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SYNOPSIS 
Aminopeptidase A (EC 3.4.11.7, APA) is a membrane-bound zinc metallopeptidase, also 
activated by Ca2+, involved in the formation of brain angiotensin III, which exerts a tonic 
stimulatory action on the central control of blood pressure in hypertensive animals.  
In the three-dimentional model of the ectodomain of mouse APA, we docked the specific 
APA inhibitor glutamate phosphonate, in the  presence of Ca2+. The model showed the 
presence of one Ca2+ atom into an hydrophilic pocket corresponding to the S1 subsite in 
which the lateral chain of inhibitor is pointing. In this pocket, the Ca2+ atom was 
hexacoordinated with the acidic side chains of Asp-213 and Asp-218, the carbonyl group of 
Glu-215 and three water molecules, one of them being engaged in a hydrogen bond with the 
negatively charged carboxylate side chain of the inhibitor. Mutagenic replacement of Asp-213 
and Asp-218 with a conservative residue maintained the ability of mutated APAs to be 
activated by Ca2+. However, the replacement by a non conservative residue abolished this 
property, demonstrating the crucial role of these residues in Ca2+ binding. We also showed the 
involvement of these residues in the strict specificity of APA in the presence of Ca2+ for N-
terminal acidic residues from substrates or inhibitors, since mutagenic replacement of Asp-
213 and Asp-218 induced a decrease of the inhibitory potencies of inhibitors homologous to 
acidic residues. Finally, this led to rationally design a new potent APA inhibitor, NI926 (Ki = 
70 nM), which allowed to precisely localize Asp-213 at the entrance and Asp-218 at the 
bottom of the S1 subsite. Altogether, these data provide new insight into the organization and 
functional role of the APA S1 subsite and will allow to design a pharmacophore of inhibitor, 
helpful for the development of a new generation of APA inhibitors as central-acting 
antihypertensive agents.  
 
KEY WORD: monozinc aminopeptidase; calcium binding site; hypertension; inhibitor 
design; molecular modeling / site directed mutagenesis. 
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INTRODUCTION 
Aminopeptidase A (EC 3.4.11.7, APA) is a 160 kDa homodimeric type II membrane-bound 
aminopeptidase from the MA clan of the gluzincin family of metalloproteases. This enzyme 
preferentially cleaves the N-terminal glutamyl or aspartyl residue from peptide substrates 
such as angiotensin II (Ang II) and cholecystokinin-8 in vitro [1, 2]. APA is expressed in 
various tissues, including the renal and intestinal brush border epithelial cells and vascular 
endothelium [3]. APA has been identified in several brain nuclei involved in the control of 
body fluid homeostasis and cardiovascular function, together with other components of the 
brain renin-angiotensin system [4]. Studies using specific and selective APA inhibitors [5] 
have demonstrated that, in vivo, APA is responsible for the conversion of brain Ang II to 
angiotensin III (Ang III) [6] and that brain Ang III exerts a tonic stimulatory effect on the 
central control of blood pressure in hypertensive animals [7, 8]. The inhibition of central APA 
with specific and selective inhibitors therefore leads to a large decrease in blood pressure in 
alert hypertensive rats [7, 8], suggesting that brain APA may be an interesting candidate target 
for the treatment of hypertension [9, 10], and justifying studies of the active site of this 
enzyme.  
 
Based on the X-ray crystal structure of leukotriene A4 hydrolase/aminopeptidase (EC 3.3.2.6, 
LTA4H) [11] and the functional data collected in our previous site-directed mutagenesis 
studies on APA [12-17], we built a three-dimensional (3D) model of the mouse APA 
ectodomain from residues 79 to 559 [18], including the catalytic domain of the enzyme [19]. 
In the 3D model of the APA active site, the zinc atom is coordinated by the two histidine 
residues (His-385 and His-389) of the HEXXH motif [17], a water molecule and Glu-408, 
which has been shown to be the third zinc ligand [16]. We then docked into the active site a 
potent and selective APA inhibitor, 4-amino-4-phosphobutyric acid (glutamate phosphonate), 
which behaves as a transition state analog [20]. Analysis of the APA/glutamate phosphonate 
complex confirmed the involvement of Tyr-471 in transition state stabilization [14] and that 
of Glu-352 and Glu-215 in the exopeptidase specificity of APA [15, 21]. Comparison of the 
APA structure deduced from our model with the recently resolved X-ray crystal structure of 
aminopeptidase N (EC 3.4.11.2, APN) [22-24] — another monozinc aminopeptidase — 
revealed high levels of similarity in the organization of the active sites of APN and APA, 
supporting the use of our model to further investigate the mechanism of APA catalytic 
activity. 
 
One of the key features of APA is its stimulation by Ca2+. Danielsen et al. [25] showed that 
each APA monomer contains one Ca2+ atom. The enzymatic activity of APA with substrates 
bearing acidic amino acids at their N-termini increases by a factor of 3 to 5 when Ca2+ 
concentration rises from 0 to 4 mM [13, 26]. The stimulation of APA activity by Ca2+ is due 
to the greater affinity of APA for acidic substrates, with no significant difference in the rate of 
hydrolysis between acidic and non acidic substrates [13, 25, 27]. Ca2+ not only enhances the 
hydrolysis by APA of N-terminal acidic residues from substrates, but also inhibits the 
hydrolysis of N-terminal neutral or basic residues [28]. Danielsen et al. suggested that Ca2+ 
binds to the S1 subsite of APA and interacts with the side chain carboxylate of the P1 residue, 
ensuring the specificity of APA for substrates with N-terminal acidic residues [25]. 
 
