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cleave N-terminal acidic residues from peptides.

antihypertensive APA inhibitors.

(Bacl(ground: Human aminopeptidase A (APA) regulates central hypertension through its calcium-modulated preference to

Results: We determined the crystal structures of APA complexed with different ligands and calcium.
Conclusion: The S1 pocket of APA contains a calcium-binding site and accommodates only acidic residues.
Significance: This study elucidates the calcium-modulated substrate specificity of APA and will aid in the development of

J

Hypertension is regulated through both the central and sys-
temic renin-angiotensin systems. In the central renin-angioten-
sin system, zinc-dependent aminopeptidase A (APA) up-regu-
lates blood pressure by specifically cleaving the N-terminal
aspartate, but not the adjacent arginine, from angiotensin II, a
process facilitated by calcium. Here, we determined the crystal
structures of human APA and its complexes with different
ligands and identified a calcium-binding site in the S1 pocket of
APA. Without calcium, the S1 pocket can bind both acidic and
basic residues through formation of salt bridges with the
charged side chains. In the presence of calcium, the binding of
acidic residues is enhanced as they ligate the cation, whereas the
binding of basic residues is no longer favorable due to charge
repulsion. Of the peptidomimetic inhibitors of APA, amasta-
tin has higher potency than bestatin by fitting better in the S1
pocket and interacting additionally with the S3’ subsite.
These results explain the calcium-modulated substrate spec-
ificity of APA in central hypertension regulation and can
guide the design and development of brain-targeting antihy-
pertensive APA inhibitors.

Approximately 1 billion people or ~26% of the adult popu-
lation of the world are affected by hypertension (1). Hyperten-
sion cannot be cured, but antihypertensive treatment can
reduce cardiovascular morbidity and mortality. Despite the
availability of many antihypertensive drugs, hypertension
remains difficult to control. ~20% of the hypertensive popula-
tion are “resistant hypertension” patients, who do not respond
well to three or more different antihypertensive drugs used at
the same time (2). This proportion is even greater when
patients who do not respond well to two antihypertensive drugs
used concurrently are included. Additionally, current antihy-

* This work was supported the University of Minnesota (to F. L.).

The atomic coordinates and structure factors (codes 4KX7, 4KX8, 4KX9, 4KXA,
4KXB, 4KXC, and 4KXD) have been deposited in the Protein Data Bank
(http://wwpdb.org/).

"To whom correspondence should be addressed: Dept. of Pharmacology,
University of Minnesota Medical School, 6-121 Jackson Hall, 321 Church St.
SE, Minneapolis, MN 55455. Tel.: 612-625-6149; Fax: 612-625-8408. E-mail:
lifang@umn.edu.

25638 JOURNAL OF BIOLOGICAL CHEMISTRY

pertensive drugs have lower efficacy in patients of African
ancestry (3, 4) or patients with renal impairment or diabetes (5,
6). Consequently, the demand to develop new antihypertensive
drugs with different mechanisms of action remains high.

Blood pressure is regulated through both the central and sys-
temic renin-angiotensin systems (RASs)? (7—9). Some hyper-
tensive patients show hyperactivity in the central RAS but low
activity in the systemic RAS. Hence, these patients are resistant
to treatments targeting the systemic RAS (10). The same set of
peptidases play essential roles in both the central and systemic
RASs (Fig. 1) (11, 12). Renin (also known as angiotensinoge-
nase) cleaves the N-terminal 12 residues from the protein angio-
tensinogen to produce the peptide angiotensin I. Angioten-
sin-converting enzyme (ACE) then cleaves the C-terminal two
residues from angiotensin I to produce angiotensin II. Amino-
peptidase A (APA) cleaves the N-terminal aspartate from an-
giotensin II to produce angiotensin IIL Finally, aminopeptidase
N (APN) cleaves the N-terminal arginine from angiotensin III
to produce angiotensin IV. Interestingly, angiotensin peptides
play different roles in the central and systemic RASs: in the
systemic RAS, angiotensin II is the main effector peptide that
increases blood pressure, whereas in the central RAS, angioten-
sin III plays this role (13—15). Renin and ACE in the systemic
RAS are among the main targets for antihypertensive drugs
(11). Recently, APA in the central RAS has been suggested as a
new target for antihypertensive drugs (16 —21). In several types
of hypertension animal models, brain-targeting APA inhibi-
tors, either directly injected into the brain or administered
orally followed by brain distribution, have been shown to be
effective in lowering blood pressure (16-19). However, the
design and development of this new class of antihypertensive
drugs have been hindered by the lack of an atomic structure of
APA. Like the crystal structures of renin and ACE (22, 23), the
crystal structure of APA can inform therapeutic discoveries and
aid in the control and treatment of hypertension.

