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ABSTRACT: Insulin-regulated aminopeptidase (IRAP) is a
transmembrane zinc metallopeptidase with many important
biological functions and an emerging pharmacological target.
Although previous structural studies have given insight on how
IRAP recognizes linear peptides, how it recognizes its physiological
cyclic ligands remains elusive. Here, we report the first crystal
structure of IRAP with the macrocyclic peptide inhibitor HA08
that combines structural elements from angiotensin IV and the
physiological substrates oxytocin and vasopressin. The compound
is found in the catalytic site in a near canonical substrate-like
configuration and inhibits by a competitive mechanism. Comparison with previously solved structures of IRAP along with small-
angle X-ray scattering experiments suggests that IRAP is in an open conformation in solution but undergoes a closing conformational
change upon inhibitor binding. Stabilization of the closed conformation in combination with catalytic water exclusion by the tightly
juxtaposed GAMEN loop is proposed as a mechanism of inhibition.
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Insulin-regulated aminopeptidase (IRAP, EC 3.4.11.3) is a
transmembrane zinc metalloprotease that belongs to the M1

family of aminopeptidases. IRAP has been reported to have
several diverse biological functions including the regulation of
trafficking of glucose transporter 4 and the generation of
antigenic peptides for cross-presentation.1,2 A hallmark of
IRAP is its ability to degrade cyclic bioactive peptides such as
oxytocin and vasopressin in brain, and thus it plays roles in
cognitive function.3,4 Furthermore, IRAP is localized in areas
of the brain associated with learning and memory and is the
receptor for angiotensin IV (AngIV), which inhibits its
enzymatic activity.5,6 Given the role of AngIV in improving
memory tasks in experimental animals, development of IRAP
inhibitors has been pursued as potential therapeutics for
cognitive disorders.7−9 The ability of IRAP to degrade cyclic
peptides has inspired the development of macrocyclic
analogues of AngIV, which act as potent IRAP inhibitors
with significant selectivity and have the capacity to alter
dendritic spine density and morphology in neuronal
cultures.10−12

Despite the pharmacological interest in IRAP, the crystal
structure of the extracellular enzymatic domain was only
recently solved.13,14 It features a four-domain concave structure
with a large internal cavity extending away from the Zn(II)
containing catalytic site. Compared to structures of homolo-
gous enzymes, the conserved GAMEN loop at the catalytic site
was found in a unique conformation and it was hypothesized

that this conformation allows accommodation of the more
bulky cyclic peptidic substrates.15 There is only a single
structure of IRAP with an inhibitor reported, a transition-state
analogue phosphinic pseudopeptide.16 In that structure,
apparent ligand-induced conformational changes induce
closing of the overall structure and formation of a large
internal cavity with no access to the external solvent. Currently,
no crystal structures exist with AngIV in complex with IRAP,
and as a result the mode of binding and mechanism of
inhibition remain controversial.
In an effort to understand the mechanism of action of

macrocyclic inhibitors and gain insight on the ability of IRAP
to trim cyclic peptides as well as the mechanism of inhibition
by AngIV, we solved the crystal structure of the soluble
extracellular domain of IRAP in complex with HA08, a potent
macrocyclic inhibitor inspired from the structures of oxytocin
and AngIV (Scheme 1).11 Since HA08 was previously
characterized using membrane preparations from cells that
express IRAP, we first characterized the inhibitor using high-
purity recombinant soluble IRAP expressed in mammalian cells
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as described before.14 In accordance to previous studies,11

HA08 was found to be a potent IRAP inhibitor with a pIC50 of
7.8 and 8.3, for substrates Arg-AMC and Leu-AMC,
respectively. Furthermore, it was found to be quite selective
versus the highly homologous enzymes ERAP2 and ERAP117

(Figure 1A). Interestingly, the pattern of inhibition selectivity
was similar for AngIV suggesting that HA08 and AngIV may
use the same binding site and mode of action (Figure 1B).
Michaelis−Menten analysis revealed a substrate-inhibition
behavior, that has not been reported for IRAP before, but
has been reported before for the homologous ERAP1.18