Similarly, Ca2+ increases the affinity of APA for inhibitors with an acidic side chain and 
impairs the binding of inhibitors possessing a basic side chain in the P1 position [13]. 
Moreover, greater acidity of the P1 side chain of inhibitors renders these compounds more 
selective for APA than for APN, as illustrated by the greater selectivity of EC33 — two 
orders of magnitude greater than that of glutamate thiol (equipotent against both APA and 
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APN) — after replacement of the carboxylate function of glutamate thiol by a sulfonate [5]. 
This difference is accounted for by the stronger interaction of Ca2+ with the sulfonate side 
chain of EC33, than of Ca2+ ion and the carboxylate side chain of glutamate thiol. These 
findings support the hypothesis that Ca2+ modulates the substrate specificity of APA, 
increasing its preference for acidic substrates. They also raise the possibility that variations in 
extracellular Ca2+ concentrations determine the nature of the substrate hydrolyzed by APA in 
vivo, thereby regulating APA function.  
 
We used a combination of molecular modeling, site-directed mutagenesis, molecular design 
and organic chemistry to identify and characterize the residues constituting the Ca2+ binding 
site of APA. The introduction of a Ca2+ atom into the 3D model of the APA active site 
revealed an interaction of this ion with Asp-213 and Asp-218. We then used site-directed 
mutagenesis to confirm the functional role of Asp-213 and Asp-218. We first ensured that the 
mutated enzymes were processed similarly to wild-type APA and had a similar subcellular 
distribution. We then biochemically and kinetically characterized purified recombinant wild-
type and mutated enzymes and determined their sensitivity to Ca2+ and various inhibitors. The 
design and synthesis of a potent new APA inhibitor, based on the 3D model, made it possible 
to localize precisely Asp-218 within the Ca2+ binding site. 
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MATERIALS AND METHODS 
Materials 
Restriction endonucleases and DNA-modifying enzymes were obtained from New England 
Biolabs Inc. (Hitchin, USA) and were used according to the manufacturer’s instructions. The 
Expand high-fidelity Taq polymerase PCR system was purchased from Roche Molecular 
Biochemicals (Mannheim, Germany). The liposomal transfection reagent, Lipofectamine 
2000, the pcDNA 3.1-His vector and the monoclonal anti-Xpress antibody (anti-Xpress mAb) 
were purchased from Invitrogen (Groningen, Netherlands). The horseradish peroxydase-
conjugated goat anti-mouse antibody was purchased from Sigma-Aldrich (Germany). 
Immobilized cobalt affinity columns (Talon) were obtained from CLONTECH (Heidelberg, 
Germany). The synthetic substrate α-L-glutamyl-ß-naphthylamide (GluNA) was purchased 
from Bachem (Bunderdorf, Switzerland). 
 
Methods 
Modelling of the APA+Ca2+ system We investigated the role of the Ca2+ ion at molecular 
level. This approach required prior identification of the putative Ca2+ binding sites on the 
protein surface. Since the pioneering work of Di Ceva [29], several approaches for predicting 
Ca2+ binding sites in proteins have been proposed [29-33]. We used a combination of two 
methods, FEATURE (http://feature.stanford.edu/webfeature) and MetSITE 
(http://bioinf.cs.ucl.ac.uk/MetSite/MetSite.html) to establish a preliminary consensus score. 
We used the previously described wild-type APA model as the 3D structure input into the 
programs [18]. Five possible consensus regions on the APA surface were found presenting the 
necessary requirements for a satisfactory binding of the calcium ion. As calcium has been 
previously shown to enhance the affinity of APA for substrates bearing an N-terminal acidic 
residue [25], we have firstly postulated that the calcium ion would be located in the vicinity of 
the active site. After visual inspection of the corresponding position of the APA active site on 
the 3D model of this enzyme [18], the Asp-213 and Asp-218 anchoring points were retained 
for final placement of the Ca2+ ion. The inhibitor glutamate phosphonate was then docked 
within the active site according to the position described in our previous papers [18] and the 
protein+ligand+Zn2++Ca2+ system was placed within a 85Å cubic water box. In order to check 
the stability of the system, especially the one concerning the chosen Ca2+ placement, several 
rounds of energy minimisation followed by short molecular dynamics (MD) runs were 
performed.  The molecular mechanics program and the simulation protocol were similar to 
those used in our previous studies [18]. The refined model of the whole 
APA+GluPO3H2+Zn2++Ca2++water system obtained in this way was used in all subsequent 
calculations. Mutants were obtained solely by changing the side chains of the considered 
amino acid residues and submitting the corresponding structures to a new cycle of refinement. 
 
Cloning and Site-Directed Mutagenesis - The mouse cDNA encoding APA was used as a 
template for the generation of mutants by PCR-based site-directed mutagenesis, as previously 
described [34]. Two overlapping regions of the cDNA were amplified separately, using two 
flanking oligonucleotides and the two PCR products obtained were used as template for a 
second round of PCR (see supplemental for details). 
 The final 2376 bp PCR product was digested with HindIII and EcoRV (New England 
Biolabs) and the resulting 1505 bp HindIII-EcoRV fragment containing the mutation was 
used to replace the corresponding non-mutated region (HindIII-EcoRV) of the full-length 
APA cDNA. The presence of the mutation and the absence of non-specific mutations were 
confirmed sequencing. 
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Cell Culture, Establishment of Stable CHO-K1 Cell Lines Producing Wild-Type and Mutated 
His-APAs, and Purification of Recombinant His-APAs - CHO-K1 (American Type Culture 
Collection; Rockeville, MD) cells were maintained in Ham’s F12 medium supplemented with 
7 % foetal calf serum, 0.5 mM glutamine, 100 units/ml penicillin and 100 µg/ml streptomycin 
(all from Invitrogen). Cells were transfected with 1 µg of plasmid containing the wild-type or 
mutated His-APA cDNAs, using Lipofectamine 2000 (Invitrogen), and stable cell lines 
producing the polyhistidine-tagged wild-type and mutated His-APAs were established as 
previously described [13]. Stably transfected CHO cells were harvested and a crude 
membrane preparation obtained, as previously described [13]. Wild-type and mutated His-
APAs were purified from the solubilized crude membrane preparation by metal affinity 
chromatography with a metal chelate resin column (Talon Co2+), as previously described [13]. 
The purity of the final preparation was assessed by SDS-polyacrylamide gel electrophoresis 
(PAGE) in 8% polyacrylamide gels, as described by Laemmli [35]. Proteins were stained with 
Coomassie Brilliant Blue R-250. Protein concentrations were then determined with the BCA 
Protein assay kit (Pierce), using bovine serum albumin (BSA) as the standard.  