Mammalian APA is a member of the M1 family of zinc met-
alloenzymes and is widely expressed in many tissues, including

2 The abbreviations used are: RAS, renin-angiotensin system; ACE, angioten-
sin-converting enzyme; APA, aminopeptidase A; APN, aminopeptidase N;
pNA, p-nitroanilide; MIRAS, multiple isomorphous replacement and anom-
alous scattering.
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FIGURE 1. Central and systemic RASs that together regulate blood pres-
sure. In both the central and systemic RASs, renin cleaves angiotensinogen to
produce angiotensin |, ACE converts angiotensin | to angiotensin Il, APA con-
verts angiotensin Il to angiotensin lll, and APN converts angiotensin Ill to
angiotensin IV. Angiotensin Il is the major effector peptide in the systemic
RAS, whereas angiotensin Ill is the major effector peptide in the central RAS.

the brain (20, 24). As a cell surface-anchored ectoenzyme, it
preferentially cleaves acidic residues, either glutamate or aspar-
tate, from the N terminus of peptide substrates (25). The cata-
lytic mechanism of APA is believed to be similar to that of
another zinc-dependent aminopeptidase in the same family,
APN, whose structure we reported recently (26). However,
APA is unique among M1 family zinc metalloenzymes for
favoring cleavage of acidic residues. Intriguingly, the substrate
specificity of APA is modulated by calcium, a unique feature
among all families of zinc metalloenzymes. More specifically,
calcium enhances the enzymatic activity of APA for cleavage of
acidic residues while reducing its activity with basic residues
(27-31). The calcium-modulated substrate specificity of APA is
deemed physiologically relevant because the concentrations
of calcium that modulate APA activity are in the same range
as those found in brain fluid (i.e. 1-2 mm) (32). Mutagenesis
studies have identified several residues in APA that may be
involved in calcium modulation (27-31). However, the
structural mechanism for calcium-modulated substrate
specificity of APA has remained a puzzle due to the lack of an
atomic structure of APA. Understanding this mechanism
will not only enrich our knowledge about the interesting
APA enzymology but will also provide insights into central
hypertension regulation by APA.

Here, we have determined the crystal structures of the
human APA ectodomain by itself and in complex with amino
acids or peptidomimetic inhibitors. These structures illustrate
detailed interactions between APA and its ligands. We have also
identified a calcium-binding site in APA and elucidated the struc-
tural basis for calcium-modulated APA activity. Additionally, this
study reveals the structural basis for the different APA-inhibiting
potencies of peptidomimetic inhibitors. Taken together, these
results provide an understanding of the substrate specificity and
calcium modulation of APA in central hypertension regulation
and will guide the development of a new class of brain-targeting
APA inhibitors to treat hypertension.
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Crystal Structure of Human Aminopeptidase A

EXPERIMENTAL PROCEDURES

Reagents and Constructs—The synthetic substrates glu-
tamyl-p-nitroanilide (pNA), aspartyl-pNA, arginine-pNA, phe-
nylalanine-pNA, and leucine-pNA and the peptidomimetic
inhibitors bestatin and amastatin were from Sigma-Aldrich.
pFastBac (Invitrogen) was described previously (26).

Protein Preparation and Crystallization—The human APA
ectodomain (residues 76 —957) was expressed and purified as
described previously for porcine APN (26). Briefly, the human
APA ectodomain, containing an N-terminal honeybee melittin
signal peptide and a C-terminal His, tag, was expressed in
insect cells using the Bac-to-Bac expression system (Invitro-
gen), secreted into cell culture medium, and subsequently puri-
fied on a nickel-nitrilotriacetic acid affinity column and a
Superdex 200 gel filtration column (GE Healthcare). APA was
concentrated to 10 mg/ml and stored in buffer containing 20
mw Tris (pH 7.4) and 200 mm NaCl. Crystallization of APA was
set up using the sitting drop vapor diffusion method at 4 °C,
with 2 ul of protein solution added to 2 ul of well buffer
containing 1.6 M sodium citrate (pH 7.0). After 4 weeks, APA
crystals were harvested in buffer containing 10% (v/v) glyc-
erol and 1.6 M sodium citrate (pH 7.0) and flash-frozen in
liquid nitrogen.