Addition of HA08 resulted in the increase of the calculated KM
parameter while it did not affect the Vmax suggesting that the
inhibitor acts through a competitive mechanism (Figure 1C,
D).
Recombinant IRAP was cocrystallized with HA08, and

crystals yielded useful diffraction data to 3.20 Å. The structure
was solved by molecular replacement using the closed structure
of IRAP (PDB ID: 5MJ6) as a search model.16 Crystallo-
graphic data and refinement statistics are shown in Supporting
Information Table 1. The overall useful resolution of the
anisotropic diffraction data was fairly low and the Rfree of the
structure after refinement convergence was rather high for
structures of comparable resolution. Τhe overall B-factor
(temperature factor) however is low, at 38.0 Å2, and the
electron density in the binding site region, as well as the
residual electron density assigned to the ligand, is well-defined
allowing an unequivocal placement of protein side-chains and
ligand. From a survey of individual atomic B-factors, the fit of
model to electron density, and a general assessment of map
quality, it appears that the most problematic regions of
electron density correspond to Domain I of molecule A and to
several external loops of both molecules in the asymmetric
unit, whereas most other regions (including at the ligand) are
surprisingly well-defined for the resolution (Supporting
Information Figure 1).
Overall, the structure of the enzyme was found to be

identical to a previously solved structure of IRAP with a
phosphinic pseudotripeptide transition-state analogue.16 As a
result, it appears that the presence of HA08 stabilized the
closed conformation of IRAP. Significant electron density was
found in the catalytic site and interpreted to belong to the
HA08 inhibitor (Supporting Information Figure 2). In both
monomers of the asymmetric unit, the electron density seen in
the binding site could not be completely accounted for by a
single HA08 pose. Instead, it could be accounted for as a
combination of two poses (Figure 2). Overall, the inhibitor was
found in a conformation similar to what has been proposed by
molecular dynamic simulations in recent studies.12,19 The

Scheme 1. Chemical Structure of HA08

Figure 1. (Panel A) HA08 is a potent inhibitor of IRAP, but much
less potent for ERAP2 and inactive for ERAP1. Titrations follow the
fluorescent signal produced by trimming of the small substrates Leu-
AMC (for IRAP and ERAP1) or Arg-AMC (for IRAP and ERAP2).
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amino-terminus and first peptide bond of the inhibitor are
found in a canonical substrate-like orientation, similar to the
transition-state analogue DG025.14 The side-chain of the β-
tyrosine amino acid residue is located in the S1 pocket of the
enzyme and the disulfide bond abuts to the S1′ pocket. The
phenylacetic acid group in the C-terminal moiety of the
inhibitor was found in two different orientations: in the first,
the carboxyl group makes electrostatic interactions with
Arg929 and Arg439. In the second, its phenyl moiety makes
pi-stacking interactions with Tyr961. It should be noted that in
the previously solved IRAP-inhibitor structure, interactions
with Tyr961 were interpreted to constitute the S2′ pocket of
the enzyme. Thus, it appears that the S2′ pocket of the enzyme

is not unequivocally set and may be redefined depending on
the chemical groups carried by the inhibitor.
One of the characteristics of HA08 is its high selectivity

versus homologous enzymes. To understand this selectivity, we
superimposed the IRAP/HA08 structure with the homologous
enzymes ERAP1 and ERAP2 (Figure 3A and B). In IRAP,

HA08 makes close van der Waals interactions with Ala427
adjacent to the GAMEN motif. In ERAP1 the equivalent
residue is a serine, Ser316, whose hydroxyl group would clash
with the macrocyclic body of HA08, making the observed pose
impossible in ERAP1 and thus explaining the inability of HA08
to inhibit ERAP1 (Figure 1A). This would not be a problem
for ERAP2, which also has an alanine residue in the same
position. However, two sets of interactions between the
phenylacetic group of HA08 and IRAP residues Arg929 and
Tyr961 would not be possible for ERAP2 since the equivalent

Figure 1. continued

pIC50 values calculated from mathematical fits are indicated. (Panel
B) AngIV is a potent inhibitor of IRAP but a weaker inhibitor of
ERAP2 and ERAP1. Titrations are as in Panel A but using AngIV
instead of HA08 (substrate used was Leu-AMC). (Panel C)
Michaelis−Menten analysis of IRAP using substrate Arg-AMC, in
the presence of increasing concentrations of HA08. Solid lines
represent computational fits to a substrate inhibition model. (Panel
D) Calculated KM and Vmax parameters for each inhibitor
concentration from the fits shown in panel C.