 
Western Blotting - Purified wild-type and mutated His-APAs were resolved by 8% SDS-

PAGE and the proteins were transferred to a PVDF membrane in 25 mM Tris/glycine buffer, 
pH 8.3 supplemented with 20 % (V/V) methanol. His-tagged recombinant proteins were 
detected with the anti-Xpress antibody (dilution 1:5000), the resulting immune complex was 
then detected with the ECL plus Western Blotting detection system (GE Healthcare). 
 
Immunofluorescence of Stably Transfected CHO Cells - CHO cells producing wild-type and 
mutated His-APAs were dispensed (25,000 cells) on coverslips with a diameter of 14 mm. 
Cells were cultured for 24 h in Ham's F12 medium in a humidified atmosphere containing 5% 
CO2/95% air. They were then fixed and permeabilized by incubation for 5 min in 100 % ice-
cold methanol. The cells were rinsed three times in 0.1 M phosphate-buffered saline pH 7.4 
(PBS), then saturated by incubation with 5% BSA for 30 min at room temperature (RT). They 
were then incubated with a 1:1000 dilution of rabbit polyclonal anti-(rat APA) serum [36] in 
0.5% BSA in PBS, for 2 h at room temperature (RT). The coverslips were washed three times 
with cold PBS and incubated with a 1:1000 dilution of cyanin 3-conjugated polyclonal anti-
rabbit antibody in 0.5% BSA in PBS for 2 h at RT. The coverslips were washed three times 
with PBS and once with water and mounted in Mowiol. Then, cells were examined with a 
Leica TCS SP II (Leica Microsystems, Heidelberg, Germany) confocal laser scanning 
microscope equipped with an argon/krypton laser and configured with a Leica DM IRBE 
inverted microscope. Cyanin 3 fluorescence was detected after 100% excitation at 568 nm. 
Images (1024x1024 pixels) were obtained with a 63x magnification oil-immersion objective. 
Each image corresponded to a cross-section of the cell. 
 
Synthesis of NI926 and NI955 - The previously described pathway for the synthesis of tritium-
labelled RB 151 was a good starting point for the synthesis of inhibitors 6 (NI 926) and 8 (NI 
955) [37]. We therefore used this short synthetic approach in order to obtain the desired 
compounds (Fig. S1).  
The esterification of commercially available (S)-N-tertiobutoxycarbonylamino-S-trityl-
cysteine with trimethylsilyldiazomethane quantitatively yielded compound 1 which was then 
used for the introduction of the carboxylate side chain by a previously described one pot 
reaction involving a DIBAl-H-induced reduction of the methyl ester moiety leading to an 
aluminoxyacetal intermediate. The latter intermediate was not isolated and was submitted in 
situ to a Wittig–Horner reaction leading to compound 2. The α–β-unsaturated ester 2 was 
reduced with sodium borohydride in ethanol, the intermediate 3 was submitted to a 
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saponification reaction affording, the acid 4. Compound 4 was coupled to tbutyl-N-(2-
aminoethyl)carbamate or glycine tertiobutylester by the EDCl/HOBt method, generating the 
the fully protected inhibitors 5 and 7, which were deprotected with trifluoroacetic acid to 
yield inhibitors 6 (NI 926: (4S)-4-Amino-5-mercapto-N-(2-aminoethyl)-pentanamide) and 8 
(NI955: ((4S)-4-amino-5-mercapto-pentanoylamino)-acetic acid), respectively (see 
supplemental for detail). 
 
Enzyme assay 
Effect of Ca2+ on wild-type and mutated His-APAs activities: Purified wild-type and 
mutated His-APAs were incubated at 37°C with 0.5 mM of a synthetic substrate, GluNA, 
with various concentrations of CaCl2, in a final volume of 100 µl of 50 mM Tris-HCl buffer 
pH 7.4. The sensitivity of wild-type and mutated His-APAs to CaCl2 was determined by 
establishing dose-dependent activation curves and calculating EC50 values for Ca2+ activation 
with Graph Pad Prism 4 software.  
 
Analysis of kinetic parameters: Assays of the activity of wild-type and mutated His-APA 
enzymes were carried out in 50 mM Tris-HCl buffer, pH 7.4, with or without 4 mM CaCl2, by 
monitoring the rate of hydrolysis of GluNA, as previously described [38]. All the assays were 
performed in black 96-well plates (solid black 96-well, untreated, flat-bottomed plates; 
Corning Costar). All enzymatic studies were performed in order to remain below 10% of 
substrate hydrolysis (initial rate conditions). Progress curves were monitored by following the 
increase in fluorescence at 460 nm (λex= 330 nm), induced by release of the β-naphthylamine 
fluorogenic part of the APA substrate. Fluorescence signals were monitored with a photon-
counting spectrophotometer (FusionTM Universal Microplate Analyzer, Packard) equipped 
with a temperature-control device and a plate shaker. Kinetic parameters (Km and kcat) were 
determined from Michaelis-Menten plots using EnzFitter software (BiosoftTM) with a final 
concentration of GluNA between 0.005 mM and 2 mM for wild-type enzyme and up to 5 mM 
for mutated APAs.  
 
Inhibitory potencies of different inhibitors: The sensitivity of wild-type and mutated His-
APAs to inhibition by glutamate-phosphonate (GluPO3H2), glutamate thiol (GluSH), lysine 
thiol (LysSH), NI926 and NI955 was determined by establishing dose-dependent inhibition 
curves for a final GluNA concentration of 0.5 mM, in the presence of 0 or 4 mM CaCl2 and as 
these compounds were linear competitive inhibitors, their Ki were calculated from the 
formula Ki = IC50 /(1+ [GluNA]/ Km). The concentration of enzymes used ([WT] = 3.9 x 10-

10 M; [Glu-213] = 8.8 x 10-10 M; [Asn-213] = 9.7 x 10-10 M; [Gln-213] = 1.8 x 10-9 M; [Glu-
218] = 3.2 x 10-10 M; [Ala-218] = 7.3 x 10-10 M) for this assay were negligible compared to 
the different Ki. 
 
