogenation of carbonyl 

compounds is not unique to AORs and ETRs but shared by other members 

of the Zn-independent MDRs. In fact, we have now confirmed that PTGR1 

does not reduce the carbonyl group. Instead the conjugated double bond is 

dehydrogenated. Structural data and site-directed mutagenesis studies 

support the participation of strictly conserved Tyr residues in the catalytic 

mechanism, although with distinct roles and requirements (Table 12). In 

some cases, these Tyr residues are located in homologous positions in the 

primary sequence (i.e. Tyr245 in PTGR1, Tyr259 in PTGR2, and Tyr260 in 

Arabidopsis AOR), in other cases, they are not but they are in the 

appropriate position for catalysis. A special case is that of ζ-crystallin, with 

two different Tyr residues (Tyr53 and Tyr59) located near the active site 

with different roles depending on the substrate76. 
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Table 12. Role of strictly conserved Tyr residues in Zn-independent MDRs 

Enzyme Species Tyr Mutation Effect Role Reference 
       

PTGR1 Guinea pig 245 − − Proton donor to 

NADPH 2′-

hydroxyl  

29
 

PTGR1 

 

  

Rat 245 Y245F No reduction (R)- or 

(S)-perillaldehyde. 

Smaller effect with 

1-octen-3-one and 

trans-methyl 4-oxo-2-

pentenoate. 

Hydrogen bond 

with NADP
+
 2′-

hydroxyl, which in 

turn hydrogen 

bonds substrate 

carbonyl 
36

 

 262 Y262F Increase activity with 

(S)-perillaldehyde. 

90% less activity with 

1-octen-3-one. 

 

PTGR1 Human 245 Y245F 

Y245A 

Increase in Km value 

for substrates 

Hydrogen bond 

with NADP
+
 2′-

hydroxyl, which in 

turn hydrogen 

bonds substrate 

carbonyl.  

Substrate binding 

19
 

 273 Y273F No effect No role in 

catalysis 

J. Mesa, 

unpublished 

results 

PTGR2 Human 259 Y259F Catalytic efficiency 

reduced by 43-70% 

Hydrogen bond 

with NADP
+
 2′-

hydroxyl is 

important for 

catalysis 

20
 

 64 Y64F - 

AOR  Arabidopsis 260 − − General acid/base 

for hydride 

transfer 

35
 

MECR 

/ETR1 

Human 94 Y94F Increase in Km Important for 

catalysis 
15

 

PIG3 Human 51 Y51F 

Y51A 

Significant increase in 

kcat/Km 

Not the catalytic 

acid/ base 81
 

ζ -crystallin Human 59 

 

Y59F 

Y59A 

No effect Not essential for 

catalysis 
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Interestingly, like MDRs, some members from other oxidoreductase 

superfamilies also show a dual hydrogenating capability versus a carbonyl 

group or a double bond. In the case of human aldo-keto reductase AKR1D1, 

a Tyr residue (Tyr58) is the proton donor in both reaction types. A shift in 

the position of the steroid substrate changes the recipient group for hydride 

transfer, so that either the steroid double bond or ketone group is 

positioned for reduction. In short-chain dehydrogenase/reductases, a 

similar change is achieved by repositioning of the catalytic Tyr82. This 

magnificently illustrates the importance of orientation and positioning of the 

chemical groups involved in catalysis and the plasticity of active sites to 

adapt to various chemical reactions. 

A Tyr residue is clearly the proton donor for the hydrogenation of α,β-

double bonds in AKRs and SDRs. This is not the case in PTGR1, where Tyr is 

hydrogen bonding to the 2’-hydroxyl of NADPH ribose. For some substrates, 

such as 15-keto-PGs, the NADPH hydroxyl interacts in its turn with the 

substrate carbonyl group. This could stabilize the enolate intermediate and 

facilitate catalysis but this Tyr would not act as a proton donor in acid/base 

catalysis. For other substrates, such as 15d-PGJ2, the carbonyl group is out 

of the range for this interaction and thus would not be able to contribute to 

the enolate intermediate. The study of the latter hydrogenation, taking 

place from both faces of C12, and its two diastereomeric products, (12R)- 

and (12S)-12,13-dihydro-15d-PGJ2, has provided invaluable information 

about the likely reaction mechanism. At least in this case, the solvent 

seems to be the proton donor. 
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An important contribution of the present work is the development and 

validation of a new HPLC-based, end-point analysis method for an accurate 

measure of 15-keto-PGs activity. This was deemed as necessary because 

previously the 15-keto prostaglandin reductase activity had been 

determined by direct and indirect spectrophotometric methods, which show 

some limitations when using submicromolar substrate concentrations. Using 

this method, we have characterized the kinetic parameters of PTGR1 with 

four different 15-keto-PGs, LTB4 and 15-deoxy-∆12,14-PGJ2. In a separate 

study, we have also checked human PTGR2 and PTGR3 activity with the 

same substrates and using the same methodology (J. Mesa, unpublished 

results). 

 A remarkable new finding of this work, not previously reported, is the 

role of Arg56 residue of PTGR1 in substrate binding. Previously, the only 3D 

structure for a ternary complex with a PG substrate was that of guinea-pig 

PTGR1 with 15-keto-PGE2
29 (PDB ID 1V3V). However, only the ω-side chain 

of PG was visible in the crystal structure and thus the aliphatic side chain 

with the terminal carboxylic group could not be solved in this structure. 