Figure 2. Schematic representation of HA08 in the active site of IRAP
(shown in gray cartoon representation). HA08 is shown in green
sticks, nearby IRAP residues in cyan sticks, and catalytic Zn(II) atom
as a magenta sphere (oxygen atoms are in red, nitrogen in blue, and
sulfur in yellow). Blue mesh indicates the 2Fo − Fc electron density
map contoured at 1.5 sigma (carve = 1.8). (Panel A) Pose A of the
inhibitor HA08. The C-terminal end makes electrostatic interactions
with Arg929 of domain IV and Arg439. (Panel B) Pose B of the
inhibitor HA08. The C-terminal end of the inhibitor makes pi-
stacking interactions and possibly hydrogen bonding interactions with
Tyr961 of the domain IV of the enzyme. Interactions are indicated by
dotted lines.

Figure 3. (Panel A) Alignment of the HA08 pose A (green sticks) in
the active site of ERAP1 (PDB code 6Q4R) and ERAP2 (PDB code
5AB0). IRAP residues are shown in gray sticks, ERAP1 residues are
shown in yellow sticks, and ERAP2 residues are shown in cyan sticks.
(Panel B) As panel A but for pose B of HA08. (Panel C) Comparison
of the conformation of the GAMEN loop in the IRAP/HA08
structure (blue ribbon) versus the empty IRAP (red ribbon, PDB
code 5C97) and IRAP with bound transition state-analogue DG026
(orange ribbon, PDB code 5MJ6).
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location residues (His860 and Ser869) are not capable of
making similar interactions with HA08 (Figure 3A and B).
Thus, while this pose of HA08 is also possible in ERAP2, lack
of key interactions would be expected to reduce the affinity of
the inhibitor, as observed experimentally (Figure 1A).
Comparison of the overall structure of IRAP in the absence

or presence of the HA08 inhibitor suggests a conformational
change similar to the one observed for a transition-state
analogue peptide.16 To investigate if this conformational
change occurs also in solution and it is not a result of
crystallization, we utilized small-angle X-ray scattering (SAXS).
This experimental approach has been successfully used before
to probe the conformations of the homologous enzyme
ERAP1.20 Guinier analysis of SAXS data was used to derive
radii-of-gyration (Rg). Soluble IRAP was calculated to have an
Rg value of 54.7 ± 1.1 Å whereas in the presence of HA08 the
Rg value was 51.6 ± 1.1 Å (Figure 4A). This indicates that the

scattering particles in solution become more compact upon
addition of HA08. It should be noted that this Rg value is
consistent with a dimer structure in solution, as indicated by
size-exclusion chromatographic analysis (Figure 4B) and as
suggested previously.16,21 It should be noted that the dimer
topology suggested by X-ray crystallography should allow
dimer formation even for the membrane-bound IRAP form,
since dimerization is mediated by domain IV interactions
which are furthest away from the transmembrane region.
Furthermore, this topology would not preclude ligand-induced
conformational changes in membrane IRAP, although this
needs to be confirmed experimentally. Scattering data were
also analyzed by pairwise distribution to evaluate the
distribution of interatomic distances within the scattering
particle. This analysis allowed us to calculate the parameter
Dmax which corresponds to the maximum distance of any two
atoms in the scattering particle. Similar to the Rg analysis, the

presence of HA08 reduced the Dmax of IRAP from 190 to 164
Å (Figure 4A). Both results are consistent with a model
wherein IRAP is an open dimer in solution and assumes a
more compact conformation upon HA08 binding. Thus, the
conformational change that became evident by comparing the
crystal structure of empty and inhibitor-bound IRAP appears
to also apply in solution.
The structure presented here can provide insight on open