Statistical analysis - Statistical comparisons were carried out with Student’s unpaired t test. 
Differences were considered significant if p was less than 0.05. 
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RESULTS 
Modelling of APA in the absence of Ca2+ and presence of the APA inhibitor glutamate 
phosphonate - The 3D model of APA complexed with glutamate phosphonate (Fig. 1A) 
showed the presence of a hydrophilic pocket containing three residues, two aspartates (Asp-
213 and Asp-218) and a threonine (Thr-348). The acidic side chain of the inhibitor is pointing 
towards this pocket and the acidic side chain of Asp-213 is engaged in two hydrogen bonds, 
one with the Cα amine of Thr-348, and the other with the alcohol side chain of Thr-348. This 
pocket corresponds to the S1 subsite. 

 
Modelling of APA in the presence of Ca2+ and in the presence of the APA inhibitor glutamate 
phosphonate – In the the 3D model in absence of Ca2+, the S1 subsite is not sterically hindred 
by the presence of the inhibitor, allowing for the possible presence of a calcium atom, as 
previously suggested [25]. We investigated this possibility, by introducing calcium into the 
3D model of the APA active site. We used a combination of FEATURE and MetSITE 
methods to establish a preliminary consensus score. We identified five putative Ca2+ binding 
sites and selected one that matched our prediction that Ca2+ would bind to the S1 subsite in 
the vicinity of the acidic side chain of the P1 residue of the substrate/inhibitor. The APA Ca2+ 

binding site structure obtained in the presence of glutamate phosphonate is presented in Fig. 
1B. The model showed the presence of one Ca2+ atom in the hydrophilic pocket where it is 
hexacoordinated with the acidic side chains of Asp-213 and Asp-218, the carbonyl group of 
Glu-215 and three water molecules (Fig. 1B). One of these water molecules was found to be 
engaged in a hydrogen bond with the negatively charged carboxylate side chain of glutamate 
phosphonate. Moreover, the carboxylate side chain of glutamate phosphonate was found to be 
engaged in another hydrogen bond with the alcohol side chain of Thr-348. Asp-213 also 
interacted with the nitrogen atom of the Cα amine moiety of Thr-348. Together, these residues 
constitute the Ca2+ binding site in the APA S1 subsite. 

 
Modelling of Glu-213 and Glu-218 mutated APAs in the presence of Ca2+ and in the presence 
of the APA inhibitor glutamate phosphonate – (Fig. 1C and 1D). We investigated the role of 
Asp-213 and Asp-218 in Ca2+ binding by mutating these residues to glutamate residues in the 
model. When both the Glu-213 (Fig. 1C) and Glu-218 (Fig. 1D) mutations were introduced 
into the overall APA+glutamate phosphonate+Zn2++Ca2++water system, the Ca2+ ion 
appeared to display weak fluctuation around a hexacoordinated position similar to that 
described above for the wild-type: the ion remained anchored by favourable interactions with 
the carboxylate moieties of side chains of residues 213 and 218, by the carbonyl group of 
Glu-215 and by three water molecules. The glutamate phosphonate inhibitor also remained in 
a position similar to that in the wild-type structure, and established the same interactions with 
Glu-352, Glu-215, Tyr-471 and the Zn2+ as previously described [18, 21].  
Nevertheless, the replacement of aspartic side chains by longer glutamic side chains revealed 
subtle differences in the behaviour of water/glutamate interactions, depending on which of the 
213 or 218 amino-acids are concerned: In the Glu-213 mutant (Fig. 1C), the carbonyl group 
of glutamate phosphonate interacted with only one water molecule, rather than the three found 
for wild-type APA (data not shown). The carbonyl group of the inhibitor is rotated in the  
Glu-218 mutant (Fig. 1D) and interacts with three water molecules, as in wild-type APA. 
Moreover, when compared to wild-type APA, a modification of the position of the catalytic 
water molecule was observed in the Glu-213 mutant that appears closer to the Glu-352 and 
Glu-386 residues. 

 
 
Site-Directed Mutagenesis, Expression, and Purification of Recombinant wild-type and 
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mutated His-APAs - In order to ensure the role of Asp-213 and Asp-218 as Ca2+ ligands, we 
replaced Asp-213 with an alanine, a glutamate, an asparagine, and a glutamine, and Asp-218 
with an alanine, an asparagine and a glutamate by site-directed mutagenesis. We also 
produced a double mutant Asn-213/Asn-218. Constructs encoding wild-type APA and the 
various mutants were then stably expressed to produce histidine-tagged proteins and the 
recombinant wild-type or mutated APAs were purified by metal affinity chromatography, as 
previously described [13]. We first verified if the mutations did not affect the production and 
processing of the recombinant proteins, by investigating the subcellular distribution of wild-
type and mutated His-APAs in stably transfected CHO cells, by immunofluorescence 
analysis. Confocal microscopy analysis of wild-type and mutated His-APAs showed that all 
the recombinant enzymes were located at the plasma membrane (Fig. 2A). Western-blot 
analysis of purified wild-type and mutated His-APAs showed that all recombinant proteins, 
except for the Ala-213 mutant protein, displayed a major mature form with an apparent 
molecular weight of 160 kDa and a minor immature form with an apparent molecular weight 
of 140 kDa. In contrast, the Ala-213 mutant displayed a broad diffuse band between 140 and 
160 kDa (Fig. 2B), suggesting that during the purification step, the Ala-213 mutant was not 
stable, avoiding its enzymatic characterization. 
 