Current molecular docking simulations and site-directed mutagenesis assays 

have indicated that Arg56 plays an important role in binding the α-chain 

carboxylic group of 15-keto-PGE2 and 15d-PGJ2 through an ionic interaction. 

Interestingly, Arg56 from the human and guinea-pig enzymes is replaced by 

another basic residue, Lys in other species, such as rat52 and pig9. The 

Arg56Ala mutation results in a 17-fold decrease in the catalytic efficiency 

with 15-keto-PGE2 and in a 9-fold decrease in the catalytic efficiency with 

15d-PGJ2. This result is consistent with our molecular docking analysis and 

confirms the importance of Arg56 for properly positioning the PG substrates 
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in the active site. The inclusion of trans-3-nonen-2-one in the study has 

added an interesting aspect, as this substrate lacks the carboxylic acid 

group present in 15-keto-PGs, and consistently the Arg56 mutation does 

not cause any significant effect.  The interaction of the carboxylic acid group 

with a basic residue (Arg or Lys) is also important for recognition between 

PGH2 and PGD synthase83 or between PGE2 and its receptor subtypes84. 

Arg56 was previously noted to be important for inhibitor binding in the 

guinea-pig PTGR1 structure in complex with indomethacin (PDB ID 2DM6)30. 

We also predicted that some of the best human PTGR1 inhibitors, niflumic 

acid and indomethacin would establish ionic interactions with Arg56 through 

their carboxylic acid group. Therefore, the carboxylic acid stands as a good 

candidate pharmacophore group in the search of new inhibitors. 

Despite the likely physiological role of PTGR1 in PG metabolism, few 

works have searched for inhibitors of this enzyme. Up to date, only a 

preliminary screening using some NSAIDs was performed against pig 

PTGR54, and the structure of few ternary complexes with pharmacological 

drugs have been reported30. Our work reports the IC50 values for several 

NSAIDs as human PTGR1 inhibitors, showing niflumic acid and indomethacin 

as the best inhibitors and highlighting the importance of a carboxylic acid 

group as a pharmacophore. This finding should facilitate the design of more 

selective inhibitors which could be tested as pharmacological drugs in 

human therapy (e.g. chemoprevention50, tumor suppression46,47 and 

activation of antitumor drugs49,52). This is especially relevant in those cases 

where PTGR1 upregulation is related to cancer disease. For instance, PTGR1 

inhibitors could be used to increase the physiological levels of 15-keto-PGE2, 

which has been proposed to mediate the anti-proliferative response 
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described for 15-PGDH64,65, the enzyme catalyzing the previous step in the 

same catabolic pathway. The IC50 values for indomethacin obtained in the 

present work (3.2-8.7 µM) are much lower than the value (IC50 = 97.9 µM) 

reported by Hori et al.30, using guinea-pig PGR1 and 100 µM 15-keto-PGE2 

or the value of 180 µM, using human PTGR2 and 200 µM 15-keto-PGE2 
20. 

As approved and prescribed COX inhibitors, it is also relevant to provide 

some comparison regarding inhibitory potency. Thus, for indomethacin, the 

IC50 values of COX-1 and COX-2 are 0.08-0.42 and 0.96-2.75 µM, 

respectively85. For niflumic acid, the IC50 values of COX-1 and COX-2 are 16 

and 0.1 µM, respectively86. 

In summary, we established a novel method for measuring the 

enzymatic activity on PGs, investigated the substrate specificity of human 

PTGR1 with α,β-unsaturated alkenals and alkenones, delineated the role of 

important active-site residues and explored the inhibitory potency of several 

NSAIDs. These inhibitors may be of interest for undertaking further studies 

on the enzyme mechanism and for possible pharmacological applications. In 

addition, we identified the reaction products of human PTGR1 with 15d-

PGJ2, which allowed us to propose a catalytic mechanism.  
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6. CONCLUSIONS 
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6. Conclusions 

1. The newly developed HPLC-based method, using end-point 

product analysis, is highly robust and quantitative, with good 

reproducibility and precision, showing an extraction efficiency 

higher than 90%. 

2. By using this method, the conversion of 15-keto-PGs, 15-deoxy-

∆12,14-PGJ2 and leukotriene B4 to their respective reaction products 

(13,14-dihydro-15-keto-PGs, (12R)- and (12S)-12,13-dihydro-

15d-PGJ2 and 12-keto-leukotriene B4) could be measured and 

kinetic parameters could be determined. 

3. Human PTGR1 is an efficient catalyst in the reduction of α,β-

double bonds of medium- and long-chain aliphatic aldehydes and 

ketones. 

4. The best substrates of PTGR1 in terms of catalytic efficiency are 

15-keto-PGs, especially 15-keto-PGE2. 

5. Arg56 is important for PG binding through ionic interaction with 

the carboxyl group of the substrate side chain. 

6. The inhibitory potency of indomethacin and niflumic acid against 

the PTGR1 activity could be of interest for undertaking further 

studies on the enzyme mechanism and for possible 

pharmacological applications. 

7. Enzymatic activity of PTGR1 with 15d-PGJ2 produce two different 

diastereomeric products, (12R)- and (12S)-12,13-dihydro-15d-

PGJ2. 
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8. We propose a catalytic mechanism of PTGR1 in front 15d-PGJ2 

that explains the 12,13 double-bond hydrogenation and the 

formation of two diastereoisomers. 
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