Heavy atom derivatives of APA crystals were prepared by
soaking crystals overnight in buffer containing 1 mm heavy
atom (HgCl, or K,PtBr), 10% (v/v) glycerol, and 1.6 M sodium
citrate (pH 7.0). Crystals of APA-ligand complexes were pre-
pared by soaking crystals overnight in buffer containing 8 mm
ligand (amino acids or peptidomimetic inhibitors), 10% (v/v)
glycerol, and 1.6 M sodium citrate (pH 7.0). Crystals of APA-
ligand complexes in the presence of calcium were prepared by
soaking crystals overnight in buffer containing 8 mm ligand, 20
mm CaCl,, 10% (v/v) glycerol, and 1.6 M sodium citrate (pH 7.0).

Data Collection and Structure Determination—Data were
collected at Advanced Light Source beamline 4.2.2 at a wave-
length of 1.0003 A and at 100 K for native crystals. The crystal
structure was determined with a mercury derivative and a plat-
inum derivative by the multiple isomorphous replacement and
anomalous scattering (MIRAS) method, with data collection
conducted at wavelengths of 1.0003 and 1.06883 A. X-ray dif-
fraction data were processed using HKL2000 (33). The program
SOLVE (34) was used to find heavy atom sites and for MIRAS
phasing. From a mercury-derivatized crystal, 14 mercury sites
were identified. From a platinum-derivatized crystal, 12 plati-
num sites were identified. The program RESOLVE was used for
solvent flattening and automated model building (35). The
model was improved by iterative cycles of manual building in
Coot (36) and refinement with CNS (37) and Refmac (38). The
similes files of ligands were loaded onto CCP4 Module Sketcher
to generate CIF (crystallographic information file) files. The
generated CIF files were used in CCP4 refinement of APA-
ligand complex structures. The CIF files were also converted to
topology and parameter files in CNS using module cns_im-
port_cif. The generated topology and parameter files were used
in CNS refinement of APA-ligand complex structures. Models
of ligands were built based on F, — F, omit maps calculated in
the absence of the ligands. For the APA native model, 97% of
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FIGURE 2. Overall structure of the human APA ectodomain. A, the human
APA ectodomain contains four domains: head (cyan), side (brown), body
(magenta), and tail (yellow). Residue numbers indicating domain boundaries
are in parentheses. B, 2F, — F_ electron density map of the zinc-binding site
(contoured at 1.50). C, structure of the dimeric APA ectodomain and model of
dimeric full-length APA on the cell surface. Zinc is shown as a blue sphere. IC,
intracellular tail; TM, transmembrane anchor.

residues are in the favored regions of the Ramachandran plot,
and 0.23% of residues are in the disallowed regions.

Catalysis and Inhibition Assays—APA catalytic activities
were determined with 10 nm APA and 1 mm aminoacyl-pNA
(amino acid-pNA) in 100 ul of 25 mm Tris-HCl buffer at pH 7.0
in the presence or absence of 2 mm CaCl,. The reactions were
incubated at 37 °C for 30 min. Formation of product pNA was
measured using a spectrophotometer and monitored at 405 nm.

APA inhibition assays were carried out using a concentration
gradient of the peptidomimetic inhibitors. Formation of prod-
uct pNA was measured every 10 min. The IC, is defined as the
concentration of each inhibitor that led to 50% of maximal APA
turnover of Glu-pNA. The K; values for the inhibition assay
were determined from the IC,, using the Cheng-Prusoff equa-
tion: K, = IC.,/(1 + [S]/K,,,).

RESULTS

Structural Determinations of APA and APA-Ligand Comp-
lexes—Mammalian APA is a class II membrane protein with a
short intracellular N-terminal tail, a single-pass transmem-
brane anchor, a small stalk, and a large C-terminal ectodomain
(24). The human APA ectodomain (residues 76-957) was
expressed, purified, and crystallized in space group P6,22 (a =
142.3, b = 142.3, and ¢ = 237.3 A), with one molecule/asym-
metric unit. The structure was determined by MIRAS using one
mercury derivative and one platinum derivative. The final
structural model was refined at 2.15 A resolution (Fig. 2, A and
B). It contains residues 76 —954 of the APA ectodomain (except
for disordered loop 608—611) and 11 N-linked glycans. APA-
ligand complexes were prepared by soaking each of the ligands
(amino acids or peptidomimetic inhibitors) into APA crystals
in the presence or absence of calcium. Their structures were
determined by molecular replacement using the unliganded
APA structure as the search template and were subsequently
refined. Data and model statistics are listed in Table 1.