Effect of the mutations of the aspartic residues Asp-213 and Asp-218 on Ca2+-mediated 
activation – As APA activity is dependent on Ca2+ concentration, we determined the Ca2+ 
activation profile of recombinant wild-type and mutated His-APAs (Fig. 3A and 3B). Ca2+ 
(from 0 to 4 mM) increased the activity of the wild-type enzyme and that of Glu-213 to 
similar extents, by a factor of 8 to 10. However Glu-213 activity in the absence of Ca2+ was 
lower than that of the wild-type enzyme, by a factor of 16. Even in the presence of a 
supramaximal concentration of Ca2+ (4 mM), Glu-213 activity remained lower than that of the 
wild-type by a factor of 13.5. The EC50 of Ca2+ for Glu-213 (590 µM) was about 10 times 
higher than that for the wild-type (49 µM) (Table 1). In contrast, increasing Ca2+ 
concentration stimulated Glu-218 activity by a factor of 25, with an EC50 of 212 µM (Fig. 
3A). Nevertheless, the activity of these mutants in absence or in presence of Ca2+ was 
decreased by a factor of 6 and 2 respectively as compared to the corresponding wild-type 
activities. In contrast, the replacement of Asp-213 and Asp-218 by residues lacking an acidic 
side chain (Asn-213, Gln-213, and Ala-218 mutants) abolished Ca2+ activation. These 
mutated enzymes were inhibited by low Ca2+ concentrations superior or equal to 50 µM (Fig. 
3B). 
 
Enzymatic Activity of Purified Recombinant His-APAs - The enzymatic activities of purified 
recombinant His-APAs were analysed by determining catalytic constants (Km and kcat), in the 
presence or absence of 4 mM Ca2+, using GluNA as a substrate (Table 2). In the absence of 
Ca2+, the replacement of Asp-213 or Asp-218 by a glutamate residue led to a significant 
decrease in substrate hydrolysis. Kinetic studies showed, for Glu-213, that this difference was 
due to an increase in Km (by a factor of 5.2) and a decrease in kcat (by a factor of 1.9) resulting 
in a 10-fold decrease in the kcat/ Km ratio. Similarly, the decrease in substrate hydrolysis for 
Glu-218 was due to an increase in Km (by a factor of 2) and a decrease in kcat (by a factor of 
1.9) resulting in the kcat/ Km ratio decreasing by a factor of 3.7. The addition of 4 mM Ca2+ led 
to 7.5 times higher levels of substrate hydrolysis by wild-type APA, mainly due to Km 
decreasing by a factor of 10. In the presence of 4 mM Ca2+, the Glu-213 mutant displayed 
significantly lower levels of GluNA hydrolysis than the wild-type enzyme. The Km value of 
Glu-213 was 31 times higher than that of wild-type APA, and the corresponding kcat value 
was 3 times higher than that of wild-type APA. This resulted in kcat/ Km ratio lower than that 
of the wild-type APA by a factor of 10. In the presence of 4 mM Ca2+, the Glu-218 mutant 
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displayed only slightly lower levels of GluNA hydrolysis than wild-type APA, resulting in a 
decrease in kcat/Km ratio by a factor of 1.2. The Km and kcat values were slightly higher (1.6 
times higher and 1.9 times higher, respectively) than those for wild-type APA. The presence 
of Ca2+ increased GluNA hydrolysis by a factor of 7.4 for the Glu-213 mutant and 24 for the 
Glu-218 mutant. 

However, in the presence or absence of Ca2+, the Asn-213, Gln-213 and Ala-218 showed a 
decreased GluNA hydrolysis efficiency, mostly due to an increase of the Km value. In the 
absence of Ca2+, kcat/Km ratios of Asn-213, Glu-213 and Ala-218 were lower than that for the 
wild-type enzyme by factors of 2.5, 1.5 and 22, respectively. In the presence of Ca2+, the 
kcat/Km ratios for Asn-213, Gln-213 and Ala-218 were much lower than that for the wild-type, 
by factors of 40, 36 and 511, respectively. Moreover, the introduction of Ca2+ did not enhance 
activity, instead decreasing GluNA hydrolysis efficiency by a factor of 2, 3 and 3 for Asn-
213, Gln-213 and Ala-218 respectively. The mutants Asn-218 and Asn-213/Asn-218 did not 
display any activity.  
 
Inhibitory Potencies of Various Classes of Compounds on Purified Recombinant His-APAs 
We further characterized the role of the Asp-213 and Asp-218 residues of APA, by evaluating 
the inhibitory potencies of various classes of compounds (with acidic or basic side chains) on 
GluNA (0.5 mM) hydrolysis by the wild-type and mutated enzymes in the absence or in the 
presence of Ca2+ (4 mM). The results are summarized in Figures 4 and 5. GluPO3H2, a 
pseudoanalogue of the transition state, was 6-fold and 3-fold less potent towards Glu-213 and 
Glu-218 than towards the wild-type enzyme (Ki = 1.75 µM) in the absence of Ca2+. In the 
presence of Ca2+, the inhibitory potency of GluPO3H2was 22 times higher for the wild-type 
(Ki = 0.08 µM), 19 times higher for Glu-213 (Ki = 0.59 µM) and 39 times higher for Glu-218 
(Ki = 0.15 µM). In the absence of Ca2+, GluSH inhibited equally wild-type APA, Glu-213, 
Asn-213, Gln-213 and Glu-218 (Ki = 1.2 µM, 1.14 µM, 2.11 µM, 1.3 µM and 1.82 µM, 
respectively) and is weaker on Ala-218 (Ki = 4.3 µM). The introduction of Ca2+ enhanced 
GluSH inhibitory potency on wild-type, Glu-213 and Glu-218 by a factor 9.2, 2.5 and 2.7 
respectively (Ki = 0.13 µM, 0.45 µM and 0.66 µM, respectively). LysSH, a basic side chain 
inhibitor, inhibited Glu-213 and Glu-218 less strongly than wild-type APA (Ki = 0.26 µM), 
by factors of 10 and 3, in the absence of Ca2+. The addition of Ca2+ decreased the inhibitory 
potency of LysSH by a factor of 12 for wild-type APA (Ki = 3.15 µM), by a factor of 7.5 for 
Glu-213 (Ki = 20.74 µM) and by a factor of 3 for Glu-218 (Ki = 2.7 µM). We then 
investigated the binding of LysSH on Asn-213, Gln-213 and Ala-218 mutants in the absence 
of Ca2+ and we found that the inhibitory potency of this inhibitor was lower for these mutants 
than for the wild-type enzyme, by factors of 48, 166 and 6.3. 
 
