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Aminopeptidase A is a zinc metalloenzyme involved in
the formation of brain angiotensin III, which exerts a
tonic stimulatory action on the central control of blood
pressure. Thus, central inhibitors of aminopeptidase A
constitute putative central antihypertensive agents.
Mutagenic studies have been performed to investigate
organization of the aminopeptidase A active site, with a
view to designing such inhibitors. The structure of one
monozinc aminopeptidase (leukotriene A4 hydrolase)
was recently resolved and used to construct a three-
dimensional model of the aminopeptidase A ectodo-
main. This new model, highly consistent with the results
of mutagenic studies, showed a critical structural inter-
action between two conserved residues, Arg-220 and
Asp-227. Mutagenic replacement of either of these two
residues disrupted maturation and subcellular localiza-
tion and abolished the enzymatic activity of aminopep-
tidase A, confirming the critical structural role of these
residues. In this study, we generated the first three-
dimensional model of a strict aminopeptidase, amino-
peptidase A. This model constitutes a new tool to probe
further the active site of aminopeptidase A and to design
new inhibitors of this enzyme.

Aminopeptidase A (APA1; EC 3.4.11.7) is a 160-kDa ho-
modimeric type II membrane-bound aminopeptidase that spe-
cifically cleaves the N-terminal glutamyl or aspartyl residue
from peptide substrates such as angiotensin II and cholecysto-
kinin-8 in vitro (1, 2). APA is present in many tissues, partic-
ularly in the brush border of intestinal and renal epithelial
cells and in the vascular endothelium (3). APA and other com-
ponents of the brain renin-angiotensin system (4) have been
identified in several brain nuclei involved in the control of body
fluid homeostasis and cardiovascular functions. Studies with
specific and selective APA inhibitors (5) have shown that, in
vivo, APA converts brain angiotensin II to angiotensin III (6)
and that brain angiotensin III exerts a tonic stimulatory action
on the central control of blood pressure (7). Thus, the central

administration of APA inhibitors results in a large decrease in
arterial blood pressure in alert spontaneously hypertensive
rats (7), suggesting that brain APA is a putative central ther-
apeutic target for the treatment of hypertension (reviewed in
Ref. 8).

Determination of the complete amino acid sequence of APA
in mouse (9), human (10, 11), rat (12), and pig (13) has revealed
the presence of the consensus sequence HEXXH, which is found
in the zinc metalloprotease family, the zincins (14, 15). In the
absence of structural data on monozinc aminopeptidases, site-
directed mutagenesis studies based on alignment of the se-
quence of APA with those of other monozinc aminopeptidases
were used to probe the organization of the APA active site.
These studies resulted in the identification of several residues
involved in zinc coordination (16, 17), catalysis (17, 18), and
substrate binding (19). Some of these conserved residues were
also recently identified in other related aminopeptidases such
as thyrotropin-releasing hormone-degrading enzyme (EC
3.4.19.6) (20), aminopeptidase N (EC 3.4.11.2) (21), leukotriene
A4 hydrolase (LTA4H; EC 3.3.2.6) (22, 23), and insulin-regu-
lated membrane aminopeptidase (EC 3.4.11.3) (24). On the
basis of our data, we proposed a model for the organization of
the active site of APA and a putative catalytic mechanism for
this enzyme (25) similar to that proposed for thermolysin on
the basis of x-ray diffraction studies (26). According to this
model, in the absence of substrate, the zinc atom is tetracoor-
dinated by three zinc ligands (His-385, His-389, and Glu-408)
and a water molecule. When the substrate enters the active
site, its recognition and orientation are ensured by interactions
with several residues. First, in the S1 subsite, which recognizes
only N-terminal acidic residues, Ca2� interacts with the P1
carboxylate side chain of the substrate. In the anionic binding
site, Glu-352 interacts with the free N-terminal part of the
substrate. The zinc atom is simultaneously hexacoordinated by
establishing two additional interactions with the carbonyl
group of the scissile peptide bond and the unprotonated �-
amino group of the substrate. The negative charge of Glu-386
polarizes the zinc-coordinated water molecule and promotes its
nucleophilic attack on the carbonyl carbon of the peptide bond
to be cleaved. The resulting tetrahedral intermediate is stabi-
lized by electrostatic interactions with the zinc ion and hydro-
gen bonds with Glu-386, Tyr-471, and Glu-352. Finally, the
transfer of a proton from Glu-386 to the leaving nitrogen of the
scissile peptide bond triggers the cleavage of the peptide bond
and the release of the products.

Determination of the x-ray crystal structure of LTA4H/
aminopeptidase, a bifunctional enzyme, recently revealed the
crucial role of certain residues in zinc coordination, exopep-
tidase specificity, and catalytic activity (27). The roles of
these residues are similar to those of their counterparts in

* The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked
“advertisement” in accordance with 18 U.S.C. Section 1734 solely to
indicate this fact.

¶ To whom correspondence should be addressed. Tel.: 33-1-44-27-
1663; Fax: 33-1-44-27-1691; E-mail: c.llorens-cortes@college-de-france.
fr.

1 The abbreviations used are: APA, aminopeptidase A; LTA4H, leuk-
otriene A4 hydrolase; GluNA, �-L-glutamyl-�-naphthylamide; MD, mo-
lecular dynamics; CHO, Chinese hamster ovary; PNGase F, peptide
N-glycosidase F; Endo H, endoglycosidase H; PBS, phosphate-buffered
saline; CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]-1-propane-
sulfonic acid; ER, endoplasmic reticulum.

THE JOURNAL OF BIOLOGICAL CHEMISTRY Vol. 277, No. 32, Issue of August 9, pp. 29242–29252, 2002
© 2002 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in U.S.A.