Overall Architecture—The human APA ectodomain has the
same domain structures and arrangement as other M1 family
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zinc metalloenzymes (Fig. 2, A and C, and Fig. 3). It consists of
four distinct domains: head (residues 633-954), side (residues
543-632), body (residues 294 —542), and tail (residues 76 —293)
(Fig. 2A). The zinc-binding active site is located in a cavity cre-
ated by the head, side, and body domains (Fig. 2B). The active
site cavity of M1 family zinc metalloenzymes can alternate
between an open conformation for substrate loading or product
unloading and a closed conformation for catalysis. These con-
formational changes are through a hinge-opening movement
between the head domain and the other domains, accompanied
by positional changes of catalytic residues (26). All of the cata-
lytic residues in the current APA structure are in their catalyt-
ically active positions (Fig. 4), suggesting that the APA structure
captured in this study is in a closed conformation. However, the
active site cavity of APA in the closed conformation is signifi-
cantly narrower than that of mammalian APN in the closed
conformation (Fig. 3A), suggesting that APA excludes large
peptide substrates from accessing its active site and hence has a
more restricted range of substrates compared with APN.

The APA ectodomain forms a novel homodimer. In the crys-
tal, there is only one molecule of the APA ectodomain in each
asymmetric unit. However, two molecules from adjacent asym-
metric units form the homodimer through their head domains
(Fig. 2C), burying ~1600 A2 of accessible surface between them.
These structural data are consistent with the previous observation
that full-length mammalian APA forms a homodimer on cell sur-
faces (25). Interestingly, although APA and APN both form a
homodimer through their head domains, different regions in
their head domains are involved in dimer formation, leading to
completely different dimer interfaces (Figs. 2C and 3B). Dimer
formation can increase the stability of APA and APN, both of
which are ectoenzymes and face harsher environments than
monomeric intracellular zinc metalloenzymes in the same fam-
ily. Furthermore, the head-to-head dimer arrangements in both
APA and APN can facilitate the closed-to-open conformational
changes, during which the dimer interfaces are maintained and
the membrane anchors move along the cell membrane. The
different dimer arrangements of APA and APN suggest that a
conserved dimer interface is not a prerequisite for the above
functional benefits associated with dimer formation.

Substrate Specificity—To investigate the substrate specificity
of APA, we determined the crystal structures of APA com-
plexed with amino acids or peptidomimetic inhibitors (Fig. 5, A
and B, and Fig. 6, A and B). APA and APN form the same
interactions with the main chain of the N-terminal residue (P1
residue) of their ligands (Fig. 4), suggesting that the two
enzymes share a common catalytic mechanism despite their
modest sequence similarity. However, the S1 pocket that
accommodates the P1 side chain of ligands differs markedly
between APA and APN, consistent with the different substrate
specificities of the two enzymes. In general, the S1 pocket of
APN is largely hydrophobic and prefers to accommodate
hydrophobic amino acid side chains. In contrast, the S1 pocket
of APA is polar and prefers to accommodate polar P1 side
chains. In this study, we focused on the interactions between
the S1 pocket of APA and the P1 side chains of ligands that are
major determinants of the substrate specificity of APA.
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TABLE 1
Data collection and refinement statistics

Crystal Structure of Human Aminopeptidase A

Values in parentheses are for the highest resolution shell. r.m.s.d., root mean square deviation.

Native APA-glutamate APA-Ca-glutamate APA-Ca-aspartate APA-arginine APA-amastatin APA-bestatin
APA complex complex complex complex complex complex
Data collection

Space group P6,22 P6,22 P6,22 P6,22 P6,22 P6,22 P6,22
Cell dimensions

a,c(A) 142.3,237.3 142.2,237.1 142.2,237.1 142.1,237.4 142.3,237.2 142.7,237.8 141.9,237.1

0% . 120° 120° 120° 120° 120° 120° 120°
Resolution (A) 50-2.05 50-2.4 50-2.15 50-2.4 50-2.25 50-2.4 50-2.4
Total reflections 534,840 336,976 525,986 403,261 481,998 609,019 334,475
Unique reflections 76,159 49,269 74,275 54,380 67,214 53,672 55,096
Wilson B-factor 35.90 42.53 31.44 4548 32.96 34.62 43.00