Design and Characterization of new APA inhibitors - For accurate exploration of the 
organisation of the S1 subsite, we designed, based on the 3D model, and synthesized, using 
GluSH as a template, two new inhibitors NI926 and NI955. Amidification of the carboxylic 
side chain of GluSH by a diaminoethyl side chain generated NI926, an inhibitor bearing a free 
amine side chain that may interact with the carboxylic side chain of Asp-218. To challenge 
this interaction, we synthesized the carboxylic acid NI955, by carrying out the amidification 
of the carboxylic side chain of GluSH with glycine. These two compounds are similar in 
terms of chain length but have opposite charges. 
 In the absence of Ca2+, NI926 was a highly potent inhibitor of wild-type APA, with a Ki of 
70 nM. Its inhibitory potency for Glu-213, Asn-213 and Gln-213 was lower than that for the 
wild-type, by factors of 16, 61 and 201, respectively. Moreover, NI926 inhibited (factor of 
1.5) wild-type APA and Glu-218 similarly, but was less potent (by a factor of 33) with Ala-
218. The introduction of Ca2+ reduced the potential of NI926 to inhibit the wild-type, Glu-213 
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and Glu-218 (by a factor of 16, 11 and 6, respectively) but the inhibition profile was similar to 
that observed in the absence of Ca2+ (NI926 inhibits wild-type APA 11 times more strongly 
than Glu-213 and 2 times more strongly than Glu-218). In the absence of Ca2+, NI955 had the 
same inhibitory potency towards wild-type APA, Glu-213 and Asn-213. In contrast, this 
compound inhibited better wild-type APA than Gln-213 and Glu-218 by a factor of 5 and 3 
respectively. Interestingly, in the absence of Ca2+, NI955, was 29-fold more potent on Ala-
218 than on wild-type APA. Ca2+ increased the inhibitory potency of NI955 against wild-type 
and Glu-218 enzymes by factors of two and 8.5, respectively, but had no effect on inhibitory 
potency against Glu-213. 
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DISCUSSION 

APA belongs to the monozinc aminopeptidase family, the members of which require Zn2+ for 
catalytic activity. The activity of APA, unlike that of other monozinc aminopeptidases, is 
enhanced by Ca2+ [26]. In this study, we identified the S1 subsite in APA and demonstrated 
the presence, within this subsite, of a single Ca2+ atom. This led us to characterize the mode of 
Ca2+ coordination and the interaction of this ion with the side chain carboxylate of the acidic 
P1 residue of the substrate, accounting for the specificity of APA for substrates with N-
terminal acidic residues in the presence of Ca2+. 
 
We previously generated and validated a 3D model of the mouse APA ectodomain [18]. In 
order to identify the S1 subsite, we docked the APA inhibitor glutamate phosphonate into the 
APA active site, in the absence of Ca2+. We observed that the acidic lateral chain of the P1 
residue of this inhibitor projected into a pocket formed by the three main residues of the S1 
subsite, Asp-213, Asp-218 and Thr-348. 
When glutamate phosphonate was docked in the APA active site 3D model, in presence of 
Ca2+, a site favorable for chelation was identified within the S1 subsite, in the vicinity of the 
acidic side chain of glutamate phosphonate. This cation was hexacoordinated to the 
carboxylate groups of the Asp-213 and Asp-218 side chains, the Cα carbonyl group of Glu-
215 and three water molecules. One of these water molecules established a hydrogen bond 
with the carboxylate side chain of glutamate phosphonate. The presence of Ca2+ in the S1 
subsite led to reorganization of the S1 subsite, with a shift in the orientation of the Asp-213 
and Asp-218 side chains towards Ca2+. As these interactions were visualized in a 3D model of 
APA generated purely by modeling, rather than based on the crystal structure of APA, their 
validation by site-directed mutagenesis in structure-function studies is essential.  
 
We first assessed the involvement of Asp-213 and Asp-218 in Ca2+ binding, by replacing 
these residues by site-directed mutagenesis. Confocal microscopy analysis showed that all 
recombinant APAs were similarly expressed at the plasma membrane, consistent with the 
correct processing of wild-type and mutated APAs. Western-blot analysis of purified 
recombinant APAs showed that all wild-type and mutated APAs, with the exception of the 
Ala-213 mutant, had an apparent molecular mass of 160 kDa, corresponding to the mature 
glycosylated APA, as previously reported [13, 19]. By contrast, the Ala-213 mutant displayed 
a broad diffuse band between 140 and 160 kDa, indicating that this protein, despite being 
correctly expressed at the plasma membrane, was not stable during the purification process. 
Consistent with this observation, the corresponding purified enzyme was inactive.  
 