questions regarding IRAP specificity and mechanism of
inhibition by macrocyclic peptide analogues. In previous
studies, the unusual configuration of the GAMEN loop in
the empty IRAP structure was proposed to be responsible for
IRAP’s ability to trim cyclic peptides,13,14 in the context that it
allows for additional space in the catalytic site to accommodate
the more bulky cyclic peptides. However, in both inhibitor-
bound structures available, the GAMEN loop moves to make
tight interactions with the inhibitor (Figure 3C). Accordingly,
in the IRAP/HA08 structure, the macrocyclic nature of the
inhibitor does not appear to require IRAP to be in the open
conformation so that it can bind, but to rather induce the
closing conformational change. Thus, the ability of IRAP to
process cyclic peptides may not be due to the more open
nature of the active site but rather to the conformational
flexibility of the GAMEN loop that can provide sufficient
active-site plasticity to accommodate different shapes of
substrates and by extension, inhibitors. Interestingly, similar
analysis with the homologous enzyme aminopeptidase N
(Supporting Information Figure 3) crystallized in both empty
and AngIV-bound forms, indicated no change in the GAMEN
loop configuration upon ligand binding.22 Therefore, either the
conformational transition of the GAMEN loop is a unique
property of IRAP or there are additional conformations of
aminopeptidase N not yet observed.
Unlike the nonhydrolyzable pseudopeptide inhibitor cocrys-

tallized with IRAP before, HA08 contains a putatively scissile
peptide bond that is juxtaposed against the catalytic Zn(II) in a
position that should, in principle, allow catalysis. In this
context, the structure of IRAP with HA08 opens questions
regarding the mechanism of inhibition of HA08 and by
extrapolation of AngIV. Close examination of the structure,
however, can provide some insight toward answering that
question. Unlike the empty IRAP, the GAMEN loop moves to
close juxtaposition with the inhibitor (Figure 3C). The
catalytic cycle of M1 aminopeptidases necessitates a
nucleophilic attack on the carbon atom of the scissile bond
by a water molecule assisted by the ionized carboxylate of the
active site residue Glu (Glu465 in the case of IRAP).23,24

However, the close juxtaposition of the GAMEN loop on the
bound inhibitor does not allow space for motion of water
molecules to interact with Glu465 and no ordered water
molecule is found in the structure at that location. This
observation suggests that for catalysis to take place, motions of
the GAMEN loop during the catalytic cycle would be
necessary. Therefore, stabilization of the GAMEN loop by
the inhibitor could act as a bottleneck to catalysis.
An additional insight into the inhibitory properties of HA08

comes from its interactions with domain IV of IRAP (Figure
2). These interactions are found with both poses of the
inhibitor and are consistent with structure−activity analyses
performed previously.10 The conformational closing of IRAP
upon inhibitor binding revealed by SAXS measurements is
likely due to those interactions that “pull” domains II and IV
closer together. Thus, HA08 appears to stabilize the closed

Figure 4. (Panel A) Calculated Rg and Dmax parameters from small-
angle X-ray scattering experiments of IRAP in solution in the presence
or absence of inhibitor HA08. (Panel B) Size-exclusion chromatogram
of IRAP analyzed on a Sephacryl 200 16/60 HR column run at 0.5
mL/min. MW standards are indicated.
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form of IRAP. This, however, should be unproductive for the
catalytic cycle, both by limiting GAMEN loop plasticity and by
not allowing substrate−product exchange since in the closed
structure the active site is completely excluded from the
outside solvent. Synergy of the two mechanisms proposed
here, i) exclusion of catalytic water molecule and ii)
stabilization of a conformation that does not allow
product−substrate exchange, may be sufficient to explain the
inhibitory properties of HA08. This is however a nontypical
mechanism of inhibition that may require additional studies to
confirm or disprove.
In summary, we report here the first structure of IRAP in

complex with a macrocyclic inhibitor. Analysis of the structure
along with biochemical and SAXS data provide insight on the
inhibitor selectivity and mechanism of action as well as the
enzymatic mechanism of IRAP and its selectivity for cyclic
peptides. Detailed knowledge of how this macrocyclic inhibitor
interacts with IRAP can serve as a starting point for the
optimization of this compound as a lead for the preclinical
development of IRAP inhibitors for therapeutic applications.
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