Ry 0.080 (0.573) 0.085 (0.537) 0.083 (0.454) 0.077 (0.613) 0.095 (0.439)  0.126 (0.425) 0.086 (0.639)
R ;.. (41,42) 0.035 (0.274)  0.033 (0.264) 0.031 (0.196) 0.032 (0.271) 0.038 (0.200) 0.039 (0.131) 0.038 (0.278)
Io 22.0 (2.9) 17.5 (2.6) 19.16 (3.67) 25.7 (2.3) 21.8 (3.9) 14.9 (7.18) 21.4 (2.4)
Completeness (%)  99.4 (99.6) 88.7 (90.8) 97.3 (93.9) 97.9 (98.9) 99.8 (98.3) 98.2 (100.0) 99.7 (99.7)
Redundancy 6.0 (5.2) 6.8 (5.1) 7.0 (5.6) 7.3 (7.1) 7.1 (5.5) 11.0 (10.5) 6.0 (5.7)
Refinement
Resolution (A) 38.9-2.15 38.8-2.4 45.6-2.15 48.6-2.4 45.6-2.25 41.2-2.4 33.8-2.4
Test set reflections 3832 2518 3742 2750 3403 2713 2793
Ryori/ Riyee 0.173/0.218 0.167/0.226 0.183/0.248 0.152/0.224 0.167/0.236 0.210/0.276 0.170/0.252
No. of atoms 7993 7854 7945 7901 8011 7956 7853
Protein 7186 7153 7159 7159 7160 7151 7159
Carbohydrate 210 238 224 224 224 238 224
Ligand 0 10 10 9 12 33 22
Ton 1 1 2 2 1 1 1
Water . 595 452 550 507 614 533 445
B-factors (A?) 58.7 61.5 56.9 64.6 59.7 56.1 65.4
Protein 56.9 59.6 55.2 62.8 57.5 54.2 63.6
Ligand 79.7 67.1 96.3 94.9 53.4 74.4
Ion 80.8 74.1 59.2 77.0 85.0 76.5 74.2
Water 58.8 60.6 58.6 62.8 61.9 55.2 64.4
r.m.s.d. .
Bond lengths (A)  0.007 0.008 0.007 0.007 0.008 0.009 0.009
Bond angles 1.239° 1.297° 1.265° 1.201° 1.245° 1.313° 1.282°
Ramachandran plot
Favored (%) 97 96 96 96 96 97 95
Outliers (%) 0.23 0.57 0.69 0.57 0.57 0.69 0.34
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FIGURE 3. Structural comparisons of the conformation and dimer forma-
tion of porcine APN and human APA. A, structural alignment of APA (blue)
and APN (green; Protein Data Bank code 4FKE), both of which are in the cata-
lytically active and closed conformation. B, structure of the dimeric porcine
APN ectodomain.

The S1 pocket of APA is well suited to accommodate the side
chains of acidic residues. The carboxylate side chain of bound
glutamate forms a strong salt bridge with Arg-887 and a hydro-
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FIGURE 4. Structural comparisons of the active sites of porcine APN and
human APA. A, interaction between the catalytic residues of APN (magenta)
and the main chain of bound alanine (green; Protein Data Bank code 4FKH). B,
interaction between the catalytic residues of APA (pink) and the main chain of
bound glutamate (green). C, interaction between the catalytic residues of APN
and the main chain of bound bestatin (green; Protein Data Bank code 4FKK). D,
interaction between the catalytic residues of APA and the main chain of
bound bestatin (green).

gen bond with Thr-356 in the S1 pocket (Fig. 54). These ener-
getically favorable interactions are consistent with high APA
activity on substrates with a P1 glutamate (Fig. 5C). Mutation
R887A causes a dramatic decrease in APA activity on substrates
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FIGURE 5. Substrate specificity of APA in the absence of calcium. A,
detailed interactions between a glutamate side chain and the S1 pocket of
APA. B, detailed interactions between an arginine side chain and the S1
pocket of APA. APA residues are in pink, and ligands are in green. Electron
density maps of ligands correspond to F, — F.omit maps (contoured at 2.50)
that were calculated in the absence of ligands. Models of APA-bound ligands
were built based on these maps. Unit of distances is angstrom. C, relative
catalytic activities of APA on different substrates (amino acid-pNA) in the
absence or presence of calcium. The catalytic activity of APA on Glu-pNA in
the absence of calcium was taken as 100%. Each bar shows the mean = S.E.
(n = 3).D, relative catalytic activities of APA mutants on substrates. The cata-
lytic activity of wild-type APA on Glu-pNA was taken as 100%.

with a P1 glutamate through removal of the salt bridge (Fig. 5D).
Mutation T356V also decreases APA activity on substrates with
a P1 glutamate through removal of the hydrogen bond. In the
absence of calcium, aspartate could not be soaked into the APA
crystals, consistent with the relatively low APA activity on sub-
strates with a P1 aspartate in the absence of calcium. Presum-
ably, the relatively short side chain of aspartate would form a
weak salt bridge with Arg-887, and thus, aspartate is less
favored than glutamate by APA at the P1 substrate site.