We then investigated the activation of wild-type and mutated APAs by Ca2+. We observed, as 
previously described [13], that wild-type APA was strongly activated by Ca2+, with enzymatic 
activity increasing by a factor of 8 as Ca2+ concentration increased from 0 to 4 mM. The 
replacement of Asp-213 and Asp-218 by glutamate residues (Glu-213 and Glu-218), 
conserving the negative charge, maintained the ability of these enzymes to be activated by 
Ca2+, but their maximal activities remained consistently below that of the wild type. However, 
Glu-213 and Glu-218 were less sensitive to Ca2+ than the wild-type enzyme. By contrast, the 
replacement of Asp-213 or Asp-218 by non acidic residues (Asn-213, Gln-213 and Ala-218) 
devoid of negative charges reduced enzyme activity in the absence of Ca2+ and abolished 
activation by Ca2+. Thus, Asp-213 and Asp-218 play a critical role in the activity of APA, 
with the negative charges and side-chain lengths of these residues crucial for Ca2+ activation. 
Furthermore, the prevention of Ca2+ activation by a single mutation affecting either of these 
residues demonstrates that that both Asp-213 and Asp-218 are required for Ca2+ binding. 
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We determined the kinetic parameters for mutated enzymes in the presence and absence of 
Ca2+. As previously reported [13, 26], we showed that the addition of Ca2+ enhanced wild-
type APA activity by increasing affinity for the substrate GluNA (by a factor of 10) without 
significantly modifying substrate hydrolysis velocity (kcat), increasing cleavage efficiency by 
a factor of 8. By contrast, greater cleavage efficiency of the Glu-213 enzyme in the presence 
of 4 mM Ca2+ resulted mostly from an increase in kcat, with only a slight increase in affinity 
for GluNA. This difference in Ca2+ activation for Glu-213 and wild-type APA may be 
correlated with the shift of the catalytic water molecule toward the residues involved in its 
polarization — Glu-386 and Glu-352 — as observed in the 3D model of the Glu-213 active 
site in the presence of Ca2+. As observed for wild-type APA, the addition of Ca2+ increased 
the cleavage efficiency of Glu-218 by strongly increasing its affinity for the substrate, thereby 
restoring the cleavage efficiency of the mutated enzyme to levels close to those of the wild-
type enzyme. If the negative charges on residues 213 and 218 were abolished, as in the Asn-
213, Gln-213, Asn-218, Ala-218 and Asn-213/Asn-218 mutants, the addition of Ca2+ did not 
increase cleavage efficiency, and even resulted in inhibition in some cases. These data 
demonstrate the involvement of both Asp-213 and Asp-218 in Ca2+ binding, and highlight the 
role of these residues in S1 subsite organization and enzymatic activity. The crucial role of the 
Asp-213 residue in Ca2+ binding is consistent with a recent study by Goto et al. [39] showing 
that, in human APA, the corresponding aspartate, Asp-221, is involved in the modulation of 
APA activity by Ca2+.  
 
Ca2+ affected the affinity of APA for both acidic and basic substrates. We therefore evaluated 
the effects of the Ca2+-induced modulation of APA activity, by measuring the inhibitory 
potency of various inhibitors in the presence and absence of Ca2+. All the inhibitors studied 
interact with the S1 subsite, but differ in the nature of their zinc-chelating group and the 
nature of the P1 side chain: (i) the pseudoanalog of the transition state, GluPO3H2 [40], which 
interacts with the amine binding site, the S1 subsite, the Tyr-471 residue involved in transition 
state stabilization, and the zinc ion, via its phosphoryl oxygens or (ii) the two ß-amino thiol 
inhibitors, GluSH [41] and LysSH [42], which interact with the amine binding site, the S1 
subsite, via their acidic or basic side chains, and the zinc ion, via their chelating thiol group.  
 
As inhibitors may differ in terms of their P1 side chains, we hypothesized that the difference 
between the Ki values of mutated APAs and wild-type APA reflected changes in the docking 
of the P1 residue into the S1 subsite. 
 
In the absence of Ca2+, wild-type APA had an affinity for inhibitors resembling basic residues 
(such as LysSH) five times greater than that for inhibitors resembling acidic residues (such as 
GluSH). If Asp-218 was substituted by a glutamate or an alanine in the absence of Ca2+, this 
ratio was slightly different from that for the wild-type APA. Thus, in the absence of Ca2+, 
Asp-218 did not interact with the basic or acidic side chain of these inhibitors. By contrast, in 
the absence of Ca2+, the ratio for Glu-213  
was lower than that for the wild-type enzyme. Similarly, the Asn-213 and Gln-213 enzymes 
had higher affinities for inhibitors resembling acidic residues (such as GluSH) than for 
inhibitors resembling basic residues (such as LysSH). Thus, in the absence of Ca2+, LysSH 
interacts with the negative charge of Asp-213 in wild-type APA, and the length of the side 
chain of the acidic residue in position 213 is important for this interaction. This validates the 
3D model of APA, in which the Asp-213 residue was found to be located at the entrance to 
the S1 subsite.  
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The presence of Ca2+ rendered wild-type APA strictly specific for inhibitors with an acidic 
side chain, as previously shown [13]. This is illustrated by the 24 times greater inhibition of 
wild-type APA obtained with GluSH than with LysSH in the presence of Ca2+. In the 
presence of Ca2+, we observed an increase in the affinity of the mutated enzymes, Glu-213 
and Glu-218, for inhibitors resembling acidic residues and a decrease in the affinity of these 
enzymes for inhibitors resembling basic residues, as reported for the wild-type enzyme. 
However, the inhibitor specificity of mutated enzymes nevertheless remained less strict than 
that of wild-type APA, particularly for the Glu-218 enzyme. This may result from the position 
of the Glu-218 acidic side chain closer to the ammonium group of LysSH than that of the 
acidic side chain of Asp-218 in wild-type APA, allowing Glu-218 to establish a favorable 
electrostatic interaction with this inhibitor, as suggested from the 3D model of the active site 
of this mutated enzyme. This hypothesis is consistent with the ability of Glu-213 and Glu-218 
to bind Ca2+, but with lower levels of activation observed than for the wild-type enzyme, as 
shown by the analysis of kinetic parameters and structural data. 
 
To refine the position of Asp-218 in the S1 subsite, we then designed new pharmacological 
tools, NI926 and NI955, on the basis of the 3D model of wild-type APA. Both these inhibitors 
are ß-amino thiol inhibitors, in which the side chain of the P1 residue is longer than that of 
lysine thiol. The side chain of NI926 is basic, whereas that of NI955 is acidic. In the absence 
of Ca2+, NI926 had an inhibitory potency for wild-type APA of 70 nM. This inhibitor is the 
best APA inhibitor known to date in the absence of Ca2+. It was less potent with Ala-218 than 
with Glu-218 and wild-type APA, suggesting that the negative charge of Asp-218 is required 
for binding of the basic side chain of NI926 in the S1 subsite. By contrast, in the absence of 
Ca2+, NI955 was less potent against the wild-type and Glu-218 enzymes than against Ala-218. 
Thus, in the absence of Ca2+, the negative charges on the side chain of Asp-218 and the 
anionic carboxylate moiety of NI955 have a repulsive electrostatic effect, pushing NI955 out 
of the S1 subsite. This finding both shows the Asp-218 residue to be located towards the 
bottom of the S1 subsite and validates the 3D model of wild-type APA. 
 