This paper is available on line at http://www.jbc.org29242

This is an Open Access article under the CC BY license.

http://creativecommons.org/licenses/by/4.0/


APA, as previously determined by site-directed mutagenesis.
We then carried out computer-assisted modeling of APA us-
ing the crystal structure of LTA4H as a template and the
functional data collected from our previous site-directed mu-
tagenesis studies. We constructed a three-dimensional model
of the APA ectodomain from residues 79 to 559; this domain
surrounds the zinc-binding domain. We subsequently docked
the specific and selective APA inhibitor glutamate phospho-
nate (28) into the active site. This made it possible to produce,
for the first time, a three-dimensional representation of a
strict (i.e. monofunctional) monozinc aminopeptidase and of
the interactions between the active site and the inhibitor
glutamate phosphonate, an analog of the transition state,
thereby reproducing the interactions between the substrate
and the enzyme that occur during catalysis. This new model
will be useful for further investigation of the organization of
the APA active site and for the definition of a pharmacophore
of the APA inhibitor, a powerful tool for the design of specific
and selective inhibitors for use as central antihypertensive
agents.

In this model, we identified a salt bridge interaction between
two strictly conserved residues, Arg-220 and Asp-227. This
interaction appears to be necessary for cohesion of the N-
terminal �-sheet domain and therefore for correct folding of the
N-terminal domain surrounding the active site. We used site-
directed mutagenesis to validate our model by confirming the
functional role of these residues. We replaced Arg-220 with
alanine and aspartate and Asp-227 with alanine and arginine
and inverted the two residues. We then characterized the mat-
uration, trafficking, and enzymatic activity of the recombinant
wild-type and mutant APAs.

EXPERIMENTAL PROCEDURES

Materials

Restriction endonucleases and DNA-modifying enzymes were ob-
tained from New England Biolabs Inc. (Hitchin, England) and were
used according to the manufacturer’s instructions. The Expand high-
fidelity Taq polymerase PCR system was purchased from Roche Molec-
ular Biochemicals (Mannheim, Germany). The liposomal transfection
reagent LipofectAMINE, the pcDNA3.1-His vector, and the anti-Xpress
antibody were purchased from Invitrogen (Groningen, The Nether-
lands). The anti-His5 antibody was purchased from QIAGEN Inc. Im-
mobilized cobalt affinity columns (Talon) were obtained from CLON-
TECH (Heidelberg, Germany). The synthetic substrate �-L-glutamyl-�-
naphthylamide (GluNA) was purchased from Bachem (Bunderdorf,
Switzerland).

Methods

Modeling of APA—As no experimentally determined three-dimen-
sional structure is yet available for APA, we constructed a three-dimen-
sional model by homology modeling. The recently published x-ray crys-
tallographic structure of human LTA4H (27) was used as the template,
and Accelrys homology software was used to construct the model for
APA. The correct alignment of the human LTA4H and mouse APA
sequences was determined from multiple sequence alignments between
several proteins of this family and experimental information obtained
in previous site-directed mutagenesis studies on APA carried out in our
laboratory (17–19, 25, 29). A preliminary model was obtained from the
transfer of coordinates from LTA4H to APA in the aligned regions. The
model was completed by adding the missing loops connecting the moi-
eties already obtained. The APA model obtained therefore concerned
only residues 79–539, corresponding to the region most highly con-
served between APA and LTA4H (31% similarity). We were unable to
identify suitable templates for modeling the remaining C-terminal APA
sequence and therefore present here a model covering only residues
79–539. However, this part of the APA protein seems to be the most
important, at least as far as enzymatic activity is concerned.

The preliminary three-dimensional 3-D0 model obtained by the crude
transfer of coordinates from LTA4H to APA on the basis of homology
was then surrounded by a shell of 2700 water molecules to take into
account the effect of the surrounding solvent during the refinement
procedure. The refinement procedure consisted of several energy min-

imization steps carried out by the conjugate gradient method. We began
by fixing the backbone of the protein such that only the protein side
chains and water molecule movements were variable. Next, the whole
system was relaxed. All Arg, Lys, Asp, and Glu side chains were con-
sidered ionic, and a 20-Å cutoff point was used to truncate non-bonded
interactions. The dielectric constant was 1. We used the Accelrys CFF97
force field, as this class II force field provided all the necessary param-
eters for calculating all Zn2� interactions with other groups in the
system.

The resulting 3-D1 model was then subjected to another refinement
procedure including several rounds of energy minimization (until con-
vergence) and short molecular dynamics (MD) runs (100 ps at 300 K).
This process was carried out to check the stability of the model over
time.

We checked the consistency of the 3-D2 model obtained at the end of
these calculations, especially in the active-site region (according to
several geometric requirements concerning the zinc atom coordination
shell) and the water shell region. It appeared that many water mole-
cules escaped from the shell that initially surrounded the protein,
creating several ionic groups that were exposed to others without their
solvation shell. This resulted in modification of the exposed active-site
configuration and therefore of zinc atom coordination. We therefore
decided to restart from the 3-D1 system, placed within a 85-Å3 water
box, and to carry out the refinement procedure described above (mini-
mization � MD). At this stage, the system consisted of the protein and
16,886 water molecules. Periodic boundary conditions were used with
the same cutoff point as before. The resulting 3-D3 model was used in all
subsequent calculations.

We carried out docking calculations in the 3-D3 model using as
ligands the selective APA inhibitor glutamate phosphonate, bestatin,
and glutamate-thiol. The inhibitors were introduced according to the
position of bestatin in LTA4H. Three models were built in this way.
Each protein � ligand � solvent box was then relaxed step by step, until
all the degrees of freedom were considered in the minimization and MD
processes. After several steps of energy minimization � 100-ps MD �
energy minimization, the three models were considered to be stable, as
the residual mean square deviations between the C� atoms of the
starting structure and the final structure were �1 Å. We also checked
the stability of the 3-D3 model by replacing Arg-220 and Asp-227 with
alanines and performing supplementary MD runs. All the preliminary
calculations were performed on SGI O2 workstations, and the heaviest
calculations were performed at the Centre Informatique National
de l’Enseignement Superieur (CINES) supercomputing center on an
Origin 3800.

Cloning and Site-directed Mutagenesis— The mouse cDNA encoding
APA was inserted into the expression vector pcDNA3.1-His (29), and
mutants were generated by PCR-based site-directed mutagenesis as
previously described (30). Two overlapping regions of the cDNA were
amplified separately using two flanking oligonucleotides, oligonucleo-
tide A (5�-TTAATACGACTCACTATAGGGA-3�, bp 862– 883) as a
forward primer and oligonucleotide B (5�-GAATCCTAAGATAGAGGC-
CCGGAG)-3�, bp 3215–3238) as a reverse primer, and two overlapping
oligonucleotides containing the mutated residues (C1D1 for Ala-220,
C2D2 for Asp-220, C3D3 for Ala-227, C4D4 for Arg-227, C5D5 for Asp-
220/Arg-227, and C6D6 for Ala-221). The forward primers were as
follows: C1, 5�-ACAGATGCCGCGAAGTCCTTC-3�; C2, 5�-ACAGATG-
CCGACAAGTCCTTC-3�; C3, 5�-CCTTGTTTCGCAGAACCCAAC-3�;
C4, 5�-CCTTGTTTCCGAGAACCCAAC-3�; C5, 5�-ACAGATGCCGACA-
AGTCCTTCCCTTGTTTCAGGGAACCCAAC; and C6, 5�-GATGCCAG-
GGCGTCCTTCCCT-3�. The reverse primers were as follows: D1, 5�-G-
AAGGACTTCGCGGCATCTGT-3�; D2, 5�-GAAGGACTTGTCGGCATC-
TGT-3�; D3, 5�-GTTGGGTTCTGCGAAACAAGG-3�; D4, 5�-GTTGGGT-
TCTCGGAAACAAGG-3�; D5, 5�-GTTGGGTTCCCTGAAACAAGGGA-
AGGACTTGTCGGCATCTGT-3�; and D6, 5�-AGGGAAGGACGCCCTG-
GCATC-3�. The underlined bases encode the new amino acid residue
replacing arginine at position 220 (C1, C2, D1, and D2), aspartate at
position 227 (C3, C4, D3, and D4), Arg-220 and Asp-227 (C5 and D5),
and lysine at position 221 (C6 and D6). Nucleotide numbering is as for
the mouse APA sequence (9) deposited in the GenBankTM/EBI Data
Bank (accession number M29961).

The products of the first two amplifications (A-D1–6 and B-C1–6)
were used as the template for a second PCR with the two flanking
oligonucleotides A and B. For all PCRs, high-fidelity Taq polymerase
(1 unit) was used (25 cycles at 94 °C for 30 s, 54 °C for 45 s, and 72 °C
for 2 min). The final 2376-bp PCR product was digested with HindIII
and EcoRV, and the resulting 1505-bp HindIII-EcoRV fragment con-
taining the mutation was used to replace the corresponding non-
mutated region (HindIII-EcoRV) of the full-length APA cDNA. The
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presence of the mutation and the absence of nonspecific mutations
were confirmed by automated sequencing on an Applied Biosystems
377 DNA Sequencer with dye deoxy terminator chemistry.

Cell Culture, Establishment of Stable CHO-K1 Cell Lines Producing
Wild-type His-APAs, and Purification of Recombinant Wild-type His-
APA—CHO-K1 cells (American Type Culture Collection, Manassas,

FIG. 1. Modeling of APA by homology using LTA4H as a template. A, sequence alignment between APA and LTA4H used for homology
modeling of APA. The correct alignment of the human LTA4H (A_1HS6) and mouse APA sequences was determined from multiple sequence
alignments between several proteins of this family and experimental information obtained in previous site-directed mutagenesis studies. B, C�

ribbon diagram of the tertiary structure of APA. The protein is organized in three domains: the N-terminal domain consisting mainly of �-sheets
(represented as yellow arrows), the globular active-site domain, and the C-terminal helical domain (red cylinders). C, molecular surface of the APA
model showing the cavity for ligand positioning.
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VA) were maintained in Ham’s F-12 medium supplemented with 7%
fetal calf serum, 0.5 mM glutamine, 100 units/ml penicillin, and 100
�g/ml streptomycin (all from Roche Molecular Biochemicals). A stable
cell line producing polyhistidine-tagged wild-type APA was established
as previously described (29). Stably transfected CHO cells were har-
vested, and a crude membrane preparation was obtained as previously
described (29). Wild-type His-APA was purified from the solubilized
crude membrane preparation by metal affinity chromatography with a
metal chelate resin column (Talon-Co2�) as previously described (29).
The purity of the final preparation was assessed by SDS-PAGE on 7.5%
polyacrylamide gels as described by Laemmli (31). Proteins were
stained with Coomassie Brilliant Blue R-250. Protein concentrations
were determined by the Bradford assay using bovine serum albumin as
the standard (42).

Metabolic Labeling and Immunoprecipitation—CHO cells were
transfected with 1 �g of the plasmid containing either wild-type or
mutant His-APA cDNA using LipofectAMINE Plus (Invitrogen) accord-
ing to the manufacturer’s protocol. A population of cells enriched in
transiently transfected cells was selected for resistance to 750 �g/ml
Geneticin (G418) over a 10-day period. These resistant cells (300,000
cells/well) were then incubated for 30 min in methionine/cysteine se-
rum-free Ham’s F-12 medium supplemented with 100 �Ci/ml [35S]me-
thionine/cysteine (pulse). The cells were then incubated for various
lengths of time (0, 90, and 180 min) in serum-free Ham’s F-12 medium
(chase). The cell medium was discarded; the cells were harvested; and
proteins were solubilized by incubation overnight at 4 °C with 600 �l of
50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 10 mM EDTA, and 1% (v/v)
Triton X-100. The resulting lysate was centrifuged at 20,000 � g for 5
min at 4 °C to remove the insoluble material. The supernatant was
incubated with the mouse monoclonal anti-His5 antibody (5 �l, 1 �g)
and protein A-Sepharose (50% (w/v) suspension in solubilization buffer;
Amersham Biosciences) for 2 h at 4 °C for immunoprecipitation. The
immune complexes were collected by centrifugation and washed four
times with solubilization buffer and once with 20 mM Tris-HCl (pH 6.8).
Proteins were eluted by boiling in 25 �l of Laemmli buffer and resolved
by 5% SDS-PAGE as described by Laemmli (31). The gel was dried and
placed against x-ray film for autoradiography.

Peptide N-Glycosidase F and Endoglycosidase H Treatment—A pop-
ulation of CHO cells enriched in transiently transfected cells producing
wild-type and mutant His-APAs was subjected to a 30-min pulse and a
90-min chase. The cells were lysed, and the proteins were solubilized

and immunoprecipitated. The samples were washed and centrifuged as
described above. The immune complexes were then eluted by boiling for
15 min in 100 �l of denaturing buffer (0.01% SDS). The samples were
incubated with or without 5 milliunits of peptide N-glycosidase F
(PNGase F; Roche Molecular Biochemicals) at pH 9 for 18 h at 37 °C
or 1 unit of endoglycosidase H (Endo H; Roche Molecular Biochemi-
cals) at pH 6 for 18 h at 37 °C. The reaction was stopped by adding
Laemmli buffer, and the samples were subjected to SDS-PAGE on 5%
acrylamide gels, which were then dried and placed next to x-ray film
for autoradiography.

Immunofluorescence and Double Labeling of Transiently Transfected
CHO Cells—CHO cells were seeded (25,000 cells) on 14-mm diameter
coverslips and transiently transfected with constructs encoding wild-
type and mutant His-APAs. The cells were cultured for 48 h in Ham’s
F-12 medium in a humidified atmosphere of 5% CO2 and 95% air. They
were then incubated with cycloheximide (70 �M) in Ham’s F-12 medium
for 90 min, 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 (PBS) (pH 7.4) and then saturated by incubation with
5% bovine serum albumin for 30 min at room temperature. They were
incubated with a 1:500 dilution of rabbit polyclonal anti-rat APA serum
(32), a kind gift from Dr. S. Wilk, in PBS and 2% bovine serum albumin
for 2 h at room temperature. The coverslips were washed three times
with cold PBS and then incubated with a 1:500 dilution of cyanin-3-
conjugated polyclonal anti-rabbit antibody in PBS and 2% bovine serum
albumin for 2 h at room temperature. The coverslips were washed four
times with PBS and mounted in Mowiol (Sigma) for confocal micros-
copy. For double labeling, fluorescein-conjugated concanavalin A (50
�g, 1:100) was added together with the secondary antibody. Transiently
transfected AtT20 cells were analyzed by evaluating immunofluores-
cence under the same conditions.

Cells were examined with a Leica TCS SP II confocal laser scanning
microscope equipped with an argon/krypton laser and configured with a
Leica DM IRBE inverted microscope. Cyanin-3 fluorescence was de-
tected after 100% excitation at 568 nm. For double detection of cyanin-3
and fluorescein, fluorescence was assessed after 100% excitation at 568
nm and 100% excitation at 488 nm, respectively. Fluorescence was
detected in windows of 580–630 and 500–550 nm. Images (1024 � 1024
pixels) were obtained with a �63 magnification oil-immersion objective.
Each image corresponded to a cross-section of the cell.

Enzyme Assay—For both protein concentration determination and

FIG. 2. Comparison of the active-site organization in the LTA4H template and in the APA model. LTA4H is colored in orange, and APA
is colored in green. The water molecule coordinated to the zinc ion (purple sphere) is represented as a red sphere in the APA active site. The carbon
atoms of bestatin, the inhibitor docked in the LTA4H active site, are colored in gray, whereas the carbon atoms of glutamate phosphonate, the
inhibitor docked in the APA active site, are colored in light blue.
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GluNA hydrolysis, purified recombinant wild-type His-APA and either
solubilized untransfected or transiently transfected CHO cells produc-
ing wild-type or mutant APAs were used. Wild-type His-APA was
purified as described above. Untransfected cells and cells transiently
expressing mutant His-APAs (300,000 cells) were harvested and solu-
bilized by incubation overnight in 400 �l of 0.5% CHAPS in Tris-HCl
(pH 7.4).

Protein Concentration Determination—The Bradford assay was used
for purified wild-type His-APA and solubilized cells using bovine serum
albumin as a standard to determine the total protein concentration of the
samples. Dot blots were then used to determine the concentration of
His-APA in the solubilized samples. A standard curve was generated by
spotting various amounts of purified His-APA on a nitrocellulose mem-
brane. We then spotted equivalent amounts of total protein for each of the
solubilized samples. Untransfected CHO cells were used to identify non-
specific immunoreactivity in the solubilized cells. Dot blots of recombinant
APAs were analyzed with a monoclonal anti-Xpress antibody (1:5000
dilution). Immunoreactive material was detected with a horseradish per-
oxidase-conjugated anti-mouse antibody (1:20,000 dilution) and developed
by enhanced chemiluminescence (ECL, Amersham Biosciences, Bucking-
hamshire, England). Chemiluminescence was measured by microdensito-
metric scanning of the dot blots. The concentrations of mutant His-APAs
were calculated from the purified His-APA standard curve.

GluNA Hydrolysis—The activities of the wild-type and mutant His-
APAs were determined by monitoring the rate of hydrolysis of a syn-

thetic substrate (GluNA) as previously described (33). Recombinant
His-APAs were incubated at 37 °C in the presence of 5 � 10�4 M GluNA
and 4 mM CaCl2 in a final volume of 100 �l of 50 mM Tris-HCl (pH 7.4).
Bestatin, a nonspecific aminopeptidase inhibitor, was used at a concen-
tration of 1 �M, which did not inhibit APA, but prevents degradation of
the substrate by aminopeptidases such as B, N, and W and cytosolic
aminopeptidases (34, 35). The rate of substrate hydrolysis was calcu-
lated for an equivalent level of expression for each mutant. Statistical
comparisons were performed with Student’s unpaired t test. Differences
were considered significant if p was �0.05.

RESULTS

Modeling of APA—The alignment of the LTA4H and APA
sequences used for homology modeling is presented in Fig. 1A.
Fig. 1B presents the structure of the entire protein, showing its
organization into three domains: the N-terminal domain con-
sisting mainly of �-sheets, the globular active-site domain, and
the C-terminal helical domain. The N- and C-terminal domains
have a large interface in common. The active site was found to
be located in the middle of this interface and to be accessible
from the outside (Fig. 1C).

The APA active-site structure obtained in the presence of the
inhibitor glutamate phosphonate is presented in Fig. 2. The

FIG. 3. Arg-220 and Asp-227, two residues conserved in monozinc aminopeptidases, play an important role in the structure of APA.
A, alignment of the mouse APA amino acid sequence with sequences of other monozinc aminopeptidases. The consensus zinc-binding motif HEXXH
is indicated in italics; the conserved residues Arg-220 and Asp-227 in APA and their homologous residues in other sequences are indicated in
boldface. Shown is the alignment of the amino acid sequences of mouse and human APA (EC 3.4.11.7); rat, human, and mouse aminopeptidase N
(APN; EC 3.4.11.2); rat insulin-regulated membrane aminopeptidase (IRAP; EC 3.4.11.3); mouse puromycin-sensitive aminopeptidase (PSA; EC
3.4.11.14); rat, mouse, and human LTA4H (EC 3.3.2.6); and rat aminopeptidase B (APB; EC 3.4.11.6). B, C� ribbon representation of the loop
organization between residues 215 and 230 and the Arg-220–Asp-227 salt bridge interaction that maintains the hairpin. The Glu-215 side chain
interacting with the inhibitor glutamate phosphonate is also depicted. C, C� ribbon diagram showing the position of the Arg-220–Asp-227 salt
bridge (colored in orange) inside the N-terminal �-sheet domain. The Asp-87 residue participating in the Asp-87–Arg-220–Asp-227 triad is shown
as green Corey-Pauling-Koltun atoms. The active-site residues and the inhibitor glutamate phosphonate are also represented (green and light blue
Corey-Pauling-Koltun atoms, respectively).
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organization of the active site obtained after refining the model
was very similar to that observed in the LTA4H complex (Fig.
2) (the residual mean square deviation between all heavy at-
oms of all the residues involved in or around the active site is
only �1.20 Å). The Zn2� ion is hexacoordinated in the model. 1)
The three active-site residues His-386, His-389, and Glu-408 in
APA (which correspond to the three residues binding the zinc
atom in LTA4H: His-295, His-299, and Glu-318, respectively)
are located in positions similar to those of their counterparts in
LTA4H. In the APA model, the two oxygen atoms of the Glu-408
carboxylate side chain coordinated the zinc ion. 2) One of the
oxygen atoms of the phosphate of the inhibitor also contributes
to the coordination sphere, as does a water molecule from the
solvent.

A strong network of hydrogen bonds is kept stable around
the zinc coordination sphere: the water molecule bound to the
zinc ion is frozen in position during molecular dynamics, as it is
also engaged in two conserved hydrogen bonds with the Glu-
386 and Glu-352 side chains. The Glu-352 side chain is also
hydrogen-bonded to the amine moiety of the inhibitor. His-385
(His-295 in LTA4H) is also maintained in place by the engage-
ment of its N�1 in a NH–CO hydrogen bond with the carbonyl
group of Glu-415 (Glu-325 in LTA4H). The phenol ring of Tyr-
471 has a location in APA similar to that of the corresponding
Tyr-383 in LTA4H, and its hydroxyl group is hydrogen-bonded
to an oxygen atom of the phosphate group of the inhibitor.

Other interactions within the APA chain may be important
for the catalytic process and for the enzyme stability, but not
immediately involved in the chemical activity of the molecule.
For example, a salt bridge interaction between Asp-227 and
Arg-220 appears to be important for the positioning of Glu-215
in the vicinity of the active site. This example is illustrated in
Fig. 3B, showing that the Glu-215 side chain interacts by
hydrogen bonding with the nitrogen group of the glutamate
phosphonate inhibitor (a similar interaction was also found for
bestatin). This Asp-227–Arg-220 salt bridge interaction is re-
inforced by another salt bridge, Arg-220–Asp-87, which kept
the arginine guanidinium sandwiched between two carboxylate
groups throughout the MD simulations. These interactions
seem to be necessary to maintain the cohesion of the N-termi-
nal �-sheet domain, especially the position of loop 215–230
inserted into the �-sheet organization of the N-terminal do-
main: this hairpin loop at residues 215–230 has a short helical

portion at the top, and this short helical fragment closely in-
teracts within the cavity formed by the strands (Fig. 3C). If
both the Arg-220 and Asp-227 residues are replaced with Ala,
and 500 ps of molecular dynamics simulations are run on the
new system, the organization of the �-strand of the N-termi-
nal domain is found to be greatly disturbed (residual mean
square deviation of 6 Å on the C� atoms of residues 79–280
between wild-type and mutant APAs versus 2.1 Å for the
C-terminal domain residues). Similar behavior was observed
if the Arg-220–Asp-227 pair was replaced with Asp-220-Arg-
227, due to strong repulsion between the carboxylate groups
of Asp-87 and the new Asp-220. This Asp-227–Arg-220 salt
bridge therefore appears to be a possible test case for meas-
uring the validity of the proposed models, as its disruption
should destabilize the folding of the N-terminal domain sur-
rounding the active site.

Site-directed Mutagenesis of His-APA cDNA—The mouse
APA model revealed an interaction between Arg-220 and Asp-
227 via a salt bridge that was necessary for the correct folding
of the N-terminal domain. Alignment of the sequence of mouse
APA with those of other monozinc aminopeptidases for the
region located upstream from the zinc-binding motif HEXXH
showed that these two residues are strictly conserved (Fig. 3A).
To characterize these structural residues, we replaced Arg-220
with alanine or aspartate and Asp-227 with alanine or arginine
by site-directed mutagenesis. We also switched these two res-
idues to yield the Asp-220/Arg-227 double mutant. The non-
conserved lysine residue at position 221 was also replaced with
alanine as a control. Transiently transfected CHO cells produc-
ing wild-type and mutant His-APAs were labeled by incubation
with [35S]methionine/cysteine for 5 h and then lysed in deter-
gent buffer, and His-APAs were immunoprecipitated with an
anti-His5 antibody. The immunoprecipitates were analyzed by
SDS-PAGE and autoradiography (Fig. 4). The autoradiographs
of wild-type APA and the Ala-221 control mutant displayed two
bands, 168 and 140 kDa in size, corresponding to specifically
immunoprecipitated proteins. The Ala-220, Asp-220, Ala-227,
Arg-227 and Asp-220/Arg-227 APA mutants produced only the
lower molecular mass form of the enzyme.

Mutant APAs Display Incorrect Maturation and Traffick-
ing—We investigated whether the conserved Arg-220 and
Asp-227 residues are important for the correct processing of the
enzyme in the secretory pathway by performing metabolic

FIG. 4. Metabolic labeling of histidine-tagged recombinant APAs. Transiently transfected CHO cells were treated with G418 for 10 days.
Cells were then labeled by incubation for 5 h with a [35S]methionine/cysteine mixture, and cell lysate proteins were immunoprecipitated with a
monoclonal anti-His5 antibody, resolved by 5% SDS-PAGE, and identified by autoradiography. The first and last lanes correspond to wild-type
His-APA and the Ala-221 control mutant, respectively. They each displayed two immunoprecipitated forms, 168 and 140 kDa in size. The other
lanes correspond to the other mutants, which displayed only the 140-kDa form. For all the recombinant His-APAs, the signal corresponding to the
non-glycosylated 110-kDa form was weak, but detectable.
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labeling and pulse-chase experiments on wild-type and mutant
His-APAs (Fig. 5A). Metabolic labeling and pulse-chase exper-
iments on wild-type APA and the Ala-221 control mutant re-
vealed a single immunoprecipitated band with an apparent
molecular mass of 140 kDa after 30 min of pulse and a second
band of 168 kDa after 90 min of chase. In contrast, the same
experiment performed on mutant APAs revealed the presence
of only a 140-kDa immunoprecipitated band, even after 180
min of chase.

PNGase F and Endo H Treatment of Wild-type and Mutant
His-APAs—We further investigated the pattern of maturation
and the intracellular location of wild-type and mutant APAs by
treating cell lysates with PNGase F or Endo H. Treatment of
glycoproteins with PNGase F removes all N-linked oligosaccha-

ride side chains. Treatment with Endo H removes immature,
but not medial Golgi-processed N-linked oligosaccharide side
chains. Treatment with PNGase F was used as a positive
control for deglycosylation of His-APAs. Treatment of wild-type
His-APA and the Ala-221 control mutant with PNGase F led to
the disappearance of both the 168- and 140-kDa forms of the
proteins. Treatment of the mutant enzymes led to the disap-
pearance of the 140-kDa form of these mutant proteins. For
each recombinant APA, PNGase F treatment yielded one band,
110 kDa in size. For wild-type APA and the Ala-221 control
mutant, the 140-kDa form was Endo H-sensitive and shifted to
110 kDa upon treatment, whereas the 168-kDa form was Endo
H-resistant. The other mutant APAs displayed only the lower
140-kDa form of the protein, which was Endo H-sensitive and

FIG. 5. Maturation and expression
of histidine-tagged recombinant wild-
type and mutant mouse APAs. A, CHO
cells transiently producing wild-type APA
and mutant APAs (Ala-220, Asp-220,
Ala-227, Arg-227, Asp-220/Arg-227, and
Ala-221) were labeled for 30 min with
[35S]methionine/cysteine and subjected
to chase periods with serum-free medium
for various lengths of time. Solubilized
cell lysate proteins were immunoprecipi-
tated with a monoclonal anti-His5 anti-
body, resolved by 5% SDS-PAGE, and
identified by autoradiography. The let-
ters correspond to the 168-kDa form
sorting from the Golgi apparatus (a) and
the 140-kDa form sorting from the endo-
plasmic reticulum (b). B, after 90 min of
chase, solubilized cell lysate proteins
were immunoprecipitated with a mono-
clonal anti-His5 antibody and treated
with PNGase F or Endo H. Samples were
subjected to 5% SDS-PAGE and identi-
fied by autoradiography. The letters cor-
respond to the 168-kDa form sorting
from the Golgi apparatus (a), the 140-
kDa form sorting from the endoplasmic
reticulum (b), and the 110 kDa non-gly-
cosylated form (c). C, cells were fixed
and immunolabeled with a rabbit poly-
clonal anti-rat APA serum and detected
with a cyanin-3-conjugated anti-rabbit
antibody. Immunofluorescence was de-
tected by confocal microscopy. Bar �
20 �m.
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shifted to 110 kDa upon treatment (Fig. 5B).
Immunofluorescence Labeling of Transiently Transfected

Wild-type and Mutant APAs—We investigated the trafficking
of wild-type and mutant APAs by performing immunofluores-
cence analysis with a rabbit polyclonal anti-rat APA antibody
and a cyanin-3-conjugated anti-rabbit secondary antibody.
Confocal microscopy analysis of CHO cells producing wild-type
His-APA or the Ala-221 control mutant showed that APA was
located in the plasma membrane. In contrast, the labeling
pattern in cells producing the other mutant proteins showed
that these mutant proteins were located within the cell and not
in the plasma membrane (Fig. 5C). To identify further the
compartment in which these mutant proteins were located, we
carried out a double labeling experiment with fluorescent con-

canavalin A, a lectin that specifically binds to mannose-rich
carbohydrate cores in glycoproteins and labels the ER. Confocal
microscopy analysis of CHO cells producing wild-type His-APA
or the Ala-221 control mutant showed different distributions
for APA and concanavalin A. The cyanin-3 (red) labeling of APA
was restricted to the plasma membrane, whereas fluorescein
(green)-conjugated concanavalin A labeling was detected in the
ER and the perinuclear cisterna of the cells. In contrast, the
location of the Ala-220 and Ala-227 mutant His-APAs almost
exactly matched that of the ER marker, consistent with these
mutants being located in the ER compartment (Fig. 6).

Enzymatic Activity of His-APAs—We determined the enzy-
matic activity of cellular extracts of CHO cells transiently
producing wild-type His-APA or the Ala-220 and Ala-227 mu-

FIG. 6. Double labeling of APA and concanavalin A. Cells transiently producing wild-type APA and mutant APAs (Ala-220, Ala-227, and
Ala-221) were fixed and immunolabeled with a rabbit polyclonal anti-rat APA serum. Labeling was detected by incubation with a cyanin-3-
conjugated anti-rabbit antibody. Fluorescein-conjugated concanavalin A was added together with the secondary antibody. Immunofluorescence
was observed by confocal microscopy. Bar � 20 �m.
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tant His-APAs as a percentage of purified recombinant wild-
type His-APA activity, taking into account the fact that equiv-
alent amounts of recombinant enzyme were used, as described
under “Experimental Procedures” (Fig. 7). Wild-type His-APA
activity was abolished completely in the presence of 10�6 M

glutamate phosphonate, a specific and selective inhibitor of
APA, a generous gift from Dr. B. Lejczak. In contrast to what
was observed for wild-type His-APA, the level of enzymatic
activity detected for the Ala-220 and Ala-227 mutants was very
low, corresponding to 0.30 and 0.18% of wild-type His-APA
activity, respectively. The activity of wild-type His-APA, meas-
ured under the same assay conditions in transiently trans-
fected cells, was also completely abolished in the presence of
10�6 M glutamate phosphonate.

DISCUSSION

As the crystal structure of APA has not yet been solved,
site-directed mutagenesis studies have been used to investigate
the organization of the APA active site (16–19, 25, 29). The
recent resolution of the x-ray crystal structure of human
LTA4H (27), a bifunctional zinc metalloenzyme with both
epoxide hydrolase and aminopeptidase activities, has provided
an opportunity to construct models of other members of this
metalloprotease family: gluzincins, and particularly monozinc
aminopeptidases such as APA. In this study, we generated a
molecular model of the mouse APA ectodomain (amino acids
79–559) using the human LTA4H structure as a template. We
also docked the inhibitor glutamate phosphonate, an analog of
the transition state, into the active site of this model. The
structure of the APA ectodomain deduced from this model was
compared with the structures of LTA4H and with the organi-
zation of the APA active site proposed on the basis of results of
previous site-directed mutagenesis studies. The model demon-
strated the crucial structural role of two conserved residues,
Arg-220 and Asp-227. Site-directed mutagenesis of these resi-
dues was used to validate the model. The mutant proteins
lacked enzymatic activity and were retained in the endoplas-
mic reticulum, demonstrating the importance of these amino
acids for the correct folding and trafficking of APA, thereby

confirming the structural role of these residues suggested by
the model.

The structure of APA obtained from the model is folded into
a flat triangle composed of three different domains: the
N-terminal domain consisting mainly of �-sheets, the globular
active-site domain, and the C-terminal helical domain. The
N- and C-terminal domains have a large interface in common.
The active site is located in this interface and is accessible from
the outside. The organization of the active site is very similar to
that observed in LTA4H. Within the active site and particularly
in the zinc-binding region, the structures of the two enzymes
can be superimposed, suggesting a common structural feature
in the monozinc aminopeptidase family.

In the three-dimensional model of APA, the zinc atom is
coordinated by the two histidine residues (His-385 and His-
389) of the HEXXH motif, consistent with the results obtained
by Wang and Cooper (16). The zinc atom is also coordinated by
a water molecule and Glu-408, which was shown by Vazeux et
al. (17) to be the third zinc ligand. Similar ligation of the zinc
atom in the active site of LTA4H was observed with the equiv-
alent residues in this enzyme (His-295, His-299, and Glu-318).
The APA model also showed an interaction between Glu-415
(the equivalent of Glu-325 in LTA4H) and His-385. The hydro-
gen bond between the side chain of the acidic glutamate and
the protonated nitrogen HN�1 atom of the imidazole ring of
His-385 (the equivalent of His-295 in LTA4H) could function
both by maintaining the position of the histidine side chain
relative to the zinc ion and by polarizing the histidine N�2 atom,
thereby increasing the strength of zinc coordination (36). This
suggests that Glu-415 of APA may be functionally equivalent to
Asp-991 in angiotensin-converting enzyme, Asp-170 in thermo-
lysin, and Asp-650 in neutral endopeptidase 24.11, all of which
are located in the conserved motif EXXXD and have been
shown to play a role in positioning the first histidine (His-959
in angiotensin-converting enzyme, His-142 in thermolysin, and
His-583 in neutral endopeptidase 24.11) of their respective
zinc-binding motif HEXXH (26, 37, 38). In addition, the dis-
tance between the third zinc ligand and this acidic residue is
conserved among the gluzincin family (four residues in angio-
tensin-converting enzyme, thermolysin, and neutral endopep-
tidase 24.11 and seven residues in APA, LTA4H, and other
monozinc aminopeptidases), suggesting a common functional
role for this residue in monozinc aminopeptidases.

We then docked a potent and selective APA inhibitor, gluta-
mate phosphonate, into the active site. It has been suggested
that this compound binds to APA by interacting with the S1
subsite specific for N-terminal acidic amino acid residues and
with the anionic binding site Glu-352. This inhibitor also be-
haves as a transition state analog in which the replacement of
the substrate scissile amide bond with a phosphonic acid group
mimics the tetrahedral transition state (28). One of the phos-
phoryl oxygens ligates the zinc in a tetrahedral complex and
forms a hydrogen bond with Tyr-471 that is involved in tran-
sition state stabilization (18). The three-dimensional model of
APA complexed with glutamate phosphonate provides evidence
that the N-terminal amine of the inhibitor interacts with Glu-
352 of APA as proposed by Vazeux et al. (19) and as proposed by
Luciani et al. (21) for aminopeptidase N. The model also dem-
onstrates an interaction between Glu-215 (the equivalent of
Gln-136 in LTA4H) and the N-terminal amine of the inhibitor.
A similar interaction has been observed between Gln-136 of
LTA4H and the N-terminal amine of the co-crystallized inhib-
itor bestatin. However, site-directed mutagenesis studies on
this residue resulted in no definitive conclusions (22), perhaps
because LTA4H is not strictly an aminopeptidase.

Studies of the docking of glutamate phosphonate also make

FIG. 7. Enzymatic activity of histidine-tagged recombinant
wild-type and mutant APAs. Activities of wild-type APA and mutant
APAs (Ala-220, Ala-221, and Ala-227) in cellular extracts of transiently
transfected CHO cells are expressed as a percentage of purified wild-
type activity. Activity assays were performed in the presence of 1 �M

bestatin. The activity of wild-type APA in cellular extract was also
determined in the presence of 1 �M glutamate phosphonate
(GluPO3H2). Measurements are the means � S.E. of three independent
transfections with duplicate determinations. ***, p � 0.001. The mean
value for purified wild-type APA corresponds to 83.4 nmol of substrate
hydrolyzed per min/�g of purified APA.
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it possible to investigate interactions between the active site
and the substrate during the catalysis step. Our data show that
one of the phosphoryl oxygen atoms of the inhibitor binds the
zinc atom, with another binding the water molecule. Glu-352
also binds the water molecule via a hydrogen bond. All these
interactions are involved in control of the positioning of this
water moiety, allowing Glu-386 to polarize the water molecule,
promoting nucleophilic attack of the peptide bond. This inter-
action between Glu-386 and the water molecule was previously
described by Vazeux et al. (17), who suggested that this residue
is the catalytic effector of APA. In addition, the interaction
between Glu-352 and the water molecule shown by the model
may account for the large decrease in the catalytic constant
following the mutation of this residue or equivalent residues in
other enzymes (21, 22). The water molecule is not present in
the active site of LTA4H complexed with bestatin. This is
probably due to the nature of bestatin, which does not display
a conformation of an analog of the transition state. In addition,
the phenol ring of Tyr-471 of APA (equivalent of Tyr-383 in
LTA4H) interacts with a phosphonic hydroxyl group of the
inhibitor. This residue, shown to be essential for stabilizing the
transition state of catalysis in aminopeptidase A (18), would be
the counterpart of Tyr-149 in astacin (39, 40). In summary,
these data are consistent with the catalytic model proposed on
the basis of studies of the co-crystallization of thermolysin with
various inhibitors (26) and with the catalytic model we pro-
posed for APA (25).

This model also enabled us to identify residues essential to
maintenance of the structure of APA. We identified two resi-
dues (Arg-220 and Asp-227) that seem to play a critical struc-
tural role by interacting with each other via a salt bridge and
that seem to be necessary for maintaining the cohesion of the
N-terminal �-sheet domain, therefore ensuring the correct fold-
ing of the N-terminal domain surrounding the active site. In-
deed, if either of these two residues was replaced by alanine in
the model, we observed severe perturbation of the structure of
the N-terminal �-sheet domain, with a residual mean square
deviation of 6 Å on the C� atoms of residues 79–280 between
wild-type APA and the Ala-220 and Ala-227 mutants. Simi-
larly, site-directed mutagenesis of either of these residues re-
sulting in their replacement with alanine resulted in the bio-
synthesis of mutant enzymes that were processed incorrectly.
In pulse-chase experiments, cells producing wild-type APA and
the Ala-221 control mutant displayed a 140-kDa form after 30
min of pulse and a 168-kDa form after 90 min of chase. The
glycosylated groups of this high molecular mass form of APA
were digested by PNGase F, but not by Endo H. Thus, this high
molecular mass molecule corresponds to the mature glycosy-
lated complex sorting from the Golgi apparatus. In contrast,
the Ala-220 and Ala-227 mutants displayed only the lower
molecular mass band (140 kDa), even after 3 h of chase. As this
form of APA was digested by both Endo H and PNGase F, it
probably corresponds to the immature high-mannose form of
APA found in the ER.

Immunofluorescence experiments on wild-type and mutant
His-APAs confirmed these results by showing that wild-type
APA and the Ala-221 control mutant were present in the
plasma membrane, whereas the Ala-220 and Ala-227 mutant
APAs were present in an intracellular compartment. This pat-
tern of localization was observed in transfected fibroblast CHO
cells and corticotroph pituitary AtT20 cells (data not shown),
suggesting that the pattern of maturation and trafficking is not
related to the cell type, but is specifically related to the enzyme
structure itself. In each case, we assessed the specific effect of
the mutation because the Ala-221 control mutant displayed the
same pattern of maturation and localization as wild-type APA.

The colocalization of the Ala-220 and Ala-227 mutants, but not
of wild-type APA, with concanavalin A in double labeling im-
munofluorescence experiments provides additional evidence
that the recombinant mutant APAs are retained in the ER.
This retention in the ER, in contrast with the plasma mem-
brane location of wild-type APA, is consistent with the incor-
rect folding of mutant enzymes, which are then retained by the
quality control mechanisms of the cell (41). We investigated the
interaction between Arg-220 and Asp-227 further by creating a
model for a double mutant in which Arg-220 and Asp-227 were
inverted (Asp-220/Arg-227). This mutant protein behaved sim-
ilarly to the Ala-220 and Ala-227 single mutant proteins, sug-
gesting that the inverted residues do not interact with each
other. We observed a strong repulsion between the carboxylate
group of Asp-87 and the inverted Asp-220 residue, preventing
the interaction between Asp-220 and Arg-227. We assessed the
effect of this inversion in a cellular system using site-directed
mutagenesis to generate the Asp-220 and Arg-227 single mu-
tants and the Asp-220/Arg-227 double mutant. All these recom-
binant mutant proteins displayed the same pattern of matura-
tion and trafficking as Ala-220 and Ala-227, as shown by the
detection of a single 140-kDa Endo H-sensitive band in pulse-
chase experiments and the ER retention observed by confocal
immunofluorescence microscopy. These data are consistent
with those collected in our model, showing that these two
residues interact with each other via a salt bridge, which seems
to be important for the correct folding of the N-terminal �-sheet
domain.

In this work, we created a three-dimensional model of the
major part of the APA ectodomain using the structure of
LTA4H as a template. This three-dimensional model of the
APA ectodomain was found to be highly consistent with the
organization of the APA active site proposed on the basis of
previous mutagenic studies. The three-dimensional model of
APA revealed the presence of two residues (Arg-220 and Asp-
227) that appeared to be critical to the structure of the protein,
interacting with each other via a salt bridge. This salt bridge
was necessary for maintenance of the cohesion of the N-termi-
nal �-sheet domain and therefore for the correct folding of the
N-terminal domain surrounding the active site. We validated
this model by site-directed mutagenesis. We demonstrated that
the mutant APAs were incorrectly maturated, localized within
the cell, and lacked enzymatic activity, confirming the struc-
tural role of these residues. This model is therefore a powerful
new tool for further investigation of the active site of APA and
for designing new inhibitors of the enzyme that could be used
as central antihypertensive agents.
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