The S1 pocket also accommodates the side chains of basic
residues (Fig. 5C). The guanidinium group of bound arginine
forms a salt bridge with the side chain of Asp-221, a hydrogen
bond with the main chain carbonyl of Glu-223, and another
hydrogen bond with the side chain of Thr-356 (Fig. 5B). Muta-
tion T356V decreases APA activity on substrates with a P1 argi-
nine through removal of the hydrogen bond with the Thr-356
side chain. Interestingly, compared with bound glutamate, the
side chain of bound arginine points in a different direction,
which reduces, but does not eliminate, charge repulsion with
Arg-887 in the S1 pocket. Mutation R887A increases APA
activity on substrates with a P1 arginine through elimination of
the charge repulsion (Fig. 5D). These results are consistent with
the observation that in the absence of calcium, arginine is less
favored than glutamate, but more favored than aspartate, by
APA at the P1 substrate site (Fig. 5C).

The S1 pocket discriminates against the side chains of neu-
tral residues, as evidenced by low APA activity on substrates
with a P1 leucine or phenylalanine (Fig. 5C). Accordingly, the
amino acids leucine and phenylalanine were not observed
bound to APA when soaked into the APA crystals. Instead, two
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FIGURE 6. APA-inhibiting mechanisms of peptidomimetic inhibitors. A,
interactions between the inhibitor amastatin and APA. B, interactions
between the inhibitor bestatin and APA. Detailed interactions between the
inhibitors and APA residues are shown by arrows. Electron density maps of
inhibitors correspond to F, — F. omit maps (contoured at 2.50) that were
calculated in the absence of inhibitors. Models of APA-bound inhibitors were
built based on these maps. C, detailed interactions between the P1 side chain
of amastatin and the S1 pocket of APA. D, detailed interactions between the
P1 side chain of bestatin and the S1 pocket of APA. E, detailed interactions
between the P3’ side chain of amastatin and the S3’ subsite of APA. F, inhibi-
tion of APA catalytic activity by amastatin and bestatin. The catalytic activity
of APA on Glu-pNA in the absence of inhibitor was taken as 100%. All values
are mean = S.E. (n = 3).

peptidomimetic inhibitors, amastatin and bestatin, which con-
tain a P1 leucine and phenylalanine, respectively, were success-
fully soaked into the APA crystals (Fig. 6, A and B). The side
chains of leucine and phenylalanine both form hydrophobic
interactions with the side chains of Phe-474 in the S1 pocket but
also have unfavorable steric interactions with the polar residues
in the S1 pocket (Fig. 6, C and D). Steric hindrance from the P1
phenylalanine of bestatin even forces Arg-887 to adopt a differ-
ent conformation (Fig. 6D). Therefore, residues with large neu-
tral side chains are disfavored by APA at the P1 substrate site.
Calcium Modulation—To investigate the calcium-modu-
lated substrate specificity of APA, we soaked calcium into the
crystals of APA complexed with glutamate. The F, — F, map
showed clear additional electron density in the S1 pocket of
APA, which we interpreted to be a calcium ion and two calcium-
coordinating water molecules (Fig. 7A). Our interpretation
was based on the following observations. First, in the absence
of calcium, the proposed calcium-binding site is occupied by a
water molecule (Fig. 7B). In the presence of calcium, the struc-
tural model was first refined with the water molecule occupying
the proposed calcium-binding site, and the F, — F, map was
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FIGURE 7. Calcium-modulated substrate specificity of APA. A, observed
calcium-binding site in the S1 pocket of glutamate-bound APA. The electron
density map of calcium and two additional calcium-coordinating water mol-
ecules corresponds to the F, — F. omit map (contoured at 3.50) that was
calculated with a water molecule occupying the calcium-binding site and in
the absence of the two additional water molecules. B, in the absence of cal-
cium, a water molecule occupies the calcium-binding site in the S1 pocket of
glutamate-bound APA. C, observed calcium-binding site in the S1 pocket of
aspartate-bound APA. The electron density map was calculated in the same
way as described for A, except that it was contoured at 3.00. D, modeled
calcium-binding site in the S1 pocket of arginine-bound APA. In the presence
of calcium, arginine was not observed upon soaking into APA crystals.
Instead, a structural model was constructed in which calcium replaced the
water molecule occupying the calcium-binding site as in Fig. 58.

then calculated. The F, — F. map contained significant positive
electron density at this site, indicating a species more electron-
rich than water. Second, in the absence of calcium, the water
molecule occupying the proposed calcium-binding site is four-
coordinate, forming hydrogen bonds with another water mol-
ecule, the Asp-221 side chain, the Glu-223 main chain carbonyl,
and the bound glutamate (which is likely protonated due to the
strong bifurcated salt bridge with Arg-887) (Fig. 7B). In the
presence of calcium, two additional water molecules are
observed, increasing the coordination number to six, consistent
with calcium replacing the water (Fig. 7A). Third, the geometry
of the coordinated calcium is octahedral, consistent with the
geometry for calcium coordination in other calcium-binding
proteins (39, 40). Finally, previous biochemical data show that
mutation of Asp-221 to other residues (e.g. alanine or aspara-
gine) abolishes calcium modulation of APA activity (30), which
is consistent with our structural data. Therefore, we conclude
that the calcium-binding site is located in the S1 pocket of APA
adjacent to the P1 side chain of its ligands.

As discussed above, in the absence of calcium, aspartate
could not be observed in soaked APA crystals due to the rela-
tively low binding affinity of aspartate. In contrast, in the pres-
ence of calcium, aspartate was observed following soaking into
the APA crystals, consistent with the observation that calcium
enhances the APA activity on substrates with a P1 aspartate
(Fig. 5C). Using the same strategies that we used to identify the
calcium-binding site in the glutamate-bound APA structure,
we again identified the same calcium-binding site in the aspar-
tate-bound APA structure (Fig. 7C).
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FIGURE 8. Possible mechanism of action of RB150, a brain-targeting APA
inhibitor. RB150 is an orally available prodrug, can pass the blood-brain bar-
rier, and is converted to its active form (EC33) inside the brain (18). Potential
interactions between EC33 and human APA are shown schematically.

The identified calcium-binding site provides a structural basis
for the calcium-modulated APA activity. Calcium enhances the
APA-binding affinities of glutamate and aspartate by ligating their
carboxylate side chains (Fig. 7, A and C). In contrast, arginine could
not be observed following soaking into calcium-bound APA crys-
tals. The positively charged side chain of arginine cannot bind
effectively due to charge repulsion with calcium, although it
could be observed in soaked APA crystals in the absence of
calcium (Figs. 5B and 7D). Therefore, the calcium ion that binds
to the S1 pocket of APA enhances the binding of acidic residues
at the P1 substrate site through coordination of their side
chains but reduces the binding of basic residues at the P1 sub-
strate site due to charge repulsion with their positively charged
side chains.

APA Inhibitors—Two peptidomimetic inhibitors, amastatin
and bestatin, are universal inhibitors of M1 family zinc met-
alloenzymes. Here, we show that amastatin is a much more
potent APA inhibitor than bestatin (Fig. 6F). By determining
the crystal structures of APA complexed with each inhibitor,
we elucidated the structural details of APA inhibition by these
two inhibitors. First, as discussed above, the hydrophobic P1
side chains of both of the inhibitors have unfavorable steric
interactions with the polar S1 pocket of APA. Due to its bulkier
side chain, the P1 phenylalanine of bestatin has more severe
steric clashes with the polar S1 pocket, forcing Arg-887 in the
S1 pocket to adopt a different conformation (Fig. 6D). Second,
amastatin contains four residues, whereas bestatin contains
only two. The side chain of the C-terminal residue of amastatin
(i.e. P3' position) fits nicely into the S3’ subsite of APA, forming
a strong bifurcated salt bridge with Arg-386 and a hydrogen
bond with Asn-371 (Fig. 6E). In contrast, the shorter bestatin
does not interact with the S3’ subsite of APA. These structural
differences between the two inhibitors account for their differ-
ent APA-inhibiting potencies.

Our study also has implications for the mechanisms of action
of APA inhibitors that were developed prior to the structure
determination of APA. For example, RB150 is a prodrug for the
potent APA inhibitor EC33 (18). RB150 is orally available, can
pass the blood-brain barrier, and is subsequently converted to
EC33 in the brain (Fig. 8). EC33 has been shown to be an effec-
tive antihypertensive compound in animal models (18). Inter-
estingly, EC33 and glutamate share common structural features
by containing a free N-terminal amine group and a negatively
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charged side chain of the same length. The free N-terminal
amine group of EC33 likely binds to the APA active site in the
same way as those of peptide substrates and analogs (Fig. 8).
Although the side chains of EC33 and glutamate contain a sul-
fonic acid group and a carboxylate group, respectively, the for-
mer likely binds APA in the same way as the latter by forming
salt bridges with Arg-887 and calcium in the S1 pocket. In addi-
tion, EC33 also contains a thiol group on the opposite end of the
molecule to the amine group, in contrast to the carboxylate
group of the C terminus of glutamate. It was hypothesized that
the thiol group of EC33 directly interacts with the active site
zinc (18), but this hypothesis will need to be tested by crystal-
lographic studies of APA complexed with EC33. Nevertheless,
EC33 likely functions as a substrate analog and competitively
binds to the APA active site.

DISCUSSION

Hyperactivity in the central RAS has been implicated in the
development and maintenance of hypertension (7-9). In par-
ticular, a high-level central RAS, accompanied by a low-level
systemic RAS, has been described in some hypertensive
patients who are resistant to treatments targeting the systemic
RAS (10). The major effector peptide for blood pressure regu-
lation in the brain is angiotensin III (13-15). Angiotensin III is
produced by the action of APA on angiotensin II and is con-
verted to angiotensin IV by APN (Fig. 1) (11, 12). To achieve
central hypertension regulation, it is critical that the two differ-
ent enzymes control these two angiotensin-converting steps.
Thus, the substrate specificity of APA is essential for central
hypertension regulation. How APA specifically cleaves only the
N-terminal aspartate from angiotensin II but does not addition-
ally cleave the subsequent arginine following the formation of
angiotensin III has been a mystery. More intriguingly, the sub-
strate specificity of APA is modulated by calcium at physiolog-
ically relevant concentrations. This study has elucidated the
structural mechanisms for calcium-modulated high APA activ-
ity on angiotensin II and low APA activity on angiotensin III,
providing structural insights into central hypertension regula-
tion by human APA.

In this study, we determined the crystal structure of human
APA by itself and in complex with a variety of ligands in the
absence and presence of calcium. In the absence of calcium, the
polar S1 pocket of APA forms salt bridges and hydrogen bonds
with the charged side chains of both acidic and basic residues at
the N terminus of ligands, but it has unfavorable steric interac-
tions with the hydrophobic side chains of neutral residues.
Thus, in the absence of calcium, the S1 pocket of APA has
evolved to accommodate both acidic and basic residues, but not
neutral residues, at the N terminus of ligands. In fact, in the
absence of calcium, APA has higher activity on substrates with
an N-terminal arginine than on those with an N-terminal
aspartate. We further identified a calcium-binding site in the S1
pocket. When bound to APA, calcium is coordinated by the
carboxylate side chain of glutamate or aspartate but leads to
charge repulsion with the guanidinium group of arginine. Thus,
APA-bound calcium enhances the binding of glutamate and
aspartate to APA and reduces the binding of arginine to APA.
Consequently, in the presence of calcium, APA has much
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higher activity on substrates with an N-terminal aspartate (e.g.
angiotensin II) than on those with an N-terminal arginine (e.g.
angiotensin III). These unique and elegant structural mecha-
nisms ensure that under physiological conditions, APA cleaves
only angiotensin II, but not angiotensin III, providing regula-
tion to central hypertension.

This study also provides a structural platform for the design
and development of novel APA inhibitors to treat hyperten-
sion. In several types of experimental and genetic hypertension
animal models, orally active and brain-targeting APA inhibitors
can modulate central RAS activity and reduce blood pressure
without changing systemic RAS activity (16 —19). Furthermore,
these APA inhibitors do not alter blood pressure in normoten-
sive animals. The crystal structures of renin and ACE, two other
peptidases in the RAS, have been successfully used in guiding
rational drug design. The crystal structures of APA and its com-
plexes with ligands can also be used in the rational design and
development of novel antihypertensive drugs. More specifi-
cally, on the basis of the structural information of APA, we can
design novel APA inhibitors with functional groups that
explore and fit into different subsites in APA. In addition, using
the structural framework of APA, we can also optimize and
further develop existing APA inhibitors to enhance their poten-
cies. To conclude, the structural information contained in this
study regarding APA holds promise for the design and devel-
opment of a new class of antihypertensive drugs.
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