In conclusion, this study highlights the role of Asp-213 and Asp-218 in Ca2+ binding and, 
therefore, in Ca2+-induced APA substrate specificity. Our data provide new insight into the 
organization of the APA active site, delineating the S1 subsite, precisely localizing Asp-213 
and Asp-218 within this subsite and identifying the mode of interaction of these residues with 
the Ca2+ ion and that of the Ca2+ ion with the acidic side chain of the substrate. The role we 
have demonstrated for the Asp-213 and Asp-218 residues is consistent with the 3D model of 
APA, thus validating this model. Moreover, we have shown here the interest to have 
developed the APA 3D model for the design of new potent APA inhibitors, such as NI926. 
This model provides new insight into the organization of the S1 subsite and Ca2+ binding and 
will be a useful tool for designing an inhibitor pharmacophore, which may lead to the 
development of a new generation of APA inhibitors functioning as central-acting 
antihypertensive agents. 
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Figure Legends 

 
Fig. 1.  Organization of the S1 subsite of wild-type, Glu-213 and Glu-218 APAs. 
The 3D model of wild-type APA active site complexed with the inhibitor glutamate 
phosphonate (in orange) without (A) or with calcium (B) revealed a hydrophilic pocket 
corresponding to the S1 subsite (amino acids in green). The 3D model of the Glu-213 (C) and 
Glu-218 (D) APA active site complexed with the inhibitor glutamate phosphonate (in orange) 
with calcium. 
 
Fig. 2.  Expression of histidine-tagged wild-type and mutated mouse recombinant APAs.  
(A) Transfected CHO cells stably expressing wild-type and mutated His6-APAs were fixed 
and immunolabelled with a rabbit polyclonal anti-(rat-APA) serum, which was detected with 
a cyanin 3-conjugated anti-rabbit antibody. Immunofluorescence was observed by confocal 
microscopy. The bar represents 20 µm. (B) Crude membrane preparations were solubilized 
and subjected to metal affinity chromatography, as previously described [13]. Material eluted 
from the column was analyzed by SDS-PAGE and Western blot analysis using a mouse anti-
X-press antibody and an anti-mouse coupled HRP antibody. Immune complexes were 
resolved by chemiluminescence. 
 
 
Fig. 3A and 3B.  Effect of the divalent cation Ca2+ on wild-type, Asp-213 and Asp-218 
mutated APAs activities. 
Purified wild-type (0.06 µg), Asp-213 mutated APAs (Glu-213: 0.06 µg, Asn-213: 0.3 µg, 
Gln-213: 1.2 µg) and Asp-218 mutated APAs (Ala-218:1.2 µg, Glu-218: 0.06 µg) were 
incubated at 37 °C for 30 min in the presence of 0.5 mM GluNA, with increasing 
concentrations of calcium (from 0 to 4 mM). 
 
Fig. 4. Ki values (µM) for GluPO3H2, GluSH and LysSH inhibitors with wild-type and 
mutated recombinant APAs. 
Ki values are the means ± the standard error of the mean of three to nine experiments with 
duplicate determinations. *, p < 0.05, **, p < 0.01, ***, p < 0.001, ns, no significant when 
compared to the corresponding wild-type values. -, not measurable. 
 
Fig. 5. Ki values (µM) for NI926 and NI955 inhibitors with wild-type and mutated 
recombinant APAs. 
Ki values are the means ± the standard error of the mean of three to eight experiments with 
duplicate determinations. *, p < 0.05, **, p < 0.01, ***, p < 0.001, ns, no significant when 
compared to the corresponding wild-type values. -, not measurable. 
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Tables 

 

Table 1.  EC 50 for calcium activation of wild-type and mutated His-APAs 
 

Enzyme 
 

 
EC50 (µM) 

 
Wild-type 
Asn-213 
Glu-213 
Gln-213 
Ala-218 
Glu-218 

 

 
49 ± 4 

no activation 
590 ± 15 

no activation 
no activation 

212 ± 30 

Values are mean ± SEM from three separate experiments with duplicate determination. 
 
 

 

 

 

Table 2.  Kinetic  parameters for wild-type and mutated His APAs in absence or in presence  of 4 mM 
Ca2+ 

 
Km 

(µM) 
kcat 
(s-1) 

kcat/Km 
(mM-1.s-1) 

Km 
(µM) 

kcat 
(s-1) 

kcat/Km 
(mM-1.s-1) 

 
 

Enzyme 
  

no Ca2+ 

 

 
4 mM Ca2+

Wild-type 1475 ± 34 295 ± 12 200 152 ± 10 232 ± 9 1526 
Glu-213 7686 ± 877 162 ± 24 21* 4618 ± 711 720 ± 119 156* 
Glu-218 2822 ± 18 154 ± 2 55* 274 ± 16 359 ± 8 1310ns

Asn-213 3375 ± 309 270 ± 30 80* 2679 ± 585 103 ± 23 38** 
Gln-213 1571 ± 406 222 ± 57 141ns 4400 ± 794 183 ± 31 42** 
Ala-218 3377 ± 917 31 ± 7 9** 4317 ± 1052 15 ± 3 3*** 
Asn-218 - - - - - - 

Asn-213/Asn-
218 

- - - - - - 

Km and kcat values are  mean ± SEM from three or eleven separate experiments with duplicate determinations. 
-,not measurable. *, p < 0.05, **, p < 0.01, ***, p < 0.001, ns, no significant when compared to the 
corresponding wild-type values